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Abstract - In the agro-food sector the rising
employee expenses and labour shortages, induced
by tough work in unfavourable working conditions,
lead to the need for automation. These phenom-
ena are especially pressing in the greenhouse sector.
Currently, most automated tasks in the agro-food
sector are performed by scanning the environment,
often using only a camera, subsequently planning
and executing an action. This approach usually
prevents contact with the environment where pos-
sible, whereas in this work environment contact is
actively used. Usage of contact is necessary for the
main-stem paradigm, where a plant’s main stem is
followed, through direct contact, until the desired
destination is reached. In this work, a function-
ality complementary to this paradigm is proposed
by using dynamic information, which is obtained
by analysing the force response of a plant to a
known, imposed excitation. Using this dynamic in-
formation, it is shown, on a dummy tomato plant,
that the relative location of a tomato truss with
respect to the excitation source can be deduced.
The combination of dynamic information and the
main-stem paradigm can be used in multiple tasks
in a greenhouse, such as the deleafing and harvest-
ing of tomato plants. Moreover, we believe that
this method can easily be modified to be used for
multiple greenhouse crops and other agro-food ap-
plications.

1 Introduction

Although the demand for food is ever-growing, the
number of farm workers has decreased significantly
over the years. In the U.S. the total number of
workers dropped roughly from 9.9 to 3.2 million
in the period between 1950 and 20001. Although
the number of paid employees has decreased, labour
costs still make up a large part of a farms expenses,
in 2017 this was 12% for all U.S farms. More sig-

nificantly, for greenhouses and nurseries it was 43%
and for fruit and tree nut farms 39%2. The farm
industry also suffers from labour shortages3, due to
the often repetitive, harsh and heavy work which
commonly has to be performed under unfavourable
climatic conditions. These labour shortages and
high employee expenses are the main drivers for the
agro-foor sector to utilize and advance automation
processes. This automation can also allow for ad-
vantages that are not economically feasible with hu-
man workers, such as early disease detection, single
product tracking, single product control and mar-
ket driven production [1].

Certain aspects in agro-food have already been
automated successfully. A prime example of this
is the harvesting of some ‘single harvest’ crops like
wheat and maize. So called ‘combines’ are used not
only to remove the plant from the field, but also
to separate the desired material, grain and corn re-
spectively, from the other plant parts and to get rid
of waste material. The automation of this process
has drastically reduced the amount of work that
has to be done by humans. Currently, combines
are usually manned by a single person, however
efforts are made to produce fully autonomous sys-
tems4. Robotic systems often operate in controlled
environments, such as, for example, the car man-
ufacturing industry, where car parts are delivered
to the system in exactly the same way every time.
Contrary to these systems, combines can deal with
a partially controlled environment with a limited
amount of variability. Variations increase the com-
plexity of automation since the automation system
has to be robust against all possible combinations
of the variations that are present. Applications in
the agro-food sector take place in nearly uncon-
trolled environments, which have many variabili-
ties in both the environment (for example light and
temperature) and the target product (for example
size and stiffness) present in this environment. The

1According to the Farm Labor Survey (FLS) conducted by USDA’s National Agricultural Statistics Service (NASS),
https://www.ers.usda.gov/topics/farm-economy/farm-labor/

2According to the Census of Agriculture https://www.ers.usda.gov/topics/farm-economy/farm-labor/, note that
these numbers only include the paid workers.

3https://www.telegraaf.nl/financieel/1777575813/groente-niet-geoogst-door-personeelsgebrek, https:

//agamerica.com/farm-labor-shortage/
4Cognitive (Agro) Pilot, currently a cooperative system which already works fully autonomous, https://youtu.be/

heK7qHR0qog
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complexity introduced by such environments is the
reason that these applications have not yet been
automated.

Driven by the industry’s request to automate
the agro-food sector, the FlexCRAFT consortium
has been created. FlexCRAFT is a Dutch consor-
tium which aims to advance Cognitive Robotics
for Flexible Agro-Food Technology (FlexCRAFT)
[2]. In this consortium, five Dutch universities
work together with fourteen companies in order
to create capabilities to robustly deal with vari-
abilities. These capabilities will be shown in pilot
projects regarding food-processing, food-packaging
and greenhouse robotics. Within the FlexCRAFT
consortium this work is directed towards the de-
leafing of tomato plants and the harvesting of ripe
tomatoes, which falls under the greenhouse robotics
project.

Section 2 provides a concise overview of the
research that has been done on automation and
robotics for high-value crops. Additionally the ap-
proach proposed in this work is explained. Subse-
quently, in Section 3, the use-case on which this
proposed approach is tested is elaborated upon.
Then, in Section 4, the realized experimental set-
up is shown and described before the measurement
results and findings are discussed in Section 5. Fi-
nally, conclusions and recommendations are given
in Section 6.

2 Related work

Over the years, extensive research has been done
on automation and robotics in the agro-food sec-
tor. Although this work will focus on greenhouse
robotics, the literature discussed in this section is
focused on automation in high-value crops. Crops
are classified as high value crops when high labour
input is required [3]. The literature discussed in
this section also discusses automation of high-value
crops grown outside of greenhouses, as the tech-
nologies developed for these crops are relevant and
can be directly related to greenhouse robotics.

2.1 Cultivation automation

In the entire process of high-value crop cultivation
several actions are already automated. This mostly
regards the first steps, such as seeding, cutting,
grafting and transplanting, and the last steps such
as sorting and packaging [4, 5]. These tasks are rel-
atively simple since they have limited variation and
do not require complex sensing. They are there-
fore solved using industrial automation. Tasks in
the middle phase of cultivation, crop maintenance
and harvesting, are still done manually. The fact

that these tasks are not yet automated is widely
attributed to the challenges resulting from all the
sources of variability [4, 6, 3]. Although exten-
sive research has been done, over several decades,
to be able to handle these variations, no commer-
cialized automated systems exist for these tasks
[5, 6, 7, 3, 8, 9].

2.2 Sense-plan-act

In the vast majority of research projects, the re-
maining tasks are tackled using the sense-plan-act
paradigm [10, 11]. In this open-loop paradigm, the
robot sequentially senses the world to build a world
model, uses this updated world model to plan an
action and finally executes this action. To illus-
trate, the action of harvesting a fruit (cluster) is
regarded as an example. First, a sensing action is
done in which the desired fruit (cluster) and po-
tential obstacles are located. Subsequently, a non-
colliding path is planned from the current position
of the harvesting mechanism to the fruit (cluster).
Finally, the path is followed without intermedi-
ate sensing and the harvesting action is performed
without sensory feedback. This paradigm can how-
ever also be used for other tasks such as deleafing
or the removal of weeds. The most important, thor-
oughly researched approach that does not use the
sense-plan-act paradigm is the shaking of plants to
harvest high value crops. Although this approach
can be economically feasible for some damage re-
sistant agricultural products such as olives and
almonds and for crops that are grown for juice ex-
traction, this feasibility can not be generalized to
usage in fruits [12]. This is not only due to the
high risk of damaging the crops, the inability to
detect and select based on quality and size and the
varying harvesting rate over the season, which all
reduce the price of an individual crop, but also due
to the risk of removing immature fruit, defoliation
and damage to the plant, which can impact the
yield.

None of the research projects working towards
automating the maintenance or harvesting of crops
have, so far, become commercial systems. Reasons
for this include low operation speed, low crop recog-
nition rate in variable conditions, low harvest suc-
cess rate, complexities in manipulator control and
movement, problems with simultaneous see-grasp-
cut operations, high rates of plant and crop dam-
age and high cost [12, 7]. Moreover, according to
[3], where 50 research projects, developed through-
out 30 years, were reviewed, on average the per-
formance of harvesting robots has not improved.
From the measured capabilities, only the average
detachment success has increased (75%), the fruit
localization success (85%), harvest success (66%),
fruit damage (5%) and cycle time (33 sec) did not
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improve. The authors find it hard to reconcile
this lack of progress with the advances in sensors,
mechatronics, computing power and computer vi-
sion, but also with the growing number of research
projects. The presented numbers show the inherent
problems of the sense-plan-act paradigm. Firstly,
the performance error accumulates over all steps,
since each subsequent step purely depends on the
output of the previous step [10]. This means that if
one step has a low performance, the entire system
will perform poorly, even if all the other steps have
a high performance. The harvesting of a tomato
(truss) can again be used as an example. If the
tomato (truss) is detected and localized 85% of the
time, a non-colliding path is calculated and followed
successfully in 80% of cases and the harvesting ac-
tion is performed successfully 75% of the time the
overall success rate is only 51%. Another problem
is that the original sense-plan-act paradigm does
not allow for reactive behaviour [10]. The sense ac-
tion is performed once per cycle and if the world
changes afterwards, in such a way that an updated
plan is required to successfully perform an action,
the final step of the paradigm, acting, will always
fail.

2.3 Sensing and perception

Within the scope of this literature study, most
work has been done in the direction of sensing
and perception. These capabilities are not only
of importance for plant interaction tasks, but can
also be used to optimize crop yield by detecting
diseases, insect infestations and weeds or by opti-
mizing soil parameters such as moisture, nitrogen
and pH levels [5]. Within the sensing domain a
distinction can be made between contact and re-
mote sensing. According to [11], contact sensing is
normally used for the assessment of soil properties
and not for crop contact. This is partly attributed
to the plant’s tissue sensitivity and the require-
ments on robotic manipulation that are needed to
be cost effective in this context; quick and careful.
Despite these challenges, there is a limited amount
of projects where contact sensors are used for tasks
involving fruits, such as finding the precise spacial
position of a fruit (cluster) and determining a fruits
firmness [6]. Regarding remote sensors, some use
is made of proximity sensors and chemical sensors
but the majority of sensors are based on some form
of imaging [11, 12, 13, 6]. There are even several
survey papers specifically for the field of computer
vision methods to detect fruit (clusters) [8, 9, 14].

These image based approaches are used for
numerous different tasks such as weed detection,
seedling planting and fruit (cluster) detection and
localization [9, 6]. Where the latter two are the
most researched tasks. The success rates of these

tasks are high. In most projects reviewed by [13]
the success rate of fruit identification was approx-
imately 70%, but could get as high as 90%. The
success rate of localization was, averaged over the
50 projects reviewed by [3], 85%. However, there
are a lot of challenges in this aspect. Firstly, the
techniques that are used are mostly successful un-
der the specific conditions for which they were de-
signed [12]. Additionally it is claimed that, in prac-
tice, “it is difficult to modify machine vision algo-
rithms to run for slightly or completely different
applications because of the assumptions and rules
made to achieve the specific application” [12]. An-
other big challenge is the occlusion of crops. In [13]
it was found that, depending on the conditions, oc-
clusions can limit the total amount of citrus fruits
that can be harvested from a tree to 40%.

2.4 Proposed approach

Although individual crops are never identical, cer-
tain abstract structures are constant throughout a
crop. Whilst some of these abstract structures are
caused by the crop cultivar, i.e. the specific plant
race or variety, the used growing method or a com-
bination of both, there is also a biologically induced
structure. In Appendix A the biological structure
of all seed-plants, which include most high-value
crops, is explained. By coupling this generic knowl-
edge with information on the growing method and
the used cultivar, generic structures can be found.
Such structures hold for all plants of this culti-
var, grown using the specified growing method, and
can therefore be used as a priori knowledge. In
this work two assumptions are made, one regard-
ing the growing method and one regarding the cul-
tivar. Regarding the growing method, we assume
that ‘suckers’, also known as axillary buds (see Ap-
pendix A), are removed. Suckers are shoots that
grow from the axils of the plant, which reduce the
yield and delay the harvest and are therefore re-
moved [15].

Figure 2.1: Schematic representation of part of
a (tomato) plant with denotations of specific plant
parts [16].

Regarding the cultivar, we assume that nodes,
i.e. grow points on the shoot of a plant, only grow
petioles, i.e. stalks that hold leaves, and peduncles,
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i.e. stems that hold the inflorescence and thereby
ultimately the fruits. A graphical representation
of these terms can be seen in Figure 2.1. Essen-
tially, these assumptions state that no shoots are
allowed to grow from the stem. The plant will
therefore consist of one stem which will only hold
purely vegetative growth, i.e. leaves, and purely
reproductive growth, i.e. inflorescences, and no
combined growth. The plant part shown in Figure
2.1 shows an example of this. These assumptions
commonly hold for greenhouse grown crops such
as cucumbers, eggplants, sweet-peppers and toma-
toes.

As mentioned above, the two assumptions that
are made result in the knowledge that all(!) inflo-
rescences and leaves are directly connected to the
main stem. Therefore, for each plant related task
one can ‘simply’ follow the main stem until the de-
sired plant part for that specific task is reached,
which was dubbed the main-stem paradigm in
[7]. This paradigm can, however, not directly be
compared to the sense-plan-act paradigm, since
the sense-plan-act paradigm aims to solve a task
whereas the main-stem paradigm aims to simplify
the planning of a path. This simplification results
in the fact that no geometric, non-colliding path
needs to be calculated on runtime, since the desired
path is known beforehand through a priori knowl-
edge. It is, however, necessary to reason about the
current location with respect to the path, which
indicates in what direction has to be moved to
follow the path, either upward or downward. It
is proposed to use the main-stem paradigm in an
approach where we break with the sense-plan-act
paradigm by using sensory feedback to actively
reason about what direction to move in to fol-
low the path, which is known through a priori
knowledge. The main-stem paradigm is (unknow-
ingly and partly) used in [17] and [18] to, respec-
tively, harvest tomato clusters and deleaf cucumber
plants. Where in the latter, this approach resulted
from an information based system design used to
reduce loss of project time and capital.

In the current state of the art contact with
the environment is usually avoided, through re-
mote sensing and non-collision path planning, un-
til directly necessary to perform, for example, a
harvesting action. Although the minimizing and
delaying of contact is understandable in fear of po-
tential damage to the plant, this results in a more
complex problem and potential damage only at
the point where it is most harmful, on the fruit.
With regard to the latter, the economical impact
of potential damage can be reduced by harvesting
fruit (clusters) at the peduncle instead of at the
fruit itself, which is ideal in combination with the

main-stem paradigm since the peduncle is encoun-
tered when following the main stem [12]. By using
contact sensing and the main-stem paradigm, lo-
calizing a fruit (cluster) and approaching it from a
certain direction can be reduced from a 6D problem
to two 2D problems [7]. The first problem describes
finding the main stem in two dimensions, the height
and rotation do not matter, and the second prob-
lem describes finding the peduncle, where only the
rotation around and the direction of the stem are
of importance. Note that this work focuses on con-
tact sensing, but it does not aim to abandon or
replace vision solutions. The ultimate goal is to see
whether it is possible to solve challenges, that are
encountered when using merely vision solutions,
which seem to be limiting the progress towards
commercially available greenhouse robots, by com-
bining vision and contact sensing solutions.

The concept of following the main stem, based
on force measurements, to locate a side branch
using contact measurements is shown in a proto-
type which tracked the stem of a tomato plant
for 85 centimetres [7]. This particular prototype
had a success rate of merely 13% and resulted in
severe plant damage, but it showed a proof of con-
cept. This work continues on the shown potential
of the mentioned approach and proposes the us-
age of dynamic information in combination with
the main-stem paradigm. The hypothesis is that
this dynamic information can be used to localize
fruit (clusters) relative to the location of contact,
so whether the fruit (cluster) is above or below
the contact point, and to classify encountered side
branches as either vegetative or reproductive. In
turn, the relative location can be used to reason
about the direction in which the stem must be
followed in order to reach the desired plant part.
Although dynamic information is always depen-
dent on the system, and therefore, in this context,
a specific plant, it is believed that this information
is similar for a crop in different growing stages and
even for different types of crops, thereby keeping
the generic nature of the main-stem paradigm in-
tact.

To summarize: the vast majority of efforts to
automate crop maintenance and harvesting cur-
rently rely on a purely camera based sense-plan-
act approach. However, despite the extensive
amount of research that has been done over multi-
ple decades, no commercial products exist for these
tasks. We therefore propose an alternative ap-
proach which makes extensive use of the contact
modality. Although making contact is always re-
quired to fulfil certain tasks, such as harvesting,
nearly no literature is found in which contact is
made before it is strictly necessary. The only work
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which is directly in line with our proposal is [7], in
which the main-stem paradigm was proposed. The
presence of contact, however, also makes it possi-
ble to obtain dynamic information. To our knowl-
edge dynamic information has never been used be-
fore in the automation of crop maintenance and
harvesting. We propose to use this dynamic in-
formation to localize fruit (clusters) relative to the
contact location. This way, we can add informa-
tion about the desired movement direction to the
main-stem paradigm, and identify whether a side
branch is vegetative or reproductive. This com-
bination of the main-stem paradigm and dynamic
information, theoretically, results in the possibility
to perform greenhouse related tasks purely on con-
tact knowledge, making this the first work to do so.
Note, however, that this contact based localization
of fruit (clusters) can be used in combination with
other sensors, for example image based sensors, to
create a robust localization method which is not
limited by sensor specific challenges.

3 Use-case

As mentioned in Section 1, this work focuses on
greenhouse robotics and more specifically the de-
leafing of tomato plants and the harvesting of
tomato trusses. In order to understand the lim-
itations of and requirements on these tasks, de-
tails about the crop, the specific cultivar, and the
growing environment are of importance. Therefore,
this section first provides some generic knowledge
about tomatoes, after which various relevant as-
pects regarding the growing infrastructure will be
discussed.

3.1 Tomatoes

In the period between 2007 and 2018, both the rev-
enue of the global tomato market and the amount of
produced tomatoes worldwide increased each year,
on average with 3.1 and 2.9% respectively5. This
amounted to a total global market revenue of 190.4
billion dollars and a total of 188 million tonnes of
tomatoes in 2018. The Netherlands was the sec-
ond biggest export country, after Mexico, with an
export of 1.1 million tonnes, worth 1.9 billion dol-
lar. Typically these Dutch tomatoes are grown
year-round in a greenhouse, using indeterminate
plants, meaning that the plants will not stop grow-
ing unless the environment prevents them from do-
ing so, see Appendix A. Tomatoes are harvested
selectively, meaning that only ripe tomatoes are
harvested. There are thousands of different culti-

vars that can be can be subdivided into a few ma-
jor types, the most common ones being the classic
round, the cherry and the truss tomatoes.

Most information and insights used in this work
are obtained from the Vereijken greenhouse in Beek
en Donk6. Since they mainly cultivate truss toma-
toes, the assumption of cultivating truss tomatoes
will be used in this work. This is in line with one of
the findings in Section 2, where it is stated that
harvesting at the peduncle instead of at specific
tomatoes can reduce the economical impact of po-
tential damage caused by contact. On top of this,
according to [7], truss tomatoes are more popular
for export due to their superior taste preservation
and their more predictable ripening process. As
specified in Section 2, tomato plants can grow both
peduncles and petioles from the nodes. Accord-
ing to Vereijken, the cultivar they currently grow,
which is of the Campari variety, has, on average,
three petioles between two peduncles. Given that
the distance between two peduncles is roughly 30-
35 centimetres this gives an internode distance of
roughly 7.5-8.75 centimetres.

3.2 Growing method

In the Netherlands tomatoes are usually grown ac-
cording to the high-wire training system, see Fig-
ure 3.1, [15]. In this system the head of the plant
is kept upright. Next to the fact that this prevents
the plant from succumbing to its own weight it is
useful for flower pollination, light interception on
the leaves and plant reachability, increasing labour
efficiency [15]. The plant is kept upright by a twine
connected to the plant, that hangs on the high-wire
via the high-wire hook, see Figure 3.1. Although
some processes, such as environment control, are
already automated to a large extent, there are still
some frequently recurring tasks that are to be au-
tomated. As mentioned before, in this work the fo-
cus is on deleafing (0.7-1x per week) and harvesting
tomatoes (1.5-2x per week). In Figure 3.1, it can
be seen that the leaves are removed upto a height of
roughly 2.3 meters and that the harvestable trusses
are located above roughly 1.6 meters. The leaves
are removed for a multitude of reasons, amongst
which are increasing air circulation and light pene-
tration.

3.3 Dynamic information

A tomato plant has multiple sources of interest-
ing dynamic information. One example of this is
the firmness of a tomato, which changes with the
ripeness of the tomato. However, this work focuses
on the dynamic information that can be obtained

5According to the ’World-Tomatoes-Market Analysis, Forecast, Size, Trends and Insights’ report https:

//www.globaltrademag.com/global-tomato-market-2019-robust-consumption-growth-in-china-and-india-drives-

the-global-market/
6https://vereijkenkwekerijen.nl/
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~1.6 m

~2.3 m

~4.7 m

Figure 3.1: Schematic overview of the high-wire culti-
vation system, which is usually used to grow tomatoes
in the Netherlands. Figure from [15] edited according to
Vereijken’s greenhouse specifications.

Figure 3.2: Real life example of using the high-wire cul-
tivation system to cultivate tomatoes. Photo made in
Vereijken’s greenhouse.

through the stem of the plant, since it is hypoth-
esized that this information can be used to local-
ize a tomato truss relative to the location on the
stem from where the dynamic information is ob-
tained. The concept of this hypothesis is examined
through initial testing on tomato plants in Verei-
jken’s greenhouse. In these tests only the human
sensing capabilities are used, so no numerical re-
sults are obtained. During these tests, a plant stem
is grasped and excited in the axis that is in line with
the direction of the lowest peduncle, which will al-
ways be harvested first since it is the first to ripen.
The frequency of this excitation and the distance
from the excitation position to the lowest peduncle
are varied. During the excitation the behaviour of
the stem and the truss are observed. These tests
show that the frequency at which the excitation
of the tomato truss is maximal compared to the
provided input, i.e. the peak resonance frequency,
depends on the distance from the excitation point
to the peduncle. A visual representation of this
initial experiment is shown in 3.3, where a person
manually shakes the plant at the peak resonance
frequency. The same tests are also performed in a
collocated fashion, i.e. the output is measured at
the same position as were the input is applied, using
the force sensing capability of humans. It was found
that, for multiple excitation positions, humans can
find the resonance peak of a tomato truss, using
purely their force sensing capability. The results of
the preformed tests indicate that there may be a
relation between the distance from the excitation
source to the peduncle, and the frequency of this
resonance peak. In this relation the the frequency
increases as the distance gets smaller. These find-
ings support the hypothesis that dynamic informa-

tion of a tomato plant can be used to localize a
tomato truss relative to the location of contact on
the stem, provided that two measurements at dif-
ferent locations are performed.

Figure 3.3: Visual representation of a person, cov-
ered in protective gear (white coat, blue gloves),
manually shaking a tomato stem at the peak res-
onance frequency of the tomato truss. Multiple
frames from a video are overlaid in order to show
the shaking of both the hand and the tomato truss.

These experiments also shed light on an addi-
tional feature. As can be seen in Figure 3.2, the
tomato plants make a gradual transition from ver-
tical to horizontal. This makes it possible to excite
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the tomato truss by exciting the plant stem axi-
ally, i.e. in the direction of the stem. Thereby
reducing the response of the stem itself, whilst still
similarly exciting the tomato truss. This axial exci-
tation can therefore result in dynamic information
that is more easily interpretable and can possibly
be superior to exciting the stem radially.

4 Implementation

Although the human tests presented in Section 3.3
give a good indication that the proposed concept
could indeed be feasible in the target environment,
they lack substantiation with measurement values
and explanations. In order to be able to validate
the theorised and empirically supported relation
between the distance from the excitation source to
the peduncle and a change in system behaviour, a
method to identify system behaviour is required.
This method should be able to identify system be-
haviour at multiple different locations. The system
used in this work is a dummy tomato plant. In
this section, a sensor set-up capable of performing
this system behaviour identification is discussed,
just as the dummy tomato plant. Note that the
goal of this sensor set-up is not to find a numeri-
cal relation between the absolute distance from the
excitation source to the peduncle and some numer-
ical change in the system behaviour. Rather we
chose to use relative information; when the afore-
mentioned distance de- or increases, which parts of
the system behaviour change and in which way?
This focus on relative information is chosen in or-
der to be more robust against plant-specific varia-
tions, plant growth and environmental influences,
and inter-plant variations.

4.1 Set-up components

In order to obtain dynamic information from a sys-
tem, two aspects are required: an excitation input
and measurement of the output. Since in this work
it is proposed to use contact sensing, this method
is used to measure the response of the system. Us-
ing the reasoning in [7], force or pressure sensors
are the best choice, since they are, up to a certain
level, insensitive to moist. Additionally, a measur-
able input excitation has to be provided, here it
is chosen to use a position constraint. Identifica-
tion of the system behaviour can subsequently be
done by determining the transfer function between
the measured position of the force sensor, i.e. the
input, and the measured force, i.e. the output.

4.1.1 Excitation source

Since the measured position of the excitation source
is used as input, an open-loop control structure

could be used for the excitation. However, to en-
sure that the system stays within its bounds and
to be able to excite around an equilibrium posi-
tion, a feedback-based control structure is used. A
simple, single degree of freedom actuation system
is created, that uses a motor controlled print head
on a guide rail in combination with a quadrature-
encoder and a proportional controller. A roughly
tuned proportional controller is sufficient, since in
this work it is not crucial that the reference tra-
jectory is accurately followed, as long as the mea-
sured position information contains the required
frequency information. This information is crucial
for the bode plots, which are used to represent the
system behaviour in this work. Depending on the
desired test and the desired frequency information,
either sines or (multiple) sine sweeps can be given
as the reference trajectory. More information about
the components that are used for the excitation and
their implementation can be found in Appendices
B.1 and B.2.

4.1.2 Force sensor

In this work a custom force sensor is built. Af-
ter multiple approaches were attempted, a prox-
imity sensor combined with springs proved to be
most suitable. These springs are pre-tensioned by
roughly half their initial, un-tensioned length in or-
der to be able to measure both a pulling and a
pushing force in the equilibrium position. This pre-
tensioning removes the need to displace the plant
with the excitation system, before the complete re-
sponse of a sine shaped position trajectory can be
measured. A disadvantage of this design is that the
plant has to be enclosed. For the current proof of
concept this is not a problem, but this might be
undesired in a final implementation. In Figure 4.1,
the created force sensor is shown. The components
that are used, their working and the calibration of
the force sensor can be found in Appendices B.1,
B.2 and B.3 respectively.

Figure 4.1: The created, one degree of freedom
force sensor which uses pre-tensioned springs in
combination with a proximity sensor.

4.1.3 Complete set-up

The set-up, excluding the camera that is used to
record the measurements, can be seen in Figure
4.2. The excitation source and the force sensor both
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have a sampling rate of 100 Hz. The camera can
also run at 100 Hz if necessary, but is mostly run at
50 Hz, to reduce the memory load. The validation
of the complete set-up can be found in Appendix
B.3.

Figure 4.2: The sensor set-up, which consists of a
one degree of freedom excitation source and a cus-
tom force sensor (see Figure 4.1). This set-up is
used to identify system behaviour.

4.2 Dummy tomato plant

As can be seen in Figure 3.2, there are lots of dif-
ficult variations in a real greenhouse, such as over-
lapping plants and trusses, varying numbers of free
trusses and varying truss heights. As mentioned
before, despite the various sources of variability,
there is structure in the plants, as shown in Figure
3.1. Based on this structure, a dummy tomato
plant is made to be able to keep the variations
limited, which makes it easier to show a proof of
concept. This dummy tomato plant is composed
of a single, long, flexible plant stem with a single
tomato truss, on a separate branch. A schematic
representation of this dummy tomato plant can be
seen in Figure 4.3, whereas the physical dummy
can be seen in Figure 4.4. It is chosen to only
model the lowest tomato truss since this truss is
the harvesting target and since it has the highest
mass, and therefore a big influence on the dynamic
information. For the stem and the branch a filled
garden hose is used, where the branch is 10 cen-
timetres long. The tomato truss is modelled as a
single mass, for which a weighted dummy tomato
is used. This results in a combined branch and
tomato weight of 619 grams. Near the ground, the
garden hose is loosely connected to a vertical beam
to mimic the bundle of stems, which can be seen
at the bottom of Figure 3.2.

In this set-up, the basic components of a tomato
plant are accurately represented. The specific pa-
rameter values, such as the stiffness of the main
stem, however, will differ from a real plant. It is hy-
pothesized that the numerical differences of param-
eters have little impact, as the proposed method
can not rely on these specific values since they can
vary over time and between plants. The relation
between the values of several parameters, however,
is of importance, since this can influence the dy-
namic information. E.g. in a single mass spring
system the peak resonance frequency is given by√

k
m . The numerical value of the stiffness and the

mass are not of importance, but their relation is.

3 m

1.8 m

Position 1

Position 5

0.1 m
Sensor
set-up

Force

Position
change

Position 10

Position 15

Excitation Positions

Suspension point

Peduncle

Current excitation
 position

Vertical beam

Figure 4.3: A schematic overview
containing both the sensor set-
up and the dummy tomato plant.
The sensor set-up inputs a posi-
tion change into the system and
measures the force that the dummy
plant outputs. This can be done
on multiple different excitation po-
sitions.

Figure 4.4:
The
physical
dummy
tomato
plant.

5 Measurements

This section first discusses the expected dynamic
information. Subsequently, the results of the mea-
surements that are performed on the set-up are are
shown and discussed.

5.1 Expected dynamic information

Given the experience with exciting tomato plants,
as discussed in Section 3.3, and the experience with
the creation of the dummy tomato plant, discussed
in Section 4.2, there is a hypothesized concept of
the dynamic information that will be found in the
system. This concept describes three separate be-
haviours.

The first behaviour is linked to the free motion
of the plant. When the stem, and therefore also the
tomato truss, is moved away from its equilibrium
position, it will, when released, eventually get back
to this equilibrium position. However, the dummy
plant does not directly stop in its equilibrium po-
sition, but will first show pendulum like behaviour.
In free motion, this pendulum will swing with a cer-
tain period, which is linked to a frequency. It is ex-
pected that also during constrained motion, when

8
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the system is excited, this pendulum behaviour can
be seen at the frequency linking to the pendulum
period. This behaviour will not change depending
on the excitation position, since the parameters of
pendulum do not change with a change in excita-
tion position.

The second behaviour that is expected to be
present was already observed during initial tests in
the greenhouse, see Section 3.3 and specifically Fig-
ure 3.3. In this behaviour there is a range of fre-
quencies in which the tomato truss resonates with
respect to the input excitation, however there is
one frequency at which this resonance peaks. It is
expected that the resonance peak will change de-
pending on the excitation position, since the trans-
mission of the excitations between the excitation
source and the tomato truss varies with a change
in distance between the two.

The final expected behaviour is caused by the
limited stiffness of the garden hose and the fact that
there are multiple locations were the garden hose is,
to some extent, fixed. It is expected that between
these locations a ‘string’ can form, which can res-
onate at both its fundamental frequency and higher
harmonics. The semi-fixed locations are believed
to be the suspension point of the garden hose, the
attachment point between the stem and the pedun-
cle, the connection with the vertical beam near the
ground and the position of the excitation source, see
Figure 4.3. Since there are multiple of these semi-
fixed locations, there are multiple places where such
string-like behaviour can be formed. Which string’s
behaviour(s) will be seen in the dynamic informa-
tion will depend on the excitation position and the
energy in the excitation.

5.2 Results

In the following measurements, a sine sweep be-
tween 0 and 10 Hz is used to excite the system.
More information about this input can be found in
Appendix C.1. Using this excitation, two different
kinds of experiments are performed; exciting the
stem on multiple positions above the peduncle and
exciting the stem on multiple positions below the
peduncle. The latter is discussed below and the
former is shortly discussed in Appendix C.4.

Figure 5.1 shows the bode plots of 5 different
measurements, performed on position 10, see Fig-
ure 4.3. As mentioned before, these bode plots
show the transfer function between the measured
position of the force sensor and the measured force.
Although the measurements do not exactly over-
lap, especially at low and high frequencies, it can
be stated that the identification of the system be-
haviour is repeatable. Figure 5.2 shows the average
of these 5 measurements. In order to be able to
understand and explain these measurements, the

expected dynamic behaviour, camera images and
the results of other measurements are used. The
complete set of measurements shows that the peak
antiresonance frequency, located at 0.6 Hz in Figure
5.2 (point A), stays roughly the same for measure-
ments on different excitation positions. This can
be seen in Figure 5.7, where this peak shifts mainly
between 0.5 and 0.6 Hz. The fact that this antires-
onance peak stays roughly the same for different
excitation positions is in line with the pendulum be-
haviour explained in Section 5.1. To validate that
this antiresonance peak links with the pendulum
behaviour, additional measurements are done in
which the pendulum is altered. This indeed changes
the peak antiresonance frequency. These measure-
ments are elaborated upon in Appendix C.2.

Figure 5.3 Figure 5.4 Figure 5.5

Figures 5.3, 5.4 and 5.5: In Figure 5.3 a visual-
ization can be seen of the resonance peak located at
1.4 Hz in Figure 5.2 (point B). The position of the
tomato truss changes drastically, resulting in high
forces, which, in turn, cause the resonance peak.
In Figure 5.4 the resonance peak of 4.4 Hz (point
C) can be seen. This peak is caused by string-like
behaviour between the suspension point and the
peduncle. Lastly, in Figure 5.5 the antiresonance
peak at 5.2 Hz, point D in Figurer 5.2 is showed.
This antiresonance peak is caused by string-like be-
haviour between the suspension point and the ex-
citation source.

Figure 5.2 shows a resonance peak at 1.4 Hz
(point B), which means that at this frequency the
measured forces are high relative to the measured
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Figure 5.1: Bode plots of 5 different measurements at
position 10, see Figure 4.3, showing the repeatability of
these measurements.

A B C D

Figure 5.2: Average of the measurements in 5.1, with
indications at the peak (anti)resonance frequencies.

position of the force sensor. This resonance peak
is caused by the resonating of the tomato truss,
which can clearly be seen in the camera images,
Figure 5.3, that were taken when the system was
excited at 1.4 Hz. This figure, again showing mul-
tiple overlaid video frames, shows that the position
of the tomato truss changes drastically in compari-
son to the excitation position. These relatively big
position changes of the tomato truss result in the
high forces. The resonance peak at 4.4 Hz, point
C in Figure 5.2, is due to string-like behaviour be-
tween the suspension point and the peduncle. The
antiresonance peak at 5.3 Hz, point D in the same
figure, is due to string-like behaviour between the
suspension point and the excitation source. These
relations can again be seen in the camera images
that were taken at the respective frequencies. Vi-
sualizations of this are presented in Figures 5.4 and
5.5.

As mentioned before, changes in dynamic infor-
mation are expected when the excitation position
is altered. To verify this, multiple measurements
are done at different excitation positions. Starting
from position 10, see Figure 4.3, approximately 10
centimetres below the peduncle, multiple down-
ward position shifts are made. Each 10 centimetres
a measurement is done, where each 30 centime-
tres a set of 5 measurements is done, which are
subsequently averaged. The resulting bode plots
of these measurements can be seen in Figures 5.6
and 5.7. Where in the first figure only the aver-
ages of sets of 5 measurements are shown, in the
latter figure both single measurements and the av-
erages of sets of measurements are shown. Note
that the results from position 9 are excluded, in
these measurements the dummy tomato truss col-
lided with the sensor set-up, resulting in unusable
measurement data. The three expected behaviours

can again be seen in these frequency responses. As
mentioned before, the antiresonance peak which is
caused by the pendulum stays roughly the same
over all measurements; 0.5 or 0.6 Hz. The string-
like behaviour, on the other hand, changes with
the excitation position, since at different excitation
positions different strings can resonate. At position
7, string-like behaviour is seen between the excita-
tion point and the connection to the vertical beam
near the ground, which results in a resonance peak
at 1.6 Hz, point E in Figure 5.6. Shifting down
to position 4, the same string resonates. However,
since this string is now shorter, the frequency of
the resonance peak becomes higher at 2.2 Hz, point
F in Figure 5.6. Lastly, at the lowest measured po-
sition, position 1, string-like behaviour is observed
between the excitation source and the peduncle,
which results in a resonance peak at 4.0 Hz, point
G in Figure 5.6. Visualizations of these behaviours
can be found in Appendix C.3.

The final behaviour is the resonating of the
tomato truss. As can be seen in both Figures 5.6
and 5.7, there is a relation between the distance
from the excitation source to the peduncle and this
behaviour. For example, both the frequency and
the magnitude of the resonance peak steadily de-
crease with an increasing distance between the ex-
citation source and the peduncle. Where in position
10 the resonance peak is at 1.4 Hz and 43.1 dB, in
position 1 this resonance peak is only at 0.9 Hz and
29.8 dB. The relations of these parameters to the
distance from the excitation source to the pedun-
cle are shown in Figures 5.8 and 5.9. In contrast
to the pendulum behaviour, which does not change
at all with changing excitation positions, and the
string-like behaviour, which does not show consis-
tent change, the resonance peak of the tomato truss
shows consistent change to a consistently chang-
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Figure 5.6: Bode plots, averaged over 5 measure-
ments, for multiple excitation positions, see Figure 4.3.
This figure shows the changes in system behaviour due
to excitation position changes of 30 centimetres and in-
dicates, for excitation positions 1,4 and 7, the peak res-
onance frequencies that are due to string-like behaviour.
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Figure 5.7: Both averaged, over 5 measurements,
(1,4,7,10) and single measurement (3,5,6,8,9) bode plots
for different excitation positions, see Figure 4.3. This
figure shows the changes in system behaviour with re-
spect to excitation position changes of 10 centimetres.

ing excitation position. This finding validates the
theorised, and empirically supported, relation be-
tween the distance from the excitation source to
the peduncle and a predictable change in system
behaviour. Based on this relation, and at least two
measurements on different excitation positions, it
can be deduced whether the peduncle is in the di-
rection of movement or in the opposite direction,
thereby localizing the peduncle relative to the ex-
citation position. Note that the presented figures
only support this relation for excitation position be-
low the tomato truss. In Appendix C.4 it is shown
that, for this dummy tomato plant, the same rela-
tions hold for excitation positions above the tomato
truss.

6 Conclusions & Recommendations

This work proposes to break with the classic, often
purely camera based, sense-plan-act approach that
is commonly used in the agro-food sector. This
conventional approach prevents contact with the
environment when possible. Contrary to this we
propose to make contact with the environment as
soon as possible, and use of the dynamic infor-
mation which is obtainable through this contact.
Within greenhouse robotics, this proposal of using
dynamic information can be combined the main-
stem paradigm. The concept of this paradigm,
which holds for several greenhouse crops, is to fol-
low a plant’s main stem, through direct contact,
until the desired destination is reached. This work

utilizes dynamic information to localize the pedun-
cle relative to the position of excitation. This is
crucial for implementing the main-stem paradigm
in practice, since it is necessary to know in which
direction, based on the target position, to follow
the stem and to deduce the type of side-branch,
vegetative or reproductive, once one is encountered.

The theorized relation between the distance
from the peduncle to the excitation source and
changing system behaviour, captured in dynamic
information, is initially tested by humans in the tar-
get environment, a greenhouse. Subsequently this
relation is validated on a dummy tomato plant,
which captures the basic principles of an actual
tomato plant with limited variations. This dummy
system is excited whilst both the excitation and the
returned force are measured. To accomplish this,
a home-made, prototype set-up has been devised.
Based on the measurements of this set-up, the sys-
tem behaviour is identified for multiple excitation
positions. Three relevant behaviours are expected
and measured; pendulum and string-like behaviour
and tomato truss resonance. It is concluded that
the tomato truss resonance can be used to obtain
the relative location of the peduncle with respect
to the excitation position, given at least two mea-
surements on different excitation positions. This
work shows that both the peak resonance frequency
and the peak resonance magnitude have a consis-
tent relation with the distance from the excitation
position to the peduncle. The closer the excita-
tion source gets to the peduncle of the tomato

11



Master thesis - Paper L.G.L. Janssen

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Distance from excitation source to the peduncle [m]

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

R
es

on
an

ce
 p

ea
k 

fr
eq

ue
nc

y 
[H

z]

Distance to peduncle vs resonance peak frequency

Averaged measurements
Single measurements
Trend line

Figure 5.8: Relation between the distance from the ex-
citation source to the peduncle and the resonance peak
frequency. This relation is based on the measurements
shown in Figure 5.7.
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Figure 5.9: Relation between the distance from the ex-
citation source to the peduncle and the resonance peak
magnitude. This relation is based on the measurements
shown in Figure 5.7.

truss, the higher the frequency and magnitude of
the resonance peak of the tomato truss. This rela-
tion holds both for excitation above and below the
tomato truss.

For the future work there are two sets of rec-
ommendations; one related to the implementation
of this method and one related to improvements
on this method. Firstly, regarding the implementa-
tion, the set-up that has been used is, as mentioned
before, a proof of concept. If it is to be used in fur-
ther research several improvements can be made.
By removing the play in the force sensor it can be
ensured that force is measured in a single degree of
freedom. Furthermore, centralizing position control
and force sensing would allow for more implemen-
tation options, such as force control.

To fully validate that the found relation holds,
measurements need to be performed on a real
plant. On a real plant extra dynamic informa-
tion is present from parts that were not included
in the dummy plant, such as additional tomato
trusses and leaves. If the found relation still proves
valid, a robust method can be found that links
changes in excitation position to changes in the
system behaviour, which would allow this method
to be used in practice. Note that, at this point, it
may no longer be required to identify the complete
system behaviour and alternative detection meth-
ods can be explored. Finally, this method can also
be tested on other types of crops, where, as long as
the main-stem paradigm holds, the same relation
should, theoretically, still hold, be it on a different
scales.

Future work also consists of improvements to
the developed method. As mentioned in Section
3.3, it may be advantageous to excite a stem in the
axial direction, instead of exciting perpendicular to
the stem. This type of excitation can be investi-
gated further. Moreover, it could be interesting to
add a priori knowledge to the combination of dy-
namic information and the main-stem paradigm.
This knowledge could contain, for example, infor-
mation about the structure of the plant, see Section
4.2, based on the type of crop or cultivar. This
type of information can improve the reliability of
the system. Finally, it could be beneficial to add
other sensors, for example image based sensors, to
this method. This would allow for the expansion
of the knowledge base, for example by checking if
the lowest tomato truss is ripe, and for improved
reliability, for example by confirming movement of
the tomato truss at the peak resonance frequency.
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App. A: Seed plant model

There are two main structures in a plant: the
vegetative and the reproductive structure. The
vegetative structure of seed plants, can again be
split into two parts: the shoot system and the
root system. The (initial) shoot grows towards the
light and forms a plant stem. The stem again con-
sists of two parts: the internodes, i.e. the space
between nodes, and the nodes. The nodes hold
leaves via stalks, called petioles, and buds. Buds
are essentially shoots which can grow into branches
with leaves, flowers or both (vegetative, repro-
ductive and mixed buds respectively). Axillary
buds, which in this work will also be referred to
as ‘suckers’, grow from the axil, the part between
the petiole and the stem. Next to axillary buds
there are also terminal buds, note that the growth
of adventitious roots and buds is ignored here for
relevance and simplicity reasons. A terminal bud is
located at the tip of a stem. The apical is the (ter-
minal) bud that is at the top of the plant. Based
on the behaviour of the terminal bud there are two
different kind of growing schemes: indeterminate
and determinate. In the indeterminate case the
apical bud of the stem keeps growing and forming
axillary buds until an external factor, such as frost,
prevents it from doing so. Indeterminate growth is
not terminated, whereas determinate growth stops
when the genetically pre-defined structure is com-
pleted.

In seed plants inflorescence refers to the part of
the shoot where a group of flowers is formed. Some
of these flowers can eventually transform into fruits,
such as tomatoes. Just as in the vegetative growth
there are two possible growth schemes for simple
inflorescences: indeterminate and determinate. In-
determinate growth indicates that the terminal bud
of the shoot keeps forming lateral flowers. This
growth is theoretically indefinite, however in prac-
tice the growth eventually stops with no terminal
flower being formed. Determinate growth in floral
growth simply means that, at some point, a ter-
minal flower is formed. In inflorescences there are
a lot more separations that can be made, however
this additional information is not necessary for the
purposes of this paper. In Figure 2.1 the anatomy
of a typical tomato inflorescence can be seen [16].
In this figure it is also shown that the stem that
is holding the entire inflorescence is called the pe-
duncle and that the stalk of each separate flower is
called a pedicel.
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App. B: Sensor set-up

In this appendix more detailed information about
the sensor set-up is given. First all the components
and their connections are given and subsequently
the working, calibration and validation of the set-
up are discussed.

B.1 Components and connections

For the excitation source a motorized print head on
a guide rail is used in combination with a quadra-
ture encoder. The makes and models of these com-
ponents are unknown, since these parts were ini-
tially salvaged from old printers for projects. The
motor of the print head is coupled to an L298N mo-
tor driver7, which is coupled to an Arduino Due8

and both a 12 V and a 5 V power source, for the mo-
tor and the motor driver respectively. The quadra-
ture encoder is coupled to the same Arduino Due
and a 5 V power source. For the force measure-
ments it was chosen to combine a proximity sensor
with springs. As the proximity sensor the Adafruit
VCNL40409 is used. This sensor is coupled with
a 3.3 V power source and through 2.2 kΩ pull-up
resistors to the I2C pins of a fake Arduino Uno1011.
The springs that are used are 8 Alcomex DR580
springs12. Note that two different kind of Arduino’s
were used since the used proximity sensor does
not work on the Arduino Due13 and the Arduino
Uno could not keep up with the used encoder li-
brary14. Furthermore note that both Arduino’s are
connected to the same pc. The final component is
the camera. This is a Basler acA1440-220uc15 with
a C125-0418-5M-P f4mm lens16, which is used in
combination with the pylon Viewer application17.

B.2 Working of the components

Since all the components are linked to Arduino’s,
Arduino sketches are used to control the behaviour
of the components. With regard to the excitation,
source several parameters are of importance to be
able to control the position: the number of counts
on the encoder strip, the distance that this number
of counts amounts to and the initial position of the
encoder. To ensure that the initial position of the

encoder is always the same here it is chosen to al-
ways ‘home’ the print head to the outermost right
side of the slide (this is done automatically after
stopping an experiment). Using this information
the print head can be moved to any desired loca-
tion by sending specific signals to the motor driver.
One set of signals consists of three loose signals,
two booleans representing which way the motor
should actuate the print head and one representing
the desired actuation duty cycle. Given the current
position of the print head in counts, for which the
above mentioned encoder library is used, a map-
ping can be used to obtain the current position
of the print head in terms of the distance to the
initial position. This position can be compared to
the desired position at the current time to obtain
the position error. The sign of this position error is
used to determine the direction in which the motor
should actuate. The absolute value of this error is
multiplied by a constant, proportional controller,
and subsequently mapped to a duty cycle value.
Depending on the controller value the behaviour of
the excitation source can be tuned. Note that here
purely position control and no velocity control is
being done, which is sufficient for the purposes of
this work. Depending on the desired working either
a single position, a sine trajectory or a (set of) sine
sweeps18 can be given as the reference trajectory.
The used control loop runs on 100 Hz and does not
only calculate the signals that are outputted to the
motor driver but also prints multiple values on the
used serial port.

The working of the force sensor is a bit more
straightforward. Here purely the behaviour of the
proximity sensor needs to be actively controlled
since the springs passively and continuously react
to the environment. As mentioned above, here an
Arduino sketch was also used. In this sketch the
current proximity value is queried and the cali-
bration, which is elaborated on in Section B.3, is
used to calculate the distance from the sensor to
the reference surface. A quick test revealed that
this capability worked best on a white reference
surface, which was therefore used in the set-up, see
Figure4.1. These events, including the printing of

7https://www.tinytronics.nl/shop/nl/robotica/motoren/motoraansturingen/l298n-bipolaire-stappenmotor-en-

dc-motor-motoraansturing
8https://store.arduino.cc/arduino-due
9https://www.adafruit.com/product/4161

10https://store.arduino.cc/arduino-uno-rev3
11Since Arduino is an open source project the design of the Arduino Uno is public and can be recreated by anyone,

https://www.tinytronics.nl/shop/nl/arduino/main-boards/uno-r3-met-usb-kabel
12https://webshop.alcomex.nl/compression-stainless-2430.html
13https://github.com/adafruit/Adafruit_VCNL4040/issues/2
14https://github.com/PaulStoffregen/Encoder
15https://www.baslerweb.com/en/products/cameras/area-scan-cameras/ace/aca1440-220uc/
16https://www.baslerweb.com/en/products/vision-components/lenses/basler-lens-c125-0418-5m-p-f4mm/
17https://docs.baslerweb.com/overview-of-the-pylon-viewer
18https://www.gaussianwaves.com/2014/07/chirp-signal-frequency-sweeping-fft-and-power-spectral-density/
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several variables to the serial port, were also exe-
cuted at 100 Hz. It should be noted here that from
the dual sensing capability of the VCNL4040 only
the proximity sensing capability, that uses an IR
LED, is used. Furthermore it should be noted that
for this IR LED the default current and duty cy-
cles were used and that the resolution is set to high.

To be able to control the starting, the stopping
and the logging of the measurements a piece of Pro-
cessing19 code is used. By running this code the
mentioned serial ports, one for each Arduino, are
used to trigger the starting of the Arduino sketches.
Once the code is running it logs the measurements,
which come in over the serial ports, to a text file and
finally, when the code is stopped, the print head is
sent back to the starting position. The post pro-
cessing is done in Matlab, where, using the logged
variables, additional calculations are done and vi-
sualizations are made.

B.3 Calibration and validation

Before measurements can be done the force sen-
sor needs to be calibrated. This is necessary to
link the changes in the proximity sensor’s output,
due to (un)loading of the springs, to the correct
force. In this work this the calibration is two-fold,
one links the sensor value of the proximity sensor
to a distance and one finds the stiffness of the used
springs. To find the link between distance and prox-
imity sensor output an experiment is done in which
the distance between the sensor and the reference
surface is known and can be changed, making use
of a calliper. This experiment is done three times
for the range between experimentally obtained min-
imal and maximal values of the proximity sensor,
based on initial experiments on the complete set-
up. In the first experiment the distance is decreased
every measurement with 0.2 mm. In the second ex-
periment the distance is increased and in the final
experiment it is decreased again. The results can
be seen in Figures B.1. Multiple types of fits where
evaluated and eventually, based on the root mean
square error, an 11th order polynomial fit was cho-
sen. This fit, in relation to the average measure-
ments, can be seen in Figure B.2. The formula for
this calibration fit is

y = −0.0057188x11 + 0.087241x10 − 0.50829x9

+ 1.4248x8 − 1.8899x7 + 0.7897x6

+ 0.21048x5 + 0.80244x4 − 2.107x3

+ 2.6739x2 − 4.0789x1 + 6.3485 (B.1)

where x is

x =
sensor value− 542.3018

463.353
. (B.2)

Note that the calibration fit is only relevant for sen-
sor values between 130 and 1800 and that Equation
B.2 is used to scale and center the sensor values.

In the second calibration the stiffness of the
used springs is obtained. For this a separate test
set-up is made in which weights can be placed on a
platform that is held upright with 4 of the above-
mentioned springs. The height of this platform is
measured using the proximity sensor. By adding
weights stepwise, while monitoring the distance,
the combined spring stiffness of the 4 springs can
be determined. These measurements were also
done 3 times, each time with weight increments
of 10 grams. The results can be seen in Figure
B.3. It is known that the relation between force
and displacement should be a constant, namely the
spring constant. This constant, for the 4 springs,
was found to be 0.364 N

mm , see Figure B.4. The

value of 0.364 N
mm is in line with the spring stiffness

as specified by the manufacturer, which is stated
to be 0.09 N

mm per spring.

These two separate calibrations can also be
done in one go by directly linking forces to the sen-
sor values. For this the same test set-up is used as
for the spring stiffness measurement. The results
can be seen in Figures B.5 and B.6. It is however
chosen not to use this single calibration. This is
due to the fact that the measurements that are
done with this additional test set-up contain some
inaccuracies, for example with regard to friction.
When the displacement becomes higher these inac-
curacies have a bigger impact, which can be seen
in Figures B.3 and B.3. These inaccuracies are the
reason that in this work it is preferred to use this
set-up purely to verify a known relation with an
indication for the value of this relation, over find-
ing an unknown relation with no indication for the
value(s) of this relation.

The fact that specific parts of the set-up are
calibrated does not necessarily mean that the en-
tire set-up gives correct results. To ensure that
the set-up works as intended a separate validation
is done in which a known system is re-identified.
In this case the sensor set-up itself can be used as
the known system. A slightly simplified schematic
overview of the system can be seen in Figure B.7.
The free body diagram of the small mass in the
force sensor, the white separation between the two
sets of springs in Figure 4.1, is shown in Figure B.8.

19https://processing.org/
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Figure B.1: Proximity calibration measurements and
their average.

Figure B.2: The average proximity measurements and
the proposed fit.

Figure B.3: Spring stiffness measurements and their av-
erage.

Figure B.4: The average stiffness measurements and the
proposed fit.

Figure B.5: Measurements relating forces to sensor val-
ues and their average.

Figure B.6: The average of measurements relating forces
to sensor values with a potential calibration fit.

vulling!!
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xin(t)

Mprinthead

Mforce sensor

Kspring
Kspring

x0 = 1
2L0

Mforce sensor

xsensor(t)

xsensor(0) = xin(0) + 1
2L0

xsensor(t) = xin(t) + x(t)

x(t)

−k(xsensor − xin)−k(L0 − xsensor + xin)

L0

= xin(t) + 1
2L0 + ∆x0(t)

Figure B.7: Schematic overview of the sensor set-
up, in which both parameters and relations are de-
noted.
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Mforce sensor

Kspring
Kspring

x0 = 1
2L0

Mforce sensor

xsensor(t)

xsensor(0) = xin(0) + 1
2L0

xsensor(t) = xin(t) + x(t)

x(t)

−k(xsensor − xin)−k(L0 − xsensor + xin)

L0

= xin(t) + 1
2L0 + ∆x0(t)

Figure B.8: Free body diagram of the mass in the
force sensor, based on Figure B.7.

Using the free body diagram, the information
in Figure B.7 and the Laplace transform a trans-
fer function can be derived between the measured
force and the position of the mass in the force sen-
sor. This transfer function can be seen in Equation
B.5.

Mforcesensor ẍsensor

= k(L0 − xsensor + xin) − k(xsensor − xin)

= k(L0 −
1

2
L0 − ∆x0) − k(

1

2
L0 + ∆x0)

= −2k∆x0

= 2k(x0 − x) (B.3)

Mforce sensor xsensor s2 = F (B.4)

F

xsensor
= Mforce sensor s2 (B.5)

Since the weight of the small mass can be mea-
sured the behaviour of this transfer function is, the-
oretically, known. By comparing the known be-
haviour of the transfer function to the experimen-
tal behaviour the set-up can be validated. In Fig-
ure B.9 it can be seen that the experimental be-
haviour is directly in line with the expected be-
haviour roughly between 0.5 and 10 Hz. Note that

the behaviour is also very similar for frequencies
above 10 Hz, however since these frequencies are
not of interest for this work this behaviour is not
shown here.

Figure B.9: Theoretical and measured system be-
haviour of a mass of 20 gram.
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App. C: Additional measure-
ments

In this appendix additional measurements and their
interpretations are shown.

C.1 Sweep frequency

In the measurements discussed in Section 5.2, a
sine sweep is used to excite the system. Using this
sine sweep, frequencies between 0 and 10 Hz are ex-
cited. The upper bound of 10 Hz was chosen once
it was found, that for higher frequencies no addi-
tional relevant information to localizing the tomato
truss was obtained. In Figure C.1 a measurement
can be seen in which a sine sweep between 0 and
50 Hz is used to excite the system. Some reso-
nance and antiresonance peaks can be seen above
the mark of 10 Hz. However, upon closer inspection
these frequencies turn out to be higher harmonic
representations of the resonance and antiresonance
peaks at 4.4 and 5.2 Hz respectively. Note that the
response of the system at these higher frequencies
changes depending on the position of the excitation
source, however in none of the measurements that
were done additional information that is relevant to
the localization of the tomato truss was obtained.
Since no information of interest was found in these
frequencies there is no reason to excite them.
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Figure C.1: Bode plot for a sine sweep between 0
and 50 Hz, excited at position 10, see Figure 4.3.

C.2 Pendulum validation

In Section 5.2 it is stated that the peak antireso-
nance frequency, that is always found at 0.5/0.6 Hz
in the measurements, is related to pendulum be-
haviour. However, since in these measurements the
properties of the pendulum are never altered, the
antiresonance peak will also not change. In order
to validate that this antiresonance peak is indeed
related to pendulum behaviour additional measure-
ment are done. In these measurements a mass,
of roughly 500 grams, is directly connected to the
stem, on which no tomato trusses are present, on
multiple different locations. The results of these
measurements and a reference measurement, in
which the original dummy tomato plant is used,
can be seen in Figure C.2. Note that the resolu-
tion of these bode plots is 0.5 Hz. In this figure it
can be seen that if the mass is placed higher on the
stem the peak antiresonance frequency increases,
from 0.50 through 0.55 to 0.70 Hz, this increase in
frequency is in line with the behaviour of a simple
gravity pendulum of which the length is shortened.
Finally note that the reference measurement, with
the peduncle on 1.80 m, perfectly fits in this rela-
tion.
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Figure C.2: Validation measurements, where a
mass is directly connected to the stem on different
locations, to show pendulum behaviour. When the
mass is higher on the stem the antiresonance fre-
quency peak increases, similar to the behaviour of
a simple gravity pendulum of which the length is
shortened.
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C.3 String-like behaviour

In Figures C.3, C.4 and C.5 visualisations of the
string-like behaviour on excitation positions 4, 7
and 10, as discussed in Section 5.2, can be seen.

Figure C.3 Figure C.4 Figure C.5

Figures C.3, C.4 and C.5: In Figure C.3 a visu-
alization can be seen of the resonance peak at 1.6
Hz at excitation position 7, see Figures 5.6 and 4.3
respectively. This peak is caused by string-like be-
haviour between the excitation source and the ver-
tical beam near the ground. This same behaviour
can be seen for excitation position 4 in Figure C.4,
this time however with the resonance peak at 2.2
Hz. Lastly, in Figure C.5 the resonance peak at
4.0 Hz at excitation position 1 is showed. This is
caused by string-like behaviour between the excita-
tion source and the peduncle.

C.4 Measurements above the tomato

In Section 5.2 only measurements performed below
the peduncle are shown. In contrast, in Figure C.6
measurements that are performed above the tomato
are presented. When comparing Figure C.6 with
Figure 5.7 it can be seen that the relations that
hold below the peduncle also seem to hold above
the peduncle; when the distance from the excita-
tion source to the peduncle increases the peak res-
onance, from the tomato truss, decreases both in
frequency and magnitude.
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Figure C.6: Both averaged, over 5 measurements,
(11,13) and single measurement (12,14,15) bode
plots for different excitation positions, see Figure
4.3. This shows the changes in system behaviour
with respect to excitation position changes of 10
centimetres.
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