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1 Executive Summary
1.1 Summary of deliverable content and initial objectives
Deliverable D2.1 is a demonstrator of the first prototype of the LettuceThink rover after the first year of the
project. The deliverable covers the work performed in the following three tasks:
●
●
●

T2.1 Design the hardware of the LettuceThink robot
T2.2 Develop and integrate the core software system
T2.3 Develop the weeding application

The demonstrator is provided as a video available at:
https://media.romi-project.eu/documents/ROMI-D2.1-First_LettuceThink_Prototype.mp4
This document accompanies the video and provides additional details of the prototype.
1.2 Partners involved
Leader

Sony

Participants

Iaac participated in the design in T2.1;
Chatelain participated in the design and provided user feedback.

1.3 Relation with other work packages and tasks
●
●
●
●

Sony is in close relation with Iaac, WP2, for the design of the control hardware and software.
The design of the gimbal system is done in close collaboration with WP5, T5.3 (3D+t plant
segmentation).
The integration of the weeding algorithm is done in close collaboration with WP5, deliverable D5.1.
The evaluation of the weeding algorithm and the testing of the LettuceThink robot is performed in
close collaboration with the field studies in WP7

1.4 Links to videos, flyers, ...
●
●
●

Demonstration video:
https://media.romi-project.eu/documents/ROMI-D2.1-First_LettuceThink_Prototype.mp4
Sony Stories: https://www.youtube.com/watch?v=-TmotGpdG2k
Online design and media files, h
 ttps://media.romi-project.eu/documents/D2.1/

1.5 Dissemination / IPR policy
This document is available under the Creative Commons BY-CC 4.0 International license.
Workshops and conferences:
●
●
●

David Colliaux, "The ROMI project", European Robotics Forum, Tampere, Finland, 13 March 2018
David Colliaux, “An Open-Source robotics platform for Microfarms”, Robotics and Agriculture
Workshop, European Robotics Forum, Tampere, Finland, 15 March 2018
Peter Hanappe, "Robotics for Microfarms", WoMa Meetup, Paris, January 2018
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●

●

●
Other:
●
●
●
●
●
●
●
●

Peter Hanappe, "Robotics for Microfarms" (presentation & round table), Food Innovation and
Commons Economy, and& Festival, Leuven, May 4th 2018,
https://www.andleuven.com/en/program/summit/food-innovation-commons-economy
Peter Hanappe, "Robotics for Microfarms" (presentation & round table), agriDébats - Agriculture 2024
: des Hommes et des robots, Org. agriDées, Paris, May 16th 2018,
https://www.agridees.com/evenement/agriculture-2014-hommes-robots/
Peter Hanappe, round table "Les communs alimentaires de la fourche à la fourchette", Maison du
Libre & des Communs, Paris, May 16th 2018, h
 ttps://www.facebook.com/events/2010807042571522/
Presentation of LettuceThink and ROMI, International Forum for Agricultural Robotics, Toulouse, Nov.
29-30, 2017. https://www.naio-technologies.com/fira-2017-forum-international-robotique-agricole/
Workshop “Fab City / Food City”, FabCity Summit, Parc de la Villette, Paris, July 1”, 2018.
https://fabcitysummit2018.sched.com/event/FKTW
Workshops and presentations of LettuceThink, part of the FabCity Campus, Parc de la Villette, Paris,
July 14-22, 2018. https://summit.fabcity.paris/campus/
Display of the LettuceThink rover as part of the exhibition “Capitale Agricole”, Pavillon de l’Arsenal,
Paris, Oct 2nd - Nov 19th, 2018.
http://www.pavillon-arsenal.com/fr/expositions/10992-capital-agricole.html
Presentation and demonstration of LettuceThink at Sony CSL OpenHouse, Tokyo, Japan, Oct. 23-24,
2018. h
 ttps://30th.sonycsl.co.jp/en/
Presentation of the project at HackerFarm, Japan, Oct. 25, 2018. h
 ttps://hackerfarm.jp/
Robotics for Microfarms, “Wild Ideas for a Better World”, Sony Stories,
https://www.youtube.com/watch?v=-TmotGpdG2k
Presentation of ROMI, EU cluster session “Organic Production, H2020-SC2-2017 Coordinators Day,
June 22nd, 2018. h
 ttps://ec.europa.eu/info/events/h2020-sc2-2017-coordinators-day-2018-jun-15_en

Presentation of ROMI for an international delegation of city
representatives (Paris, Barcelona, Belo Horizonte, Oakland, …),
FabCity Summit 2018
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during the FabCity Campus.
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Display of the LettuceThink robot at the exhibition “Capitale
Agricole”, Pavillon de l’Arsenal, Paris.
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2 Detailed description
In this document, we discuss the design of the LettuceThink robot. The following additional resources are
available publically:
The following additional material is available:
●
●
●

●

Bill of materials:
https://media.romi-project.eu/documents/D2.1/Design/LettuceThink%20Proto1%20-%20Bill%20of%2
0materials.pdf
Design files: h
 ttps://media.romi-project.eu/documents/D2.1/Design/
Software repositories: https://github.com/romi . See the section below for more details
○ lettucethink-python (https://github.com/romi/lettucethink-python).
○ lettucethink-webapp-flask (https://github.com/romi/lettucethink-webapp-flask).
○ lettucethink-topcam (https://github.com/romi/lettucethink-topcam).
○ lettucethink-main-setup (https://github.com/romi/lettucethink-main-setup).
○ lettucethink-topcam-setup (https://github.com/romi/lettucethink-topcam-setup).
Media files (additional videos, visuals, and photos): h
 ttps://media.romi-project.eu/documents/D2.1/

2.1 The hardware design (T2.1)
2.1.1 The rover

The overall design of the robot consists of an aluminium frame, two DC motors for each of the rear wheels, and
two swivel casters for the front wheels.
The size of the robot is roughly square: 1m x 1m12, and 1m40 high. The aluminium frame is positioned 50 cm
above the ground. The robot can move over a vegetable bed of up to 80 cm wide, with the wheels on either
side of the bed, and with plants up to 50 cm high. It is straightforward to adapt the rover for wider beds (many
farms have beds of 120 cm and 140 cm wide). The total height is around 100 kg.
A CNC is fixed inside the aluminium frame and allows to position a tool precisely in a 75 cm x 75 cm workspace
underneath the robot. The CNC uses stepper motors to move in a XYZ space.
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Two waterproof boxes are attached to the sides of the robot. The first box houses the batteries and motor
controllers to drive the wheels. The second box, houses the electronics to control the CNC.
The robot is protected from the rain by a waterproof cover (tarpaulin) that is maintained in place by three
arches. This makes to total height of the robot roughly 1m40.
A camera is attached on the middle arch, centered above the workspace. It takes images of the workspace for
plant and weed detection.
The robot is controlled using a remote controller.

The detailed list of components is given in a separate document. Below is a synopsis:
●
●
●
●
●
●
●
●
●
●

40 mm x 40 mm aluminium profiles
DC motors: wheelchair motors with gearbox and manual break, 2x200W, 24V, 135 rpm
Two optical encoders for the wheel motors
13” rear wheels for outdoor usage
10” swivel casters
2 Lithium batteries, 12V, 12 Ah
X-Carve 1000 mm CNC with gShield controller
Sabertooth 2x60A motor driver
600 g/m² PVC tarpaulin
Standard remote control with PWM output

.
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The LettuceThink rover in action at the Chatelain Maraîchage farm.

The size of the LettuceThink compared to a conventional tractor
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The rover fits easily into a van.

A view of the rover positioned over a vegetable bed.

The frame of the rover is an assembly of aluminium profiles. We choose this option because it was most
convenient for us. However, it is entirely possible to build the frame using square steel profiles (30 x 30 mm).
Because the necessary welding equipment is available at Iaac, Jonathan Minchin used it for the rover in
Barcelona. In terms of weight, the frame is roughly the same as the aluminium frame with 40 x 40 mm profiles.
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Construction of the steel frame.

For the control, we started with a system based on Raspberry Pi but have moved towards a system using an
Intel x86 compatible CPU, in particular, the Udoo board. We give more details below.
In the following sections we detail some of the aspects that were designed specifically for the LettuceThink
robot.
2.1.2 Control hardware
We initially used the control circuit as shown below. It is based on two Raspberry Pi’s, one central node for the
control, and one for the top camera. For the motor control, we relied on a Sabertooth controller in
combination with the Kangeroo controller. The Sabertooth provides basic differential wheel drive and the
Kangeroo allows to attach and feed back the information of the two encoders. The outputs of the remote
control receiver can be connected directly to the Kangeroo providing an easy to use and robust system to steer
the robot using a remote control. A local, switched Ethernet network allows the two Raspberry Pi’s to
communicate.
The CNC is controlled using an Arduino Uno combined with a gShield. gShield is an open hardware board
designed for 3D printers and CNCs, in general, and can drive three stepper motors. The firmware on the
Arduino board runs an interpreter for gCode, which is a protocol to to send instructions to move the CNC to
different positions (more on this below).
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Diagram of the control hardware

A glimpse of the electronics in one of the side boxes. In the top-left you can see the 24-to-5V power converter. The black device
below it is the network switch. The black rectangle in the top-center is the USB hub. The green board below it is the Raspberry Pi
(main node). Finally, in the top-right you can see the gShield controller for the CNC that is placed on to an Arduino Uno board. The
box on the other side of the rover carries the batteries and the motor driver.
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NOTE: The design of the control hardware and software will evolve considerable from one prototype to the
next. We are already planning the second version of the prototype that will see some significant changes.

2.1.3 Z-axis and the rotating hoe for weeding
We use the X-Carve CNC kit that covers most of our needs. However, the CNC has a z-axis that is too short
(approx. 10 cm) and that is not sturdy enough for the weeding tool. Because this tool has to physically turn the
soil and because the distance between the soil and the attachment of the tool is more than 50 cm, the torque
on the fixation of the z-axis is considerable. We therefore designed a new z-axis, as shown below:

These photos also show the top part of the weeding tool. A DC motor with gears turns a 30 mm axis at
approximately 60 RPM. The image below shows the weeding tool at the bottom end. It has four “finger” that
turn over the top soil and, by doing so, prevent small weeds from developing further.
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Close-up view of the weeding head.

The approach in itself works well, but the design of the head can be improved. In its current form, the soil tends
to clump together in between the four fingers, making it less effective. Also, a design with blades rather then
finger might be advantageous as the blades may be able to cut the root.
We have imagined several alternative designs that will be tested during the coming season. The sketches of
these designs are available at h
 ttps://drive.google.com/open?id=11mwiO03DAGnrFam2J9nWLBoUtEUoPwMI .

One of the alternative design for the weeding head.

One of the alternative design for the weeding head.
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2.1.4 Static frame for 3D scanning

We designed a static frame to help us develop the algorithms of the 3D plant scanning
and of the exploration techniques.
It consists of an aluminium frame to carry to CNC.
The bill of materials can be found at

https://media.romi-project.eu/documents/D2.1/Design/3D%20Plant%20Scanner%20-%20Bill%20of%20Materi
als.pdf

2.1.5 Gimbal
The gimbal is used to position a camera on the arm of the CNC and to have additional degrees of freedom to
turn the camera around. The gimbal is currently used mainly to scan the plants in the 3D scanner that is used
indoors at CNRS, UBER, and Sony.

The most recent design of the gimbal.

We went through several designs. In the latest design, we opted for simplicity and the gimbal has a single
degree of freedom (pan). It uses a brushless motor similar to those found in the gimbals for drones. These
motors are now widely available, have a relatively compact design. It is possible to purchase Hall-effect
encoders that integrate well and in addition it is easy to find motors with hollow axes and a slip ring to pass
cables. The control of brushless motors is more complex than for stepper motors and we faced several options:

-

The Basecam board: it is closed-source and relatively expensive.
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-

The Odrive board: its form factor is not adapted for use in gimbals.

Finally, we opted to design our own board. It uses the Texas Instruments DRV8313 chip that provides a fairly
high-level functionality to drive the motor in speed or position. For the control, a relatively fast microcontroller
is necessary in order to drive the motor in a closed loop. We are using boards based on the ARM Cortex M0
microcontroller.

The list of designs that we have tested in the first year can be seen below:
Material: Laser-cut plastic, thermo-formed
Motors: Stepper motors
Controller: Arduino and Pololu motor controllers
Cameras: DepthSense
Problems encountered:
Complex wiring
Lack of encoders
Lack of slipring: cables become entangled

Material: Laser-cut aluminium plates
Motors: Dynamixel stepper motors with encoders
Controller: Dynamixel
Camera: Sony RX100
Improves:
Easier wiring thanks to Dynamixel’s compact design
Problems encountered:
Lack of slipring: the USB and Dynamixel cables become entangled
around the arm

Material: 3D printed (nylon)
Motors: Brushless motor with encoders (magnetic)
Controller: RoverTec controller
Camera: Sony RX0 camera over WiFi
Improves:
Less cables (wifi camera)
Slipring to pass the power cables to the camera
Problems encountered:
The controller powers the motor continuously and causes the
motor to heat up.
Some issues with precise positioning
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Material: 3D printed (nylon)
Motors:
Brushless motor with encoders (magnetic)
Only one degree of freedom (tilt)
Controller:
New board based on the DRV8313 chip
Small board based on the Cortex M0 microcontroller (Adafruit
Feather or similar)
Camera: Sony RX0
Problems encountered:
Currently being tested

2.2 The software system (T2.2)
The software for the robot is distributed over the three computing nodes (two Raspberry Pi’s and one
Arduino). The Raspberry Pi’s run the light version of the GNU Debian Linux distribution.
The software is composed of the following modules:
●

●

●

●

Grbl: Grbl is the firmware that interprets the gCode instructions and drives the motors of the CNC.
Grbl has become a de facto standard in the world of 3D printers.
○ License: GNU General Public License v3.
○ The official code repository: https://github.com/grbl/grbl.
○ X-Carve maintains a fork of the repository with the parameter settings and improvements for
their device: h
 ttps://github.com/inventables/grbl. We are using X-Carve’s version.
lettucethink-python: This Python library regroups the code to abstract the hardware (also called HAL,
hardware abstraction layer) and the main algorithms for the robot (ex. weeding, scanning).
○ License: GNU Lesser General Public License v3
○ Repository: h
 ttps://github.com/romi/lettucethink-python/
lettucethink-topcam: lettucethink-topcam is an HTTP server that exports the images captured by the
“topcam” Raspberry Pi. This allows the main node to obtain the views of the workspace underneath
the robot. The applications can also store a timelapse series of images to a USB drive and can perform
a detection of Apriltags in the image.
○ License: GNU Lesser General Public License v3
○ Repository: https://github.com/romi/lettucethink-topcam
lettucethink-webapp-flask: This Python web server provides an interface to the robot and can be used
on a smartphone, for example, to launch various actions on the robot.
○ License: GNU General Public License v3
○ Repository: h
 ttps://github.com/romi/lettucethink-webapp-flask

In addition, we developed two packages to help with the installation:
●

lettucethink-main-setup: Documentation and configuration files for the main node.
○ Repository: https://github.com/romi/lettucethink-main-setup
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●

lettucethink-topcam-setup: Documentation and configuration files for the topcam node.
○ Repository: https://github.com/romi/lettucethink-topcam-setup

NOTE: The documentation presented here discusses the first prototype of the robot (end of Octobre 2018).
We have already started working on the second prototype and the software is likely to evolve rapidly.
Anyone interested in installing the software is kindly requested to contact us so we can assist and point to
the most recent set-up.

2.3 The weeding application (T2.3)
The development of the weeding algorithm is part of WP5 and is discussed in detail in D5.1. In the Figure
below, you will find a summary of the algorithm.
The evaluation of the efficiency of the weeding algorithm in real conditions is part of the field studies (WP7)
and is discussed in D7.2.
The design of the rotating hoe is covered above, in Sect. 2.1.3.
Task 2.3 concerns the integration of the algorithm in the LettuceThink robot. The code of the weeding
algorithm has been integrated into the lettucethink-python library, which is available on Github.
The algorithm requires some calibration to map the image size to absolute distances and to take into account
the small orientation angles of the camera with respect to the rover’s frame. The calibration maps the pixels to
absolute distance on the ground. It also takes into account an offset of the origin and a small rotation around
the Z-axis (yaw) in case the camera is not aligned with the frame.
A summary of the steps of the algorithm is given in the table below.
Overall, the algorithm works well but the following points require further work:
●
●

●

●
●

Calibration: Despite the calibration (pixel-to-millimeters, offset and yaw) the path of the tool is
sometimes off by one or two centimeters. This small error is enough to damage small plants.
Height level: The main issue we have is to correctly estimate the Z coordinate of the soil. The weeding
tool currently travels in a plane with a constant Z coordinate. The fingers of the weeding tool should
be about 2 cm into the soil, so it is important to correctly place the tool height. We should either work
on sensors to estimate the profile of the soil, or design a tool that is less sensitive to error in the
height.
Light conditions: Varying light conditions in the workspace underneath the robot and, in particular,
the high contrast between shaped areas and areas that receive direct sunlight, complicate the image
segmentation (Otsu’s hypothesis of a bi-modal distribution of the colors is no longer valid). We have
started to work on more robust segmentation algorithms. They are discussed in D5.1. A hardware
solution would be to cover the workspace so it is always in the shape and/or to use LED lights to
homogenize the lighting.
White stems and red leaves: The current algorithm segments on the level of excess green. This
ignores the fact that vegetables can have white stems or leaves with shades of red. These issues are
further discussed in D5.1.
Speed: The weeding algorithm is not fast. It currently takes a minute per square meter. We have made
no attempt to optimise the speed and we will continue improving the weeding algorithm before we
optimise for speed.
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●

●

Seeded vegetables: The algorithm expects the vegetables to have a minimal size so they can be
detected by the camera. It cannot handle yet the situation where seeds have been planted. It may be
possible to adapt the algorithm of the locations of the seeds are known and the positioning of the
robot in the field is precise enough.
Weeding between rows and inside a row: Many vegetable are grown in rows. Some of them are
packed very densely on each row, such as carrots. In cases where the geometry of the vegetables is so
linear, the use of the classical weeding tools that are pulled/pushed along a straight line in between
the rows of vegetables, may be more efficient than the approach proposed here. However, the
algorithm could be adapted to hoe in between plants in the row, something that the classical tools
cannot do.

The image of the workspace underneath the robot captured by the
topcam.

The same image, but rotated and cropped to align it with the frame of
the CNC.

A grayscale image that shows the level of “excess green” (ExG). This
value is computed as a difference between the green channel and the
red and blue channel (ExG=2G-R-B) where the RGB channels have been
normalised.
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The grayscale image is converted into a black-and-white image by
using an adaptive threshold. The algorithm is known as Otsu’s
algorithm. It models the histogram of the grayscale values as a
combination of two gaussian curves and positions the threshold in
between the two distributions.

The black-and-white mask.

Some additional filtering is performed on this mask: a contraction of
the white regions to filter out small regions and an expansion of the
remaining regions to take into account the size of the weeding tool.
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The plant mask is used to compute a path for the weeding tool. It path
starts as a classical boustrophedon that is modified to circumvent the
plants.

2.4 Evaluation of the first prototype
The first prototype has been tested throughout the Summer of 2018 at the Chatelain Maraîchage farm. It has
survived the mud, rain and dust that is inevitable in outside use. We did not have any major mechanical
problems, although some of the elements will have to be strengthened if they are to used for long-term
applications.

Operating the rover in the rain.

The rover is cleaned using the high-pressure water cleaner as
the other farming equipment.
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The silty-clay soil at Chatelain is particularly sticky and hard to
navigate when wet .
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2.5 Navigation and the LettuceThink light version
At the time of writing, the LettuceThink rover is controlled using a remote control (standard RC emitter and
receiver used in hobby remote controlled cars). There is no task in WP2 dedicated to the robot’s navigation
system but in order for the robot to be useful, a minimum amount of autonomy is required. We are interested
in the two following scenarios:
1.

2.

The rover drives autonomously from the barn to the field. It has to remain within a predefined
corridor (approx. 3m wide) defined by waypoints. We will assume also that the soil conditions are not
too harsh. Some obstacle detection may be used for security but otherwise no obstacle avoidance will
be implemented.
The rover advances along a vegetable bed in a straight line and in a controlled manner. In this
situation the accuracy is important because a lateral deviation may result in the loss of crops.

In order to develop the automatic navigation sub-system, we assembled a light-weight version of the rover. The
design, shown below, allowed us to test also an alternative design, using larger wheels that are driven by a
chain and standard motor for electric bicycles.

The “light” version of the rover with GPS RTK, IMU, wheel encoders and a RealSense camera.

It combines several hardware modules for the navigation:

-

IMU: An inertial measurement unit that combines an accelerometer, a gyroscope (angular velocities),
and a magnetometer for measuring the Earth's magnetic field. The hardware we used the “Spatial”
sensor sold by Phidgets).
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-

-

GPS RTK: We used the GPS RTK solution sold by Emlid. It consists of a GPS receiver on a fixed base
station and a mobile GPS receiver fixed on the rover. The base station communicates with the rover
over radio frequency and transmits error correction values to the rover. This correction technique
significantly improves the position estimates.
Wheel encoders: Two optical, differential wheel encoders are placed on the drive chain. The encoders
are used to evaluate wheel odometry and dead reckoning.
Camera: The topcam was already present in the standard design but is included here for 1) visual
odometry and 2) detection of visual tags (Apriltags).

The current set-up and using an estimate of the rover’s orientation based on data from the IMU (orientation
w.r.t the Earth’s magnetic field) and simple estimates of the displacement of the rover using dead reckoning,
allow for navigation along over a given distance in a straight line, in good soil conditions.
The light version of the rover is ready for extensive measurements and evaluation of the sensors discussed
above. Over the next season, the best strategy will be defined to combine the pose estimates from the sensors
and develop the modules for automatic navigation.
2.6 List of equipment built and installed during the first year

3D Scanner at Sony
3D scanner at UBER

3D Scanner at CNRS

LettuceThink rover at Chatelain
Maraîchage

LettuceThink lite at Sony

LettuceThink at Valldaura (partial build)

2.7 Deviations in respect to the plans
None
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2.8 Conclusion and next steps
The first prototype was a major step forward. There are a number of issues that we will improve for in the
second prototype:
Hardware
●
●
●

Bigger wheels: The current wheels are deemed to small for outside use.
Thinner wheel base: The current combination of wheel and motor is fairly wide. We would like to
have a more narrow design so that the wheels can easily drive in between the vegetables beds.
New control circuit: The following shortcomings of the control circuit urge us to improve upon the
initial design:
○ Lack of a USB3 connectivity: We needed USB3 to work with the RealSense camera.
○ Odometry: In order to develop the navigation module we need access to the values of the
encoders and, possible, of the RC input signals. Also, we have to be able to switch seamlessly
between RC control and high-level control over a serial connection (the rover should
automatically stop and fall back to RC control in any case of dysfunctioning). The Kangeroo
board does not provide all of these features.
○ USB Hub and network switch: The USB hub and network switch add two components and
many cables.
For these reasons, we have started working with a new design, based on a faster CPU (the Udoo
board).

●

Encoders and positioning for CNC: The CNC does not have encoders and we lose the positioning of the
arm when it becomes stuck. We may use brushless motors.

Software
●
●
●

Navigation: as already mentioned, we are giving the robot some degree of automatic navigation.
Python to C/C++: Some of the critical code will be converted from Python to C/C++.
Data transfer: The rover currently stored the data on a USB key. In the next prototype it should be
possible to connect to a server to retrieve the latest map of the farm and upload data.

Weeding application
●
●
●

Calibration and soil height: We will continue testing weeding algorithm and probably use 3D imaging
to improve the estimation of the plant locations and the soil height.
Weeding tool: Improved designs will be tested for the weeding tool to avoid soil clogs
Classical weeding tools: We will attach classical weeding tools behind the robot to evaluate whether
to rover has enough strength to pull them.
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We did some initial tests to attach classical weeding tools (in this case, a spring tine harrow) behind the LettuceThink rover.
These tools are well-known by organic farmers, which makes them a interesting addition to the robot.
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3 Technical annexes
As already mentioned above, additional material can be found at the following address:
https://media.romi-project.eu/documents/D2.1/

ROMI - D2.1 - First LettuceThink prototype

24

