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A b s t r a c t. European growers are demanding selective
mechanical harvesting solutions, such as robotic solutions, because
hand harvesting is extremely labour intensive. Mechanical harvesting depends on low fruit retention forces between fruit and
plant. Over two consecutive growing seasons, including a winter
greenhouse trial, more than 1 600 samples were taken to determine
the fruit removal force of early stage cucumbers for pickling and
canning. Compared to studies with other fruit the fruit removal
force of cucumbers was fairly high and also showed a large degree
of variation. A significant percentage of the harvest had stalk
residues, which cause the expenditure of extra man-hours on the
processing lines. It was therefore concluded, that mere pulling is
not sufficient to disconnect the fruit. Harvesting robots require an
extra device for ease of separation.
K e y w o r d s: Gherkin, fruit removal force, bonding force,
automated harvest
INTRODUCTION

In botanical terms, the fruit of the cucumber (Cucumis
sativus L.) is a pepo, a berry with a very tough exocarp.
It may be classified as a non-climacteric fruit and originates from Asia and Africa, where it has been used as a food
source for more than 3 000 years. Cucumbers are one of the
most popular vegetables in the world, they are a particularly
popular choice for pickling (Staub et al., 2008). According to the FAO (2020) statistics, the world production was
75 million tons in 2018. There are different varieties for
slicing or pickling, and within these varieties several cultivars (mainly hybrids) have been created. There are three
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distinct uses for cucumbers in the marketplace: fresh whole,
fresh sliced, and pickled (Tatlioglu, 1993). Cucumbers are
grown in either fields or green houses and there are several training systems used for production (Tatlioglu, 1993).
There are two methods of harvesting cucumbers, handpicking and machine harvest. In the United States and also in
Asia the mechanical one-time harvest is common for outdoor cucumber production, but the quality and size of the
products after harvest show a large variation. Cucumbers
are creeping plants and continuously produce flowers and
fruit when pollinated. They are best picked before their
seeds become hard and are eaten in an immature state.
A cucumber is considered to be of high quality, when it is
uniformly green, firm and crisp. If a fruit is left on the plant,
the skin becomes tough and turns yellow. In order to maintain plant productivity it is necessary to regularly harvest
the fruit. To date, continuous harvest could only be accomplished through handpicking. During a one-time harvest,
the whole plants are cut, transported on a sieving belt and
pulled through two tight, rotating rollers. The cucumbers
are disconnected mechanically by a pinch roller mechanism
(Rotz et al., 1982). However, this method is only suitable
for large cucumbers. Small cucumbers are either damaged
or lost (Surdilovic and Geyer, 2013). One-time harvesting
stops the production process, while handpicking can maintain cultivation over several months. One-time harvesting
is not suitable for pickling cucumbers, where the largest
profit margin is achieved for sizes between 6 and 9 cm.
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Handpicking is very labour intensive, and rising wages
increase production costs. European growers are demanding selective mechanical harvesting solutions, such as
robotic solutions, but the use of field robots is challenging
regarding their functionality and especially their longevity in harsh outdoor environments (Villa-Henriksen et al.,
2020). Dust, humidity or vibration due to uneven surfaces
affect their functionality, life-span and increase maintenance. Handpicking small pickling cucumbers includes
several processes such as fruit detection, selection and
separation. This particular study focuses on the separation
of cucumbers. During hand harvesting, this is actively
achieved by grabbing the fruit, bending and pressing the
stalk to the side and finally disconnecting the fruit by
pulling gently or pushing the stalk so it comes off. These
requirements complicate the harvesting process, but they
seem to be necessary to harvest fruit without a stalk. For
the efficient processing of the cucumbers, it is not acceptable that too many stalks or parts of the stalk remain on
the fruit. Removing the remaining stalks for canning purposes leads to the expenditure of extra effort in the processing
lines, therefore processing plants require fruit without
a stalk. On the other hand, the separation of fruit without
specific and complex techniques requires a low bonding
force between the fruit and plant. Currently, detailed and
exact information concerning the force required to remove
the pickling cucumbers from the plant through the use of
a pulling motion alone is completely lacking. Similarly, it
is still not known whether the fruit removal force (FRF) of
cucumbers is cultivar-dependent or whether FRF changes
during the developmental stages particularly relevant for
pickling cucumbers.
The fruit removal force describes the nature of the
bond between the fruit and plant and is an important characteristic for evaluating the suitability of a cultivar for
mechanical harvesting, since the efficiency of harvesting
devices is directly related to a lower detachment force
(Bukovac, 1979). The FRF is also used as an indicator to
measure the activity of chemicals (i.e. etephon) which is
used to loosen the bond between fruit and plant. In general,
the FRF increases in early fruit development and decreases during ripening (Wittenbach and Bukovac, 1974). Some
cultivars develop a fruit abscission zone upon ripening.
Coffee beans for example, have a lower FRF when they
are ripe, but various cultivars differ to a considerable extent
(Crisosto and Nagao, 1991). For olives, a correlation was
found between fruit size and the FRF (Lavee et al., 1982;
Almeida et al., 2015). A recent Australian study concerning olive cultivars found that FRF decreased from the
first harvest to the fifth harvest (Alowaiesh et al., 2016).
Castillo-Ruiz et al. (2018) found that FRF decreased when
it was measured after applying stalk-twisting angles. For
sour cherries, the FRF describes the ripening process.
Nevertheless, pickling cucumbers have not been investigated to date, and based on the fact that the FRF is higher

in early fruit development, we were expecting strong bonding forces. The study was part of an EU Cornet project
‘CATCH’ (Fraunhofer, 2018), to investigate the detection
and selective robotic harvesting of pickling cucumbers.
The knowledge obtained will facilitate the further development of autonomous harvesting robots.
The aim of this study was to determine the FRF of early
stage cucumbers for pickling and canning in order to investigate their suitability for robotic harvesting.
MATERIAL AND METHODS

The field trials took place in the ‘ATB Fieldlab for
Digital Agriculture’ in Marquardt, Germany, during the
summer periods in 2017 and 2018. The annual precipitation for this area was 581 mm in 2017 and 319 mm in 2018.
The normal average yearly precipitation for this area which
was measured between 1981 and 2010 was 589 mm. As an
additional source of water, drip irrigation with fertilization
was installed. In order to reduce evaporation and weeds,
mulching foils were used to cover the rows.
Seeds were sown directly into the field in mid-May
in order to avoid low temperatures both during and after
germination. The distances between the rows were 150 cm
and the plants were 30 cm apart, following the common
recommendation for multiple hand harvesting systems. In
comparison to a plant arrangement designed to suit a single
machine harvest, these distances are large.
Eight different cultivars from Rijk Zwaan, (Velver,
Germany) were selected from a pickling variety. The following five cultivars were grown in 2017 in the field and in
a greenhouse: ‘Liszt’, ‘Strawinsky’, ‘Quirk’, ‘Karaoke’ and
‘Componist’. In 2018 ‘Liszt’ was cultivated again, but the
other cultivars were replaced by ‘Majestosa’, ‘Kybria’ and
‘Trilogy’. The cultivar ‘Quirk’ represented a new cultivar
that was specifically bred to achieve a lower bonding force
between the fruit and plant. ‘Liszt’ and also ‘Strawinsky’
are extremely open, non-branched variants. ‘Karaoke’ has
dark green and blueish leaves and ‘Componist’ is a yellowgreen-type with yellowish leaves. In order to study a wider
range of varieties, three varieties were replaced by others
in 2018. In autumn 2017, the same five cultivars used in
the field trial were grown in a greenhouse in Grossbeeren,
Germany, with drip irrigation, following the 2017 outdoor
season. The row distances were also 150 cm and the plants
were grown 30 cm apart.
In order to measure the force required to remove a cucumber from the plant, an FK 100 digital force gauge
(Sauter GmbH, Balingen, Germany) was used. Peak hold
forces (N) were determined by placing randomly selected
cucumbers of adequate size in an especially crafted holder
and then pulling upwards until the fruit was detached (Fig. 1).
Over a period of six weeks from August 2017 until
the end of September 2017, the fruit was harvested on six
occasions. Each time the peak force was recorded for the
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randomly selected cucumbers and also the exact length and
mass of each fruit were determined later on in the laboratory. During autumn, greenhouse plants of the same cultivars
were analysed accordingly.
A statistical analysis was carried using JMP 14 (Marlow,
Buckinghamshire, United Kingdom). A student t-test was
used to evaluate the differences between two samples as the
results followed a normal distribution. A regression analysis was used to reveal any correlations.
RESULTS

In 2017, a total of 495 cucumbers of all cultivars were
harvested on six different days. This process was repeated
in 2018 on 11 separate days for 318 fruit, with each cultivar
representing the same share. The greenhouse experiments
of 2017 included 862 fruit sampled on six days between the
end of October and the middle of December. The cultivar
sample sizes (n) are displayed in Table 1.
The measured FRF over all cultivars varied widely
within the period of one day and also over the harvesting
period in all trials. In 2018, the average forces required to
harvest the different cultivars were higher than in 2017
(Table 2), but only the cultivar ‘Liszt’ was measured in both
years. The average FRF for ‘Liszt’ increased significantly
from 10.5 N in 2017 to 19.1 N in 2018.
The median fruit removal forces for all cultivars ranged
between 9.7 and 20.3 N. The full range of forces measured
varied from 1.5 N to 56.5 N. A large difference between the
two trials in summer 2017 and 2018 in the average FRF
was found; an average force of 19 N was measured for four
cultivars in 2018, while it was 11.9 N for all five cultivars
in 2017 and 12.4 if ‘Quirk’ is left out.
The FRF of the cultivar ‘Quirk’ differed significantly
to ‘Karaoke’, ‘Strawinsky’ and ‘Componist’ in the 2017
field trials (p≤0.002). The fruit of the cultivar ‘Liszt’

Fig. 1. Sauter FK 100 force gauge and fruit holder.
Ta b l e 1. Cultivation scheme
Experiment
Variety

2017

2018

Field

Greenhouse

Field

Liszt

Liszt

Liszt

Karaoke

Karaoke

Majestosa

Strawinsky

Strawinsky

Kybria

Componist

Componist

Triology

Quirk

Quirk

–

Area (m )

360

2

200

360

Spacing (row × plant) 1.5 × 0.3 m
Sample size

495

862

318

Ta b l e 2. Fruit removal forces (N) in the different trials and sample size ‘n’
Data

Variety
Liszt

Majestosa

Karaoke

Quirk

Strawinsky

Kybria

Trilogy

Componist

Field 2017
Avg ±
(min, max)
n

10.5 ± 4.8
(2.3, 28.8)
50

12.9 ± 6.1
(1, 35)
177

9.7 ± 4.3
(2.5, 23.2)
100

13.4 ± 6.1
(2.3, 34.3)
128

12.9 ± 5.8
(2.3, 23.5)
40

Greenhouse 2017
Avg ±
(min, max)
n

10.9 ± 4.7
(2.8, 30.2)
180

15,6 ± 6.3
(3.5, 36)
100

10.2 ± 4.1
(1.5, 21.7)
180

11.4 ± 5.1
(2.9, 27.1)
160

13.4 ± 5.2
(3.5, 29.2)
240

Field 2018
Avg ±
(min, max)
n

19.1 ± 8.2
(5.3, 56.5)
79

20.3 ± 8.3
(3.4, 42.8)
79

19.3 ± 8.9
(5, 45.9)
80

17.2 ± 7.9
(3.7, 40.8)
80
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Fig. 2. Fruit removal forces of ‘List’, ‘Kybria’, ‘Trilogy’ and ‘Majestosa’ in relation to fruit length.

also required significantly lower forces in comparison
to ‘Karaoke’ and ‘Strawinsky’ (p≤0.008). During the
greenhouse trial ‘Karaoke’ and ‘Strawinsky’ required significantly higher FRF values in comparison to the other
cultivars. ‘Trilogy’ required significantly lower forces
than ‘Majestosa’ (p = 0.02) while there was no difference
between the other cultivars. However, there was no dependency between the force and length or mass of the fruit in
any of the trials, but length and mass are linearly correlated. The relationship between mass, diameter and FRF was
tested for the sample in 2018, but r2 was found to be 0.1 and
lower for all of the samples (Fig. 2).
Pickling cucumbers for canning must be harvested
without the stalk. Therefore, hand pickers bend the cucumbers and press the stalk to one side with their thumbs so as
to detach the fruit minus the stalk. When the fruit were harvested with the force gauge alone, there were differences
between the cultivars depending on whether the stalk and
cucumber were disconnected.
Table 3 shows the distribution of fruit with and without the stalk in different trials and for all cultivars. It also
shows that the percentage of fruit with a residue of stalk
was always higher than those without a stalk except for one
sample, when the fruit is merely pulled off the plant without bending or twisting. The variety ‘Liszt’ formed a part
of all of the experiments. In 2017, the percentage of fruit
without a stem for ‘Liszt’ was very low, but in 2018, 59%

of the fruit had no stalk remaining after they were pulled
off. An equally successful result of separating the fruit and
stalk was only achieved by ‘Quirk’ in the greenhouse trial
of 2017.
DISCUSSION

In comparison with apricots that required values of 5 N
(Erdogan et al., 2003) or olives with 2 to 8 N (Lavae et al.,
1982; Khdair et al., 2018), the average fruit removal force
required to remove the analysed cucumbers was relatively
high, but low in comparison with oranges which produced
results of 69 to 115 N (Sanders, 2005). The range of FRF
determined for cucumbers was generally larger than that
of olives and apricots. Almeida et al., 2015 determined the
FRF relationship to fruit mass to increase harvesting efficiency, but in general with increasing fruit size the FRF
increases (Lavee et al., 1982; Castillo-Ruiz et al., 2018). In
the 2018 field trial, the average ratio of FRF to mass was
determined to be 73 for cucumbers, the values ranged from
13 to 364. Due to this large degree of variation, it seems that
the FRF/mass ratio is not a relevant parameter with which
to determine the optimal harvesting date or characterize the
harvesting efficiency of immature cucumbers. This is also
supported by the fact that there was no correlation found
between fruit length and FRF (Fig. 2).

Ta b l e 3. Characteristics of disconnection by pulling (with stalk/without stalk, %)
Experiment
Field 2017

Variety with stalk/without stalk (%)
Liszt

Majestosa

Karaoke

Quirk

Strawinsky

Kybria

Trilogy

Componist

88/12

–

85/15

74/26

84/16

–

–

80/20

Greenhouse 2017

81/18

–

75/25

51/49

84/17

–

–

77/23

Field 2018

41/59

70/30

–

–

–

71 /21

81/19

–
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It was not determined whether FRF decreased with
the increasing maturity of the cucumbers, because cucumbers do not meet the required quality standards when they
increase in size. Wittenbach and Bukovac (1974) found
that FRF increases in early fruit development and decreases during ripening. Therefore, one could expect that this is
also the case for cucumbers and the high forces required for
harvesting may be explained by the early developmental
stage during which time the cucumbers were harvested.
The fairly low FRF of the ‘Quirk’ cultivar may be
explained by selective breeding which aimed to achieve
this particular property. The difference in the overall averages between the summer trials of 2017 and 2018 cannot
be explained by the variables measured. In 2018, precipitation was significantly lower, but the plants were irrigated.
Nevertheless, a lower precipitation value may result in
more sunshine and higher temperatures, thus the effect
could be induced by heat stress. If higher plant species are
exposed to excess heat, at least 5°C above their optimal
growing conditions exhibit a characteristic set of cellular
and metabolic responses required for the plants to survive
the relatively high temperature conditions (Guy, 1999). If
the bonding force between the fruit and plant is influenced
by heat stress this should be investigated further. Moreover,
if it turns out that the bonding force increases under heat
stress, this factor must be taken into account in any case
from the point of view of climate change. Further measurements should also incorporate the thickness, flexibility and
length of the stalk.
The fruit removal force (FRF) is an important characteristic for evaluating the suitability of a cultivar for
mechanical harvesting, this is the case because the efficiency of harvesting devices is directly related to low
detachment forces (Bukovac, 1979). Both a high FRF value
as well as stalk residues seem to complicate the automated
harvesting of pickling cucumbers. Chemicals (i.e. etephon)
may be used to reduce the FRF, but this technique is not
used in practice for either hand picking nor in the one-time
machine harvest of cucumbers. Therefore, an automated
solution is required to actively disconnect the fruit from the
plant at the base of the stalk. Nevertheless, the significantly
lower FRF of the relatively new cultivar ‘Quirk’ has shown
that breeding programs could simplify automated solutions.
This study was associated with an EU project which
aimed to develop an autonomous harvesting platform for
cucumbers, consisting of two robot arms grabbing and disconnecting the fruit using only a pulling motion. While
greenhouse robotic harvesting solutions for cucumbers
use a thermal knife to remove the fruit (van Henten et al.,
2002), field robots should ideally be kept as simple as possible. Outdoor machines have to contend with the natural
environment which poses significant challenges to both
their functionality and longevity (Villa-Henriksen et al.,
2020). The disconnection of tree fruit like olives for oil or

apples for juice production is commonly accomplished by
shaking the tree. In this case, the force required to disconnect the fruit is influenced by the torsional forces applied to
the stem. However, shaking cucumber plants is not a viable
option.
Torsional forces were not investigated in this study,
but Castillo-Ruiz (2018) found that twisting and bending increased the harvesting efficiency for olives, thereby
achieving accelerated detachment. Therefore, the question
remains as to whether or not it is sufficient to apply torsional forces to the cucumber fruit to disconnect it rather than
using a cutting device.
CONCLUSIONS

1. The fruit removal force of different cucumber cultivars showed a large range and variation between years and
cultivars.
2. No correlation was found between fruit removal
force and mass or length within the samples.
3. The observed average forces were too high to disconnect the fruit by just pulling it without restraining the plant
and the amount of stalk residues was also too high for direct
processing.
4. As growers are seeking an automated solution for
harvesting, the results indicate that the separation process
requires a combination of gripping and active disconnection using a tool to remove the fruit without damaging the
plant or the fruit and avoiding residual stalks.
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