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Abstract: In the field of agricultural robotics, robotic grippers play an indispensable
role, directly influencing the rate of fruit damage and handling efficiency. Currently,
traditional agricultural robotic grippers face challenges such as high damage rates and
high requirements for position control. A robotic gripper for stable spherical fruit handling
with high positional offset tolerance and a low fruit damage rate is proposed in this paper.
It adopts a three-finger structure. A flexible active roller is configured at the end of each
finger, allowing fruit translation with just a gentle touch. An integrated pressure sensor
within the active roller further enhances the gripper’s compliance. To describe the effect
of the gripper on the fruit, the interaction model was derived. Taking the tomato as a
typical soft and fragile spherical fruit, three experiments were conducted to evaluate the
performance of the proposed gripper. The experimental results demonstrated the handling
capability of the gripper and the maximum graspable weight reached 2077 g. The average
failure rate for the unilateral offset of 9 mm was only 1.33%, and for the bilateral offset of
6-6 mm was 4%, indicating the high positional offset tolerance performance and a low fruit
damage rate of the gripper. The preliminary tomato-picking capability of the proposed
gripper was also validated in a simplified laboratory scenario.

Keywords: robotic gripper; active roller; positional offset tolerance; force sensing;
spherical fruit handling

1. Introduction

Fruits play an important role in human nutrition and health, especially as a source of
vitamins, minerals, and dietary fiber [1]. The global production of fresh fruit has already
reached 909.64 million metric tons in 2021. Currently, the scale of fruit cultivation and
production is still on the rise. Agricultural product-handling robots have become an
essential component of the fruit industry [2,3]. Robotic grippers (also called end-effectors)
act as the terminal mechanisms of agricultural robots [4-7]. They directly interact with the
fruits and their performance has a great influence on the handling efficiency and the fruit
damage rate [8]. When handling delicate fruits, the grippers need to demonstrate high
adaptability, flexibility, and precision to minimize damage to the products.

Rigid grippers are one of the most common grippers for fruit handling. They usually
have rigid support structures with soft components (such as flexible membranes, rubbers,
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etc.) attached to the inner surfaces to increase their compliance [9,10]. In the rigid grippers,
servo-electric or pneumatic actuators drive two or more fingers to apply force constraints to
the fruit. The typical interaction model between the rigid gripper and the spherical fruit is
shown in Figure 1a. This type of interaction model is more common in force closure grasps.
Force closure grasps typically rely on friction and utilize forces applied at contact points to
resist any external wrench. The typical rigid grippers for fruit handling include a parallel
two-finger gripper constructed by Festo [11], a robotic gripper module with 3D-printed
fingers designed by Liu et al. [12], a gripper prototype based on the crank-slider mechanism
proposed by Russo et al. [13], an underactuated tendon-driven end-effector with three
identical fingers [14], and a rotational gripper with the spring tension structure designed by
Yaguchi et al. [15]. The rigid grippers have advantages in terms of fast response and force
controllability. However, considering the soft, fragile nature of most ripe fruits, the force
applied to the fruits must be precisely controlled to ensure high compliance. Hence, force
sensors are inevitably required, which makes the gripper complex and inaccessible. Another
inherent disadvantage of the rigid grippers is their limited adaptability to the shapes and
contours of fruits, potentially resulting in increased fruit damage or handling failures.

(a) (b)

Figure 1. Typical interaction models between grippers and spherical fruits. Taking three-finger
grippers as examples. Fj, F,, and F3 in (a) are forces exerted by three rigid fingers. F,1, F;, and F3
in (b) are resultant forces exerted by three soft fingers. dN and dF in (c) are the normal force and
frictional force, dN, and dF, are their vertical components, and 6; and 6, represent lower and upper
contact points. (a) Rigid gripper—fruit model. (b) Soft gripper—fruit model. (¢) Vacuum suction
gripper—fruit model.

Soft grippers are another common type of grippers mounted on the end of handling
robots, capable of achieving conformal grasping in a non-destructive manner [16,17]. In
the soft gripper, the actuator drives the fingers towards the fruit. Once in contact with
the fruit, the fingers deform sufficiently to fit the surface of the fruit [18-20]. The typical
interaction model between the soft gripper and the spherical fruit is shown in Figure 1b.
This interaction model is more common in form closure grasps. Form closure grasps (also
called enveloping grasps) typically impose kinematic constraints on objects and require
more contact points than force closure grasps. Some representative soft grippers include a
three-finger soft robotic gripper driven by the pneumatic actuators [21], a stiffness-tunable
soft robotic gripper for dexterous grasping [22], a dual-mode soft gripper with a bend
angle of 90° and a maximum lifting force of 1 N [23], a three-finger hybrid gripper with
2.56 N fingertip force [24], and a three-finger soft gripper with the Fin Ray structure [25].
Soft grippers show great potential in the pliable bending motion, inherent compliance,
and a simple morphological structure. However, they still need to be improved in terms of
robustness, control frequency, and sensing integration [26].

Other grippers for fruit handling mainly include vacuum grippers and grippers based
on smart materials. The vacuum gripper (also known as the suction gripper) establishes
a tight connection between the gripper and the fruit by utilizing a pressure difference (as
shown in Figure 1c) [27], allowing for further manipulation of the fruit. Similar grippers
include the 3D-printed soft suction gripper with an elastomer film for delicate fruit pick-
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ing [28], the inherently gentle soft-touch gripper with a thin flexible latex membrane for
fruit grasping [29], the vacuum-driven origami soft gripper with a flexible thin membrane
for delicate food lifting [30], and the adaptive self-sealing suction robotic gripper with a thin
flat elastic membrane for the pick-and-place task of apples and limes [31]. Vacuum grippers
can handle many non-spherical fruits, as long as their surfaces are smooth. Furthermore,
they are not sensitive to the location of the fruit, exhibiting low control complexity and
high flexibility in path planning [32]. However, they are very sensitive to dusty conditions
and require additional air pumps. The interference from adjacent fruits and branches can
easily lead to grasping failure. The smart material-based gripper relies on the change of the
material property (such as shape or yield stress) under the excitation of current, magnetic
field, etc. The smart materials typically used in this type of gripper mainly include dielectric
elastomers, electroadhesion, and magnetorheological fluid, etc. [33-38]. They show great
potential in handling extremely fragile objects. However, their adoption in current fruit
handling scenarios is difficult because they often have extremely high requirements for
voltage, current, etc. Additionally, some of these materials, such as electroadhesion, require
special surfaces to hold objects.

The comparison of the discussed grippers is shown in Table 1. They have shown
great potential in the field of fruit grasping and even harvesting. However, most of them
(especially rigid and soft grippers) are sensitive to the position of the target fruits; hence,
the position of the grippers should be precisely controlled to successfully handle the fruits.
In this paper, a compliant gripper with three active rollers to achieve high positional offset
tolerance is proposed for handling spherical fruit. This gripper enables low damage rates
and stable handling of the fruit by only touching it, without the need to precisely control
the position of the gripper. With a flexible silicone membrane, the active roller facilitates
the movement of the fruit into the gripper via friction force while ensuring the compliance
of the gripper. An accessible pressure sensor is embedded into the active roller to measure
the interaction force uniformly to further increase the compliance of the gripper. The main
contributions of this paper are as follows: (1) a design methodology for an active roller
gripper with high positional offset tolerance, (2) a derived interaction model to describe the
effect of the gripper on the fruit, and (3) experimental verification of the proposed gripper.

Table 1. Comparison of discussed grippers.

Type Typical Gripper Target Object Features
Parallel two-fi i 11 Appl
.. ara' ¢ wo mger grlp'per (1] ppe Adv. Fast response, force controllability
Rigid 3D-printed two-finger gripper [12] Orange . L e
- 2 2 Disad. Limited adaptability
Three-finger robotic gripper [13] Tomato
Three-finger soft gripper [21] Apple
Soft . . Adv. Pliable bending motion, inherent compliance
Three-f hybrid 24 Appl
ree-finger hybrid gripper [24] pre Disad. Low control frequency and robustness
Three-finger soft gripper [25] Apple
Vacuum Vacuum suction gripper [28] Pear Adv. Limited fruit adaptability, low control complexity
Vacuum-driven origami gripper [30] Banana Disad. Sensitivity to dust, air pump requirement
Other
Soft compliant gripper [33] Strawberry Adv. Handling capability for fragile objects
Smart material Disad. Hich . ts f It t
Magnetorheological gripper [35] Orange isad. High requirements for voltage, current, etc.

The rest of this paper is organized as follows. The detailed mechanical design of the
gripper and its force-sensing method is described in Section 2. The gripper—fruit interaction
model is also presented in this section. Three experiments and the experimental results
are described and discussed in Section 3. The conclusion and future work are given in
Section 4.
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2. Gripper Implementation
2.1. Mechanical Design

The general structure of the proposed gripper is shown in Figure 2. The gripper mainly
includes a base, a soft support membrane, an embedded control unit, and three fingers.
Each finger has two DoFs (Degrees of Freedom) and consists of a smart actuator, a link,
and an active roller unit. The base is a two-layer structure with holes in the top layer to
connect to the smart actuators and holes in the bottom layer for the robotic arm. The space
between the two layers is used to place the embedded control unit. The smart actuators
(XM430-W350-R, Dynamixel, Corona, CA, USA) with a gear ratio of 353.5 are adopted to
drive the links through horns. The replaceable active roller units are located at the ends
of the links for improved maintainability. With the cooperation of the smart actuators,
links, and roller units, fruits can be handled smoothly. The membrane is molded using a
silicone gel with Shore A Hardness 15. It is soft enough to support and constrain fruits
of different sizes as they are fully translated into the gripper. The embedded control unit
mainly includes a microcontroller (ATmega2560, Microchip, Chandler, AZ, USA), a power
management module, a TTL to RS-485 interface module, and three DC motor drivers. The
gripper can work properly when DC power (12 V) is applied.

Figure 2. General mechanical assembly of gripper. (1) Base, (2) smart actuator, (3) link, (4) active
roller unit, (5) spherical fruit, (6) soft membrane, and (7) embedded control unit.

The detailed structure of the active roller unit is displayed in Figure 3. A micro DC
motor (GA12-N20, ASLONG, Shenzhen, China) with a gear ratio of 210 is used to drive the
roller at a given speed. It is inserted into the unit body and fixed by the motor cover. A
gear set is adopted for motion transmission, with one end connected to the motor and the
other end connected to the spool connector. It is shielded by the unit side cover to reduce
outside interference. The spool is inserted into the roller and fixed to the roller with glue.
One end of it is connected to the spool connector, and the other end is fixed on the unit
body through a bearing. A pressure sensor (MS5637, TE Connectivity, Tijuana, Mexico) is
embedded within the roller to measure the interaction force uniformly. To prevent wires
from getting tangled, a slip ring is installed.
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Figure 3. Exploded view of active roller unit. (1) Motor cover, (2) micro DC motor, (3) unit side cover,
(4) bearing, (5) gear set, (6) spool connector, (7) bearing cover, (8) active roller, (9) unit body, (10) spool,
and (11) slip ring.

The gripper consists of six actuators and a total of 44 parts, most of which are 3D-
printed. The dimensions of the gripper are 137 x 153 x 231 mm and the weight is 640 g.
The gripper prototype is shown in Figure 4.

Figure 4. Fabricated gripper prototype.

2.2. Force Sensing Capability

When the gripper comes into contact with the fruit, the active roller is compressed.
Assuming that the mass of the air within the roller is constant, the air volume change
will lead to a change in the pressure in the roller, which can be further measured by the
pressure sensor. The manufacturing of the active roller is divided into two steps (as shown
in Figure 5). Hence, the mold is also divided into two parts. At first, the silicone gel with
Shore A Hardness 20 is injected slowly into mold 1 to create the main body of the active
roller. After the silicone gel is fully cured, mold 1 is removed and the pressure sensor is
embedded into the main body of the active roller via a silicone tube with an outer diameter
of 4 mm. The wires of the sensor pass through the silicone tube and are connected to
the microcontroller. Then, the silicone gel is poured into mold 2, and the main body of
the active roller together with the sensor is put into mold 2 to form a sealed space. The
fabricated roller is 30 mm in diameter and 30 mm in length. It is worth mentioning that,
to obtain good sealing performance, the silicone tube needs to be sealed with silicone gel.

To quantitatively obtain the force—pressure relationship, the roller is calibrated on a
force-displacement test bench (as shown in Figure 6). The external force can be slowly
applied to the roller by rotating the bench wheel, and the force is recorded in real time
using a force gauge (ZTS-50N, IMADA Inc., Toyohashi, Aichi Prefecture, Japan). In the
calibration experiment, the initial pressure in the roller was 1044.57 hPa. The calibration
experiment was repeated three times, and the average value was computed as the final



Agriculture 2025, 15, 220 6 of 18

result. The calibration result is shown in Figure 7. The force-pressure relationship can be
expressed as

P = —0.485F 4 4.455F2 + 3.413F + 1044.8, R*> = 0.9996 (1)

where P and F are the pressure and the force. R? is the coefficient of determination, which
quantifies a goodness of fit.

& 1 2
- R 4
%,y S
Yy

Figure 5. General fabrication process of active roller.

Figure 6. Experimental setup of active roller.
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Figure 7. Force—pressure relationship of active roller.

2.3. Gripper—Fruit Interaction Model

The execution steps of the gripper can be divided into three stages (as shown in
Figure 8). In the contact stage, the gripper is controlled to apply a gentle touch to the object
at a given opening angle. When a touch is detected, the active rollers are activated to rotate
at a given speed. Then, the fruit begins to be translated toward the gripper through friction
(as shown in Figure 8a). The translation stage follows the contact stage. In this stage, as the
fruit translates, the smart actuator is activated to apply a stable desired force to the fruit,
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and the opening angle of the gripper gradually increases to facilitate the translation process
(as shown in Figure 8b). When the fruit is completely translated in the gripper, the active
rollers stop rotating and the smart actuator is locked to impose constraints on the fruit (as
shown in Figure 8c).

Spherical
fruit

(a) (b)

Figure 8. Simplified diagram of three-stage gripper—fruit interaction. (a) Fruit contact stage. (b) Fruit

translation stage. (c) Fruit constraint stage.

The cooperation of the links and the active rollers provides the translational force,
which has a great influence on whether the fruit can be handled smoothly. This translational
force is determined by multiple factors, such as the opening angle of the gripper, the friction
coefficient of the roller, and the torque of the smart actuator. The specific force analysis
of the single roller on the fruit is displayed in Figure 9. The single roller exerts two forces
on the fruit: a normal force F,; and friction force f. F, can be decomposed into F,; and F,
along the translational direction. Similarly, f can be decomposed into f; and f;. Assume
that the equivalent length of the link is L, and the radii of the roller and the fruit are R
and R, respectively; then, the effect of the single roller on the fruit can be treated as the
translational force F; and the gathering force F,, which are further expressed as

{ F = fi — Fyp = sindf — cos0F, o)
F = fr + Fyy = coséf + sindF,

where J is the angle between F,;, and F;. f can be calculated as f = y;F,, where y; is the
friction coefficient. Considering the mechanical relationship between the gripper and the
fruit, the following equation can be obtained:

sind(R; + Rg) = sinyL, (3)

where 7 is the opening angle of the gripper.

It is worth noting that the fruit will be translated toward the gripper only if F; is
greater than zero. Otherwise, F; behaves as a translational repulsive force, preventing the
fruit from being successfully handled. Assume that, when F; = 0, the opening angle of the
gripper is the critical angle .. When controlling the gripper to handle fruits of different
sizes, . needs to be carefully considered.

F; and F; will drive the fruit to move along the translational direction and the gathering
direction, respectively (as displayed in Figure 9). Considering a gripper with n uniformly
arranged rollers, the resultant force of all gathering forces will be zero and the resultant
force of all translational forces is Fr, which can be calculated as Fy = nF;. Assume that the
gripper approaches a fruit at a given angle , which is the angle between the gripper and
the horizontal direction. As displayed in Figure 10, the angle § is also the angle between
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Fr and the horizontal direction. The following equation can be obtained to successfully
handle the fruit:
sinFr > G 4)

where G is the fruit gravity. Op and O in Figure 10 are the initial position and the current
position of the fruit, respectively.

Seaa"

Figure 10. Force analysis of whole gripper during grasping.

3. Gripper Evaluation

To evaluate the effectiveness of the proposed gripper, three experiments
were conducted.

3.1. Experiment #1

This experiment aimed to evaluate the gripper handling capability as well as the
impact of the roller speed (w) and the actuator torque (7) on the gripper performance. The
experiment was divided into two rounds.

3.1.1. Experimental Setup and Methods

In the first round, it aimed to determine the maximum graspable weight (GW,x) of
the gripper under different combinations of w and 7. As shown in Figure 11, the gripper
was mounted at the end of a robotic arm (Z1, Unitree). The target objects used were
plastic balls with diameters of 60, 70, and 80 mm, and their weights could be adjusted by
filling them with lead pellets. The robotic arm was controlled to move from position A
(10 cm directly above the equatorial plane of the target object) to position B, which was the
equatorial plane of the target object. The arm then moved back to position A, held for one
second, and subsequently returned the target object to position B. To determine GW,,, for
each w — T pair, a binary search method was employed to incrementally adjust the weight
of the ball, until GW,;,x was identified. w was set at 20, 40, 60, 80, 100, and 120 rpm, while
T was set at 50, 80, 110, 140, 170, and 200 mN-m. The values 20 rpm and 50 mN-m were the
minimum values required to drive the gripper, whereas noticeable damage to the tomatoes
occurred when w exceeded 120 rpm or T exceeded 200 mN-m. GW,,,,x was selected as the
maximum weight that could be successfully grasped five times for each w — T pair. A trial
was considered successful if the target object was grasped and not dropped.
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GWnaz (8)

700
600
500
400
300
200
100

Round 1 Round 2

zvap

Equatorial
plane

60,70,80mm
Figure 11. Setup of Experiment #1.

The setup for the second round was almost the same as the first round. However,
the target objects were replaced with the tomatoes of three diameter ranges: 55-65 mm,
65-75 mm, and 75-85 mm. Ten tomatoes were used in each diameter range. The focus of
the second round was to evaluate the damage rate (d) under different w — 7 pairs, thus
characterizing the flexibility of the gripper. The damage rate was defined asd = 1 — L.
p represented the number of successful trials without significant dents or visible damage to
the surface of the tomato. n was the total number of successful trials. The experimental
process for this round remained consistent with the first round, ensuring a joint analysis of
GWiax and d.

3.1.2. Results and Discussion

The results of Round 1 are shown in Figure 12. Overall, T has a significant impact on
the GWiax of the gripper. For a given w, GWiy,y increases significantly with the increase of
7. In contrast, w has a relatively weak effect on the GWj4x of the gripper. For a given 7,
the rise of GWiy,y is limited as w increases. Taking Figure 12b as an example, at a given
speed of 60 rpm, the corresponding GW,,,y increases from 167 g at 40 mN-m to 1032 g
at 200 mN-m, representing an increase of 518%, while, at a given torque of 110 mN-m,
the corresponding GW;;,s» increases from 685 g at 20 rpm to 973 g at 120 rpm, showing
an increase of only 42%. As shown in Figure 12a—c, for the plastic balls with diameters
of 60 mm, 70 mm, and 80 mm, the corresponding maximum GW,, values all occur at
120 rpm—200 mN-m, reaching 662 g, 1038 g, and 2077 g, respectively.

2000
1700

£ 1400
£ 1100
800
500

Figure 12. GWy,x of gripper at 36 w — T pairs. (a) Blue ball with diameter of 60 mm. (b) Red ball
with diameter of 70 mm. (c) Yellow ball with diameter of 80 mm.
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d (%)

The results of Round 2 are shown in Figure 13. Based on the data in Figure 13a—c,
beyond certain limits, d shows an obvious upward trend with the increase of both w and
7. When handling tomatoes with a diameter of 55-65 mm (as displayed in Figure 13a),
at the roller speed of 80 rpm, the corresponding d is 0% at 50, 80, 110, and 140 mN-m,
then increases to 12% at 170 mN-m, and finally reaches the maximum value of 32% at
200 mN-m. At the actuator torque of 140 mN-m, the corresponding d is 0% at 20, 40, 60,
and 80 rpm, then increases to 8% at 100 rpm, and finally reaches the maximum value of
16% at 120 rpm. The w — T pair limit between d = 0 and d # 0 is 120 rpm-50 mN-m,
100 rpm-80 mN-m, 80 rpm-110 mN-m, 80 rpm-140 mN-m, 60 rpm-170 mN-m, and
40 rpm—200 mN-m. Similarly, the w — 7 pair limit in Figure 13b is 100 rpm-50 mN-m,
80 rpm-80 mN'm, 60 rpm-110 mN'm, 40 rpm-140 mN'm, and 20 rpm-170 mN-m. Fig-
ure 13c has the w — T pair limit of 80 rpm-50 mN-m, 60 rpm—-80 mN-m, 40 rpm-110 mN'm,
and 20 rpm-110 mN-m. At 120 rpm-200 mN-m, the maximum d values of the tomatoes with
diameters of 55-65 mm, 65-75 mm, and 75-85 mm are 36%, 40%, and 68%, respectively.
In addition, some outliers are observed during the experiment, such as the d of tomatoes
with a diameter of 55-65 mm at 120 rpm—-80 mN-m and 100 rpm-110 mN-m, and the d of
tomatoes with a diameter of 65-75 mm at 60 rpm—200 mN-m. This might be due to the
instability of the output torque caused by the long-term operation of the smart actuator.

Although increasing w and T enhances the handling capability, it also significantly
increases the damage to the tomatoes, particularly for the tomatoes with a larger diameter.
Therefore, to balance handling capability and flexibility, it is essential to identify an appro-
priate combination of w and 7 to achieve optimal values for both GWy;;,x and d. It can be
seen that the GW,,,, of most of the plastic balls in Figure 12 is much higher than the mass
of the tomatoes in Figure 13, indicating that excessively high GW,,sx does not significantly
help in handling tomatoes. To maximize handling capability while ensuring flexibility, the
w — T pairs with d = 0 were selected and the GW;;4x sum of the same w — T pair across the
three diameter groups was calculated. As shown in Figure 14, the 40 rpm-110 mN-m pair
has the highest total GW,y.

d (%)
d (%)

(b) (c)

Figure 13. d of gripper at 36 w — T pairs. (a) Tomatoes with a diameter of 55-65 mm. (b) Tomatoes
with a diameter of 65-75 mm. (c¢) Tomatoes with a diameter of 75-85 mm.
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2700
2250
1800 (-
1350 |

Total GWinaa (2)

Figure 14. Total GWj;;4y under d = 0 at 36 w — T pairs.

3.2. Experiment #2

The purpose of this experiment was to evaluate the tolerance of the gripper to posi-
tional offset when handling tomatoes.

3.2.1. Experimental Setup and Methods

The task involved using the proposed gripper to grasp tomatoes under different offset
values and recording the failure rate of the experimental attempts. This experiment was
divided into three rounds and 30 tomatoes with a diameter range of 55-85 mm were selected
as the target objects in each round. Considering the results in Experiment #1, the roller
speed (w) and the actuator torque (7) of the gripper were set to 40 rpm and 110 mN-m,
respectively, in all three rounds.

As shown in Figure 15, the gripper is controlled to grasp the tomatoes at different
vertical offsets in the first round. The specific vertical offset values were 0, 3, 6, 9, 12,
and 15 mm. The vertical offset of 0 mm indicated that the gripper applied contact to the
equatorial plane of the tomato. The other vertical offset values (3, 6, 9, 12, and 15 mm)
indicated that the gripper contact plane was shifted vertically upward from the equatorial
plane by these set values. The number of no-fall trials (s) and the number of total trials (m)
were recorded in this round. Then, the failure rate f = 1 — s/m was calculated.

In the second round, the gripper was controlled to grasp the tomatoes at different
horizontal offsets and the specific horizontal offset values were 0, 3, 6, 9, 12, and 15 mm.
Similarly, the horizontal offset of 0 mm indicated that the gripper applied contact to
the equatorial plane of the tomato, while the other horizontal offset values (3, 6, 9, 12,
and 15 mm) represented that the gripper contact plane was shifted horizontally from the
equatorial plane by these set values.

In the last round, the gripper was controlled to grasp the tomatoes at the offsets in
both vertical and horizontal directions, and the offset values of each unilateral direction
were still 0, 3, 6, 9, 12, and 15 mm, forming a total of 36 pairs.

Contact Vertical offset
plane
Equatorial

plane

rizontal offset

Equatoria

eq?/‘: T

¢ ’ﬁ plégr?terline Center line
of gripper
of tomato gripp

Figure 15. Setup of Experiment #2.
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3.2.2. Results and Discussion

The failure rate data at the unilateral direction of the three rounds are calculated in

Figure 16.
I I I I I I
20 |-| [ Average . 20 || 3 Average R
55-65mm 55-65mm
§ 15| | —— 65-75mm Pl | & 15[ —— 65-75mm y
}:,: —=— 75-85mm F ; —&— 75-85mm
= 10} 120} y
g o
= =
g 5) 1€ 5 1
0 = 8 & == 0 = = & *
| | | | | | | | | | | |
0 3 6 9 12 15 0 3 6 9 12 15
Vertical offset (mm) Horizontal offset (mm)

(a) (b)

Figure 16. Failure rate at unilateral direction. (a) Failure rate at vertical offsets. (b) Failure rate at
horizontal offsets.

In the first round (displayed in Figure 16a), the failure rate shows an overall upward
trend as the vertical offset increases. At the vertical offsets of 0, 3, and 6 mm, the failure rate
is O for all three diameter ranges. The failure rate of the tomatoes within 65-75 mm and
75-85 mm diameter at 9 mm vertical offset is still 0, and that within 55-65 mm diameter
is 4%, having an average failure rate of only 1.33%. When the vertical offset increases to
12 mm and 15 mm, the average failure rate is calculated to be 8% and 16%, respectively. The
reason for the increase in the failure rate is that, as the vertical offset increases, F; decreases,
which leads to a rise in the failure rate. As shown in Figure 16b, there is a similar trend
in the failure rate at the horizontal offset. When the horizontal offset is 0, 3, and 6 mm,
the failure rate is still 0% in all three diameter ranges. The average failure rate for the
horizontal offset of 9 mm is only 1.33%, which is the same as the average failure rate for
the same offset in the vertical direction. When the horizontal offset increases to 12 mm
and 15 mm, the average failure rates are 6.67% and 14.67%, respectively, which are slightly
lower than those values in the vertical direction. The increase in the failure rate is due to the
fact that, when the horizontal offset becomes too large, the gripper is inadequate to gather
the tomato toward the central position, leading to handling failure. Therefore, the gripper
has a relatively high positional offset tolerance, and the average failure rate is less than
10% when the offset reaches 12 mm in the two unilateral directions. Moreover, the gripper
performs better at the horizontal offsets than at the vertical offsets. It is worth pointing
out that, at the same vertical offset, the failure rate was observed to decrease as the tomato
diameter increased gradually. This could be explained by Equation (2): when the vertical
offset was the same, the tomato with a larger diameter had a larger ¢, and thus a larger F;.

The gripper performance deteriorates when the positional offsets in the bilateral
directions are applied (shown in Figure 17). As shown in Figure 17a, the failure rate
gradually increases with the increase of the offset pairs. The boundaries of the horizontal—
vertical offset pairs between f = 0 and f # 0 within 55-65 mm diameter are 0—6 mm,
3-6 mm, 6-3 mm, and 6-0 mm. Similarly, the boundaries within 65-75 mm diameter
are 0-9 mm, 3-6 mm, 6-6 mm, 9-3 mm, and 9-0 mm (shown in Figure 17b), and, within
75-85 mm diameter, are 0-9 mm, 3-9 mm, 6-9 mm, 9-6 mm, 9-3 mm, and 9-0 mm (shown
in Figure 17c). At the 6-6 mm and 9-9 mm pair, the gripper has the average failure rate
of 4% and 18.67%, respectively, larger than 0% and 1.33% in the unilateral direction. At
the 15-15 mm pair, the maximum failure rate values within the diameters of 55-65 mm,
65-75 mm, and 75-85 mm reaches 68%, 72%, and 52%, respectively. Overall, although the
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performance of the gripper deteriorates in the bilateral directions, the failure rate is still
less than 20% at 9-9 mm offset pair.
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Figure 17. Failure rate of gripper at 36 horizontal-vertical offset pairs. (a) Tomatoes with a diameter
of 55-65 mm. (b) Tomatoes with a diameter of 65-75 mm. (c)Tomatoes with a diameter of 75-85 mm.

3.3. Experiment #3

This experiment aimed to verify the effectiveness of the proposed gripper for tomato-
picking in a simplified laboratory scenario.

3.3.1. Experimental Setup and Methods

As displayed in Figure 18a, the proposed gripper is attached to the robotic arm. The
tomatoes with branches are fixed on a frame. The task was to control the robotic arm and
the gripper to pick the tomatoes from the branches. The control process of the robot arm
based on the depth camera is shown in Figure 19. A depth camera (D435, Intel RealSense)
was used to capture the images and depth information. The position of the tomato was
determined by YOLOvVS and Intel RealSense SDK 2.0. Then, a coordinate transformation
was performed to convert the camera coordinates into the robot arm coordinates. After that,
the robot arm was controlled by the Unitree SDK so that the gripper contacted the surface of
the tomato (as shown in Figure 18b). Then, the gripper was activated and the tomato was
translated toward the gripper. When the tomato was picked into the gripper, the fingers of
the gripper were locked and the robotic arm was controlled to move backward to detach
the tomato from the branch. A controller was utilized to maintain compliance (shown in
Figure 20). In the compliance controller, a PID controller was used in the motion control
to drive the three links of the gripper to the desired trajectories 9?’, i =1,2,3 at the same
time. The real angles and angular velocities of the links were measured by the encoders.
Considering that ripe tomatoes are usually soft, an impedance controller was introduced
as a feed-forward of the motion control to adjust the velocity of the end of each link. The
actual force between the gripper and the tomato was given by the pressure sensor; hence,
the gripper picked the fruit with the appropriate force according to the adjusted angular
velocity. Considering the constraint between the tomato and the branch, the gripper
was controlled to apply 6 N force to the tomato and the roller speed was set at 120 rpm.
During the experiment, the success and damage rates were recorded to evaluate the picking
performance. After the experiment, the diameter and number of tomatoes were measured.
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Figure 18. Setup of proposed gripper in Experiment #3. (a) Tomato-picking task in simplified

laboratory scenario. (b) Three main steps in tomato-picking task.
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Figure 19. The robotic arm control flow chart based on the depth camera.
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3.3.2. Results and Discussion

The typical interaction force recorded in the experiment is shown in Figure 21. In the
contact stage, a small fluctuating force is recorded, which could be due to the non-smooth
surface of the roller. Then, as the fruit is translated, the force steadily increases until it
reaches the set value and remains within a certain range. When the fruit is completely
constrained, the force gradually drops.
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Figure 21. Typical interaction force recorded in Experiment #3.

A total of 56 tomatoes with four diameter ranges were recorded in this experiment.
The experimental results (shown in Table 2) indicate the average success rate is 0.874, which
is close to Experiment #2 Round 1 (0.876). Before being completely translated into the
gripper, four tomatoes were observed detaching from the branches and falling onto the
table. This showed that the constraints between tomatoes and branches were not completely
secure after transportation from the greenhouse to the laboratory. Three tomatoes were not
successfully detached from the branches, possibly due to differences in tomato maturity.
In addition, three tomatoes were observed to be damaged. The average damage rate was
calculated to be 0.064. There were two reasons: (1) the picking attempts were inadequate,
and (2) a large force was applied to the tomato to break the binding force between the
tomato and the branch.

Table 2. Results of Experiment #3.

Size (mm) Number Success Rate Damage Rate
80-90 12 0.833 0.100
70-80 15 0.866 0
60-70 17 0.882 0.067
50-60 12 0.916 0.091

Average - 0.874 0.064

4. Conclusions

The design, analysis, and evaluation of an active roller gripper for spherical fruit
handling were presented in this paper. Its mechanical design, force sensing capabilities,
gripper—fruit interaction model, and evaluation experiments were sequentially demon-
strated. The gripper mainly includes a base, a control unit, a soft membrane, and three
fingers. Each finger comprises a smart actuator, a link, and an active roller unit. When in
contact with the fruit, the smart actuator applies force to it, and the active roller rotates
at a given speed. Then, the fruit can be translated into the gripper through the frictional
force, achieving low damage rates and stable handling of the fruit. The pressure sensor
embedded in the active roller is used for force measurement, which greatly improves the
gripper’s compliance. To verify the effectiveness of the proposed gripper, three experi-
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ments were designed and conducted. Experiment #1 consisted of two rounds and was
designed to evaluate the gripper’s handling capabilities and the effects of roller speed (w)
and actuator torque (7) on the gripper’s performance. The results of the first and second
rounds indicated that GW,,,x showed a clear upward trend with the increase of 7, while the
increase of GW;4x was limited as w increased. For the plastic balls with diameters of 60, 70,
and 80 mm, GW,x was 662, 1038, and 2077 g, respectively. Experiment #2 was designed
to verify the gripper’s tolerance to positional offsets. The results showed that when the
vertical offset and horizontal offset were 12 mm, the average failure rates were 8% and
6.67%, respectively. The average failure rate was only 4% at the bilateral offset of 6-6 mm.
Experiment #3 was designed to verify the gripper’s picking performance in a simplified
laboratory scenario. The proposed gripper could achieve an average success rate of 0.874
and an average damage rate of 0.064.

Future work includes (1) testing and calibrating the pressure sensor in the active
roller to provide accurate and consistent force under different environmental conditions,
(2) optimizing the silicone membrane to balance flexibility and durability for different
fruit types, (3) using silicone materials with a higher coefficient of friction to achieve
higher positional offset tolerance, and (4) conducting experiments in more complex branch
arrangements or clustered fruit scenarios to verify the actual performance of the gripper.
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