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Abstract—Strawberry is a delicate fruit that has substantial
economic value. Strawberries can be easily damaged during har-
vesting due to their soft nature. Therefore, strawberry harvesting
requires skilled labourers who can gently yet effectively handle
this soft fruit. There is a skilled labour shortage for strawberry
harvesting, so automating this process would benefit strawberry
farmers. Here we present a novel soft gripper design to minimize
strawberry damage during harvesting. The proposed gripper
comprises two doughnut-shaped single chamber pneumatic actu-
ators inspired by biological Sphincters. The proposed balloon-
type actuator is fabricated from thermoplastic polyurethane
(TPU) coated fabric by thermal sealing. The blocked force
performance of this balloon-type actuator and the holding force
of the doughnut-shaped gripper is experimentally evaluated. The
balloon-type actuator can apply 19.3 N at 40 kPa when displaced
by 20 mm. The developed soft gripper can apply a holding force
of 14.8 N at 40 kPa. Preliminary field testing was conducted
to validate the applicability of the proposed soft gripper for
strawberry harvesting. The field test showed 100% success in
harvesting with 85 % success without any damage ( n = 7). This
shows the potential of the proposed soft gripper in reducing fruit
damage during strawberry harvesting.

Index Terms—soft grippers, strawberry harvesting, gripper
design

I. INTRODUCTION

The sweet and juicy strawberry (Fragaria ananassa) is a
popular fruit crop rich in vitamin C and antioxidants. These
soft and tasty strawberries require special attention during
harvesting to reduce damage to the fruit. These fruits are
cultivated in greenhouses or outdoor farming and typically
have plant arrangements to assist in easy picking (see Fig. 1).
Yet, 51 % of the mechanical damage to strawberries during
harvest and post-harvest operations take place during picking
[1].

Fig. 1. Industrial strawberry farming. a) How strawberry are grown in
industrial farms, b) Main parts of a strawberry fruit.

Conventional strawberry harvesting utilizes workers who
are skilled in handling this delicate fruit without damage.
An unskilled worker requires training for at least a year
before becoming a skilled strawberry picker. The job remains
unattractive due to lower wages and uncomfortable working
conditions. Hence, most farms hire unskilled workers due to
labor shortages and to minimize costs, leading to considerable
damage to the harvested fruit due to worker carelessness and
lack of skills [2], [3].

Recent developments in robotics and automation suggest
that it is beneficial to automate this harvesting process, leading
to reduced harvesting time and labor costs [3], [6]. The
strawberry harvesting process consists of holding the fruit,
detaching it from the stem, and delivery for post-harvest stor-
age. Several contemporary automation solutions are available,
mainly utilizing scissor-like tools for fruit detachment, rigid
grippers (mechanical as well as suction) for holding the fruit,
and the use of robot platforms carrying baskets to collect the
harvest. Detachment processes tend to leave longer stems that978-1-6654-8786-3/22/$31.00 © 2022 IEEE



have to be removed before releasing to the market, requiring
extra post-harvest processing [3], [6]. Grippers are limited by
the higher investment costs to achieve the necessary precision
in fruit picking, the inability to provide adequate gripping
forces and the damage to the harvested fruit due to the use of
rigid/hard components [2]–[5].

A modern solution that can reduce this harvesting damage,
is the use of soft robotics. Soft robotics has become a
revolutionary area in robotics that leverage the use of soft
materials and compliant mechanisms to better interact with
soft objects. Soft robotic actuator designs allow for greater
safety, flexibility, and adaptability while performing complex
tasks that require a dexterous touch. Hence, a soft robotic
gripper can be used to softly hold the fruit with minimal
damage. A soft gripper can continuously vary its shape without
requiring complex multi-joint mechanisms and has the poten-
tial to provide greater adaptability while presenting multiple
degrees of freedom (DoFs). These features make them ideal
for gripping and handling fruits that can be easily damaged.

An added advantage is that soft robotic designs can easily
elevate the use of non-conventional materials and simple
fabrication methods to deliver high performance. Modern soft
robotic designs have used materials such as silicone, electroac-
tive polymers (EAP), thermoplastic elastomers (TPE), thermo-
plastic polyurethane (TPU), fabric, as well as polythene. 2D
and 3D molding, thermal sealing, rapid prototyping methods
such as soft lithography, and fused deposition modeling have
been recently used in the fabrication of soft actuators. Actu-
ation methods such as pneumatic, hydraulic, electro-adhesive
attraction, cable-drives, and vacuum have been used in recent
soft robotic designs.

This paper presents the design and development of a pneu-
matically actuated balloon-type soft gripper for strawberry
harvesting. The design is inspired from biological sphincters
that open and close via expansion and contraction. The design
integrates a doughnut-shaped single chamber soft pneumatic
actuator. The proposed design uses a simple fabrication pro-
cess using commercially available materials. The paper layout
is as follows; Section II describes the recent related work on
soft grippers for fruit harvesting. Section III presents the pro-
posed design concept and the design and fabrication. Section
IV describes the experimental characterization of the proposed
design. Results and analysis of the gripper’s characterization
are discussed in section V. Field testing of a harvesting method
utilizing the proposed soft gripper is presented in section VI.
Finally, section VII provides conclusions and future work.

II. RELATED WORK

Conventional strawberry harvesting methods include suc-
tion and pulling, peduncle holding and cutting, suction and
cutting, and grasping and pulling [3] [4] [12]. Skilled work-
ers commonly use one of the following methods to harvest
strawberries with minimal damage. In the first method, the
worker uses three fingers to hold the fruit and rotates his wrist
(around the pitch axis) to break the peduncle (stem). In the
second method, the worker encloses the fruit using the palm

TABLE I
PERFORMANCE OF EXISTING SOLUTIONS

Harvesting method Success rate% with no damages Reference

Peduncle holding and
cutting

41.3 [4]
N.M [15]
N.M [9]

Grasping and pulling N.M [2]
65 [3]

Suction and cutting N.M [5]
53.6 [12]

Suction and pulling 87.5 [13]
N.M not mentioned

and rotate the wrist (around the roll axis) to detach the fruit
from the stem. The first method requires 13.94 N to detach
the fruit, while the second method, requires 3.17 N [3]. The
hardness of ripe strawberries have been found to be between
4.2 N to 20 N [3] [11]. A comparison of the success rate of
these methods are shown in Table I.

Recent literature presents the use of suction grippers, mag-
netorheological fluid-based universal grippers, and mechanical
grippers, including scissor-like tools, for automated strawberry
harvesting grippers and handling of smilar delicate objects [4],
[9]. As an example, the Octinion robot, provides motion close
to human picking using a 3D printed soft material gripper [2].
These solutions are limited by their inability to grip certain
sized fruits, inadequate gripping forces to detach the fruit,
and large end effector sizes, that results in damaging the fruit
ultimately. Suction grippers have failed to improve the picking
performance and tend to drop strawberries during picking
due to inadequate gripping forces when holding smaller fruits
[4], [5]. Magnetorheological fluid-based gripper have larger
end-effector designs limiting their use in tight spaces around
strawberry plants leading to fruit damage. Their holding force
is also affected by the settling of large particles that reduce
the homogeneity of the fluid [10].

Agrobot [6] and Harvest Croo [14] are two examples of
recently developed automated robotic strawberry harvesting
systems. These pre-commercial systems are large in size
and are better suited for large scale farms with specifically
designed farming configurations. Further, their requirement
of high precision tools make them economically unviable
for small and medium scale farms. The Agrobot utilizes
rigid grippers for harvesting, whereas Harvest Croo uses soft
fingered rigid grippers. Hence, there is a need for better suited
soft grippers for harvesting strawberries with minimal damage.

III. CONCEPT

The concept, design, and the fabrication of the proposed
novel soft gripper for strawberry harvesting is presented in this
section. The proposed soft gripper design follows a doughnut-
shaped single chamber design (see Fig. 2). Initially the cham-
ber will be at atmospheric pressure, at a deflated state, where
the doughnut-hole will be larger. When the chamber is inflated



Fig. 2. Conceptual design of the doughnut-shaped actuator a) Unactuated
state b) Actuated state c) Section view of the proposed gripper

Fig. 3. Proposed soft gripper design

with compressed air, the doughnut-hole will reduce in diameter
(see Fig. 2 a)). Thus, this contraction will allow the gripper
to hold a strawberry with varying shape. The proposed soft
gripper comprises two balloon-type single chamber pneumatic
actuators made from an inextensible fabric material, that would
inflate but be able to conform to the fruit shape without
exerting excessive forces that would lead to damage.

A. Soft pneumatic gripper design

The design of the proposed soft gripper utilizing the
doughnut-shaped actuator is shown in (see Fig. 3). The gripper
consists of two doughnut-shaped actuators fixed within a
cylindrical housing. The actuators can be individually driven
via two pneumatic lines. The doughnut-shaped actuators will
grip the fruit when inflated, as the hole diameter decreases. The
design combines two balloon-type single chamber pneumatic
actuators to hold the strawberry as shown in Fig. 4. The
applied holding force on the fruit can be controlled by the
applied pneumatic pressure to each chamber [8]. The inexten-
sible skin was selected as thermoplastic polyurethane (TPU)
coated fabric. TPU coated fabric material has a soft thermally
bonding layer made of Isocyanate and Polyol, which gives it
elastomeric characteristics and flexibility. The polyester-based
fabric acts as a strain limiting layer.

Fig. 4. How the proposed design will grip a strawberry.

B. Fabrication process

The fabrication process of the proposed actuator is described
in this section. First, two rectangular sections of thermoplastic
polyurethane TPU) coated fabric were cut as shown in Fig.
5-1 and aligned as shown in Fig. 5-2. Strawberry has a unique
conic shape. Hence, the two balloon-type actuators were made
to be of two sizes as shown in Fig. 4. Next, the length-wise
seams were made using a tabletop thermal sealer (see Fig.
5-3). Latex tubes were attached to the actuator as shown in
Fig. 5-4, and the width-wise seams were made. Cyanoacrylate
glue was used to seal the pneumatic connection lines. Then the
two balloon-type actuators were fixed onto paper base to act
as a strain limiting layer (see Fig. 5-5). Finally, this subsystem
was fixed within the cylindrical housing using cyanoacrylate
glue (see Fig. 5-6). The finished gripper had an outer diameter
of 8 cm, and a height of 10 cm. Actuating the balloon-type
actuator, and the finalized doughnut-shaped soft gripper at 40
kPa is shown in Fig. 6.

IV. EXPERIMENTAL EVALUATION

The experimental characterization of the doughnut-shaped
actuator is described in this section. The blocked force charac-
teristics of the fabricated soft balloon actuator and the holding
force characteristics of the fabricated doughnut-shaped gripper
were experimentally evaluated.

A. Experimental testbed

The control setup shown in Fig. 7 was used for the blocked
force and holding force evaluations. The control setup shown
comprises an air compressor (displacement type, 24L), a
pressure regulator (SMC, ITV2030), relay driven flow control
valves (FCV), controlled by a microcontroller development
board (Arduino Mega2560). The two specific experimental
test beds used for each of the evaluations are described in
the following sections.

B. Blocked force evaluation

The experimental setup shown in Fig. 8 a) was used to
evaluate the blocked force performance of the balloon-type
actuator. The balloon actuator is fixed, and a force gauge



Fig. 5. Fabrication process of the proposed soft gripper 1) TPU coated fabric sheets cut in to size 2) Arrangement for thermal sealing 3) Creating the thermal
seals 4) Fabricated balloon type soft actuators 5) Fixing the actuators to an inextensible base 6) Finished gripper.

Fig. 6. Actuation of the doughnut shaped actuators and the gripper at 40 kPa.
a) Unactuated and actuated balloon-type actuator b) Unactuated and actuated
doughnut-shaped gripper

Fig. 7. Basic test setup used for experimental evaluations.

(Mark-10, Series 4) mounted to a linear stage is used to
measure the blocked force upon pneumatic actuation. The fully
inflated state of the balloon actuator (25 mm), as shown in Fig.
8 b), was considered the datum (displacement = 0 mm). The
blocked force was measured at four displacement levels by
advancing the force gauge via the linear stage. The actuation
pressure was varied from 5 to 40 kPa.

C. Holding force evaluation

The experimental setup shown in Fig. 9 was used to evaluate
the holding force performance of the doughnut-shaped gripper.
A cylindrical test item was used to hang weights as shown

Fig. 8. a) Experimental setup used for blocked force test b) Datum used for
the measurement.

Fig. 9. Holding force test a) Holding 203g weight at 15 kPa pressure b) The
top view after actuating the gripper

in Fig. 9 a). To ensure good contact, the cylinder surface
was covered using the same fabric as the actuator (fabric-
side out). The test item weighed 83 g. The holding force test
was started with the test item help externally in the middle
of the gripper (see Fig. 9 b)), and the actuation pressure was
applied. Then, weights were attached to the hook on the test
item, and increased till the item started slipping. The total
weight at which the test item started slipping was recorded
as the holding force. This was repeated for multiple actuation
pressures from 5 to 40 kPa.



Fig. 10. Pressure (kPa) vs Blocked force (N) for 25 mm (fully inflated)
pneumatic actuator

Fig. 11. Holding force (N) vs. applied pressure (kPa)

V. RESULTS ANALYSIS

Analysis of the results obtained from the blocked force and
holding force tests are presented in this section.

A. Blocked force

The blocked force performance of the balloon actuator is
shown in Fig. 10. The blocked force increases with increase
displacement. The maximum blocked force was measured as
19.3 N, at 20 mm displacement at 40 kPa. The increase in force
with applied pressure is highly linear at all displacement levels.

B. Holding force

The holding force performance of the doughnut-shaped
gripper is shown in Fig. 11. The holding force increases
linearly with applied actuation pressure. The maximum ob-
served holding force was measured as 14.79 N at 40 kPa.
This is an adequate force to detach a strawberry from its’
stem. Hence, this suggests the potential of the soft gripper in
actual harvesting of strawberries.

Fig. 12. Field testing of the proposed gripper a) Inserting the fruit into the
gripper b) Fruit inside the gripper c) After actuation d) Harvesting method

TABLE II
FIELD TESTING RESULTS AT 40 KPA PRESSURE (N=7)

Diameter Fruit damage Successfully gripped or not

2.3 cm No yes
2.5 cm No yes

2.55 cm No yes
2.6 cm No yes

2.75 cm No yes
2.8 cm No yes
3.0 cm Partial yes

Success 85.7 % 100 %

VI. FIELD TESTING OF THE GRIPPER

The proposed soft gripper was field tested to evaluate
its performance in strawberry harvesting. The field test was
carried out a working strawberry farm. The testing process
used is shown in Fig. 12. The gripper is initially unactuated
(0 kPa), and the the gripper is manually aligned under the fruit
as shown in Fig. 12 a). The gripper is then raised until it is
envelopes the fruit (Fig. 12 b)). Then the gripper is actuated
(40 kPa). Next, the fruit is detached from the stem using
the rotate and pull method (Fig. 12 d)). Seven sample tests
were conducted on varying fruit sizes as shown in Table II.
Two samples of the picked fruit are shown in Fig. 13. Visual
inspection of the harvested fruits by an expert was conducted
to evaluate the success of the harvesting operation. The results
of the test are shown in Table II.

VII. CONCLUSIONS

This paper presents a novel soft gripper for use in strawberry
harvesting to reduce damage to the fruit during picking. We



Fig. 13. Strawberry harvesting test a) Test under 30 kPa pressure b) Test
under 40 kPa pressure

propose a novel soft gripper of a doughnut-shape inspired
by biological sphincters. Two balloon-shaped single chamber
pneumatic actuators are used to create the proposed soft
gripper. The Pneumatic actuators are made using thermoplastic
polyurethane coated fabric via thermal sealing. The blocked
force of the balloon-type actuator and the holding force
of the gripper was characterized experimentally. The used
balloon-type single chamber pneumatic actuator can generate
a blocked force of 19.3 N when displaced by 20 mm at
an actuating pressure of 40 kPa. The developed doughnut-
shaped soft gripper shows linear increase in holding force
with applied pressure. Preliminary field testing was conducted
at an operating strawberry farm to evaluate the applicability
of the developed soft gripper in strawberry harvesting. Field
testing showed 100 % success in harvesting with 85 % success
in harvesting without any damage ( n = 7). This validates
the potential of the proposed soft gripper for use in reducing
damage to fruit during strawberry harvesting. In future, this
design is to be further improved with the inclusion of a force
sensor and a pressure controller to harvest strawberries of a
wide range of sizes without damage. The extension of the
gripper to include harvesting bunches of strawberries, and
other hanging type fruits is also considered.
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