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33  of climbing plants. By activating natural phototropism, the robots guide the plants through binary
34  left-right decisions, growing them into predefined patterns that by contrast are not possible
35 when the robots are dormant.
36
37  ABSTRACT:
38 Robot systems are actively researched for manipulation of natural plants, typically restricted to
39  agricultural automation activities such as harvest, irrigation, and mechanical weed control.
40  Extending this research, we introduce here a novel methodology to manipulate the directional
41  growth of plants via their natural mechanisms for signaling and hormone distribution. An
42  effective methodology of robotic stimuli provision can open up possibilities for new
43  experimentation with later developmental phases in plants, or for new biotechnology
44  applications such as shaping plants for green walls. Interaction with plants presents several
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robotic challenges, including short-range sensing of small and variable plant organs, and the
controlled actuation of plant responses that are impacted by the environment in addition to the
provided stimuli. In order to steer plant growth, we develop a group of immobile robots with
sensors to detect the proximity of growing tips, and with diodes to provide light stimuli that
actuate phototropism. The robots are tested with the climbing common bean, Phaseolus vulgaris,
in experiments having durations up to five weeks in a controlled environment. With robots
sequentially emitting blue light—peak emission at wavelength 465 nm—plant growth is
successfully steered through successive binary decisions along mechanical supports to reach
target positions. Growth patterns are tested in a setup up to 180 cm in height, with plant stems
grown up to roughly 250 cm in cumulative length over a period of approximately seven weeks.
The robots coordinate themselves and operate fully autonomously. They detect approaching
plant tips by infrared proximity sensors and communicate via radio to switch between blue light
stimuli and dormant status, as required. Overall, the obtained results support the effectiveness
of combining robot and plant experiment methodologies, for the study of potentially complex
interactions between natural and engineered autonomous systems.

INTRODUCTION:

Congruent with the increasing prevalence of automation in manufacturing and production,
robots are being utilized to sow, treat, and harvest plants’®. We use robot technology to
automate plant experiments in a non-invasive manner, with the purpose of steering growth via
directional responses to stimuli. Traditional gardening practices have included the manual
shaping of trees and bushes by mechanical restraint and cutting. We present a methodology that
can for instance be applied to this shaping task, by steering growth patterns with stimuli. Our
presented methodology is also a step towards automated plant experiments, here with a specific
focus on providing light stimuli. Once the technology has become robust and reliable, this
approach has potential to reduce costs in plant experiments and to allow for new automated
experiments that would otherwise be infeasible due to overhead in time and manual labor. The
robotic elements are freely programmable and act autonomously as they are equipped with
sensors, actuators for stimuli provision, and microprocessors. While we focus here on proximity
sensing (i.e., measuring distances at close-range) and light stimuli, many other options are
feasible. For example, sensors can be used to analyze plant color, to monitor biochemical
activity®, or for phytosensing’ approaches to monitor for instance environmental conditions
through plant electrophysiology®. Similarly, actuator options might provide other types of
stimuli®, through vibration motors, spraying devices, heaters, fans, shading devices, or
manipulators for directed physical contact. Additional actuation strategies could be implemented
to provide slow mobility to the robots (i.e., ‘slow bots’9), such that they could gradually change
the position and direction from which they provide stimuli. Furthermore, as the robots are
equipped with single-board computers, they could run more sophisticated processes such as
visioning for plant phenotyping!? or artificial neural network controllers for stimuli actuation2.
As the plant science research focus is often on early growth (i.e., in shoots)*3, the whole domain
of using autonomous robot systems to influence plants over longer periods seems underexplored
and may offer many future opportunities. Going even one step further, the robotic elements can
be seen as objects of research themselves, allowing the study of the complex dynamics of bio-
hybrid systems formed by robots and plants closely interacting. The robots selectively impose
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stimuli on the plants, the plants react according to their adaptive behavior and change their
growth pattern, which is subsequently detected by the robots via their sensors. Our approach
closes the behavioral feedback loop between the plants and the robots and creates a
homeostatic control loop.

In our experiments to test the function of the robot system, we exclusively use the climbing
common bean, Phaseolus vulgaris. In this setup, we use climbing plants, with mechanical
supports in a gridded scaffold of overall height 180 cm, such that the plants are influenced by
thigmotropism and have a limited set of growth directions to choose from. Given that we want
to shape the whole plant over a period of weeks, we use blue light stimuli to influence the plant’s
phototropism macroscopically, over different growth periods including young shoots and later
stem stiffening. We conduct the experiments in fully controlled ambient light conditions where
other than the blue light stimuli we provide exclusively red light, with peak emission at
wavelength 650 nm. When they reach a bifurcation in the mechanical support grid, they make a
binary decision whether to grow left or right. The robots are positioned at these mechanical
bifurcations, separated by distances of 40 cm. They autonomously activate and deactivate their
blue light emittance, with peak emission at wavelength 465 nm, according to a predefined map
of the desired growth pattern (in this case, a zigzag pattern). In this way, the plants are guided
from bifurcation to bifurcation in a defined sequence. Only one robot is activated at a given
time—during which it emits blue light while autonomously monitoring plant growth on the
mechanical support beneath it. Once it detects a growing tip using its infrared proximity sensors,
it stops emitting blue light and communicates to its neighboring robots via radio. The robot that
determines itself to be the next target in the sequence then subsequently activates, attracting
plant growth toward a new mechanical bifurcation.

As our approach incorporates both engineered and natural mechanisms, our experiments include
several methods that operate simultaneously and interdependently. The protocol here is first
organized according to the type of method, each of which must be integrated into a unified
experiment setup. These types are plant species selection; robot design including hardware and
mechanics; robot software for communication and control; and the monitoring and maintenance
of plant health. The protocol then proceeds with the experiment design, followed by data
collection and recording. For full details of results obtained so far, see Wahby et al.l*
Representative results cover three types of experiments—control experiments where all robots
do not provide stimuli (i.e., are dormant); single-decision experiments where the plant makes a
binary choice between one stimuli-providing robot and one that is dormant; and multiple-
decision experiments where the plant navigates a sequence of binary choices to grow a
predefined pattern.

PROTOCOL:
1. Plant species selection procedure

NOTE: This protocol focuses on the plant behaviors related to climbing, directional responses to
light, and the health and survival of the plants in the specific season, location, and experimental
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conditions.

1.1.  Select a plant species known to display strong positive phototropism®>1® towards UV-A
and blue light (340-500 nm) in the growing tips.

1.2.  Select a species that is a winder, in which the circumnutation!’ behavior is pronounced
and the growing tip has helical trajectories with large enough amplitude to wind around the
mechanical supports used in the specific experimental conditions. The twining!® behavior
exhibited by the selected winder should tolerate the environment and nutrient conditions
present in the experiment and should tolerate mechanical supports with angle of inclination up
to 45°.

1.3.  Select a species that will grow reliably and quickly in the experimental conditions, with an
average growth speed not less than approximately 5 cm per day, and preferably faster if possible.

1.4. Select a species that will display the required behaviors in the present season and
geographic location.

1.5.  Ensure the species tolerates the range of environmental parameters that will be present
in the experimental setup. The plant should tolerate an absence of green light and an absence of
light outside the visible spectrum (400—-700 nm). The plant should also tolerate any present
fluctuations in temperature, kept at approximately 27 °C, as well as any present fluctuations in
humidity and watering.

2. Robot conditions and design

2.1. Organize robot capabilities into decentralized nodes with single-board computers (see
Figure 1 and Figure 2), integrated into modular mechanical supports. Ensure each identical robot
node is able to control and execute its own behavior.

2.2.  For robotic provision of stimuli to plants, provide blue light (400-500 nm) to plants at
controllable intervals, at an intensity that will trigger their phototropic response, from the
direction and orientation required for the respective portion of the experiment.

2.2.1. Select a red-green-blue (RGB) light-emitting diode (LED) or an isolated blue LED. In either
case, include an LED with a blue diode with peak emission Amax = 465 nm.

2.2.2. Select an LED that when congregated in groups and set in the precise conditions of the
utilized robot can maintain the required light intensity level in each direction tested in the
experiment setup. For each direction being tested, ensure that the blue diodes in the LEDs in a
single robot are collectively capable of maintaining a light intensity level of approximately 30
lumens without overheating, when situated in the utilized robot enclosure and any utilized heat
dissipation strategies. The selected LED should have a viewing angle of approximately 120°.
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NOTE: For example, in a robot utilizing three LEDs per direction, with microcontroller-enabled
regulation of intensity, if the blue diodes emit with maximum light intensity ® = 15 lumens, then
without overheating they should be able to maintain 65% of the maximum.)

2.2.3. Interface the LEDs to the robot’s single-board computer, via LED drivers that regulate the
power supply according to the required brightness. Enable individual control, either of each LED
or of the LED groups serving each direction being tested in the setup.

2.3.  For the sensing procedure for the proximity of plant growing tips (see Figure 3B), use
processed readings from infrared proximity (IR-proximity) sensors to reliably and autonomously
detect the presence of plants approaching from each direction tested in the setup.

2.3.1. Select an IR-proximity sensor that regularly detects the growing tip of the selected plant
species, when arranged perpendicularly to the central axis of the direction from which the plant
approaches, as tested in an unobstructed environment. Ensure successful detection occurs
starting from a distance of 5 cm, as seen in Figure 3A starting at the timestamp labelled ‘07.04.16’
on the horizontal axis.

2.3.2. Interface each IR-proximity sensor to the robot’s single-board computer, and implement
a weighted arithmetic mean approach to process the sensor readings into a determination of
whether a plant is present within 5 cm. Use the sensor readings from the most recent five s to
give 20% of the final average weight used in detection.

2.3.3. Ensure the selected IR-proximity sensor does not emit critical wavelengths that could
interfere with the light-driven behaviors of the selected species. Ensure that wavelengths
emitted by the sensor below 800 nm are not present at distances greater than 5 mm from the
sensor’s IR source, as measured by spectrometer.

2.4. Distribute the experiment functions over the set of robots, such that each robot can
autonomously manage the portions that proceed in its own local area. Arrange the robots’
provision of light stimuli and sensing capabilities according to the respective plant growth
directions being tested.

2.4.1. Compose each robot around a single-board computer that is Wireless Local Area Network
(WLAN) enabled. Interface the computer to sensors and actuators via a custom printed circuit

board (PCB). Power each robot individually, with its own battery backup.

2.4.2. Include one IR-proximity sensor per direction being tested for approaching plants,
according to the above requirements.

2.4.3. Include enough LEDs to deliver the above blue light requirements, per direction being
tested for approaching plants.

2.4.3.1. If using RGB LEDs rather than blue LEDs, optionally enable emittance from the red
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diode when the blue diode is not in use, to augment the red light delivery described below (for
plant health via the support of photosynthesis).

2.4.3.2. If red light is emitted from the robots at certain intervals, then use red diodes with
peak emission at approximately Amax = 625-650 nm, with no critical wavelengths overlapping the
green band (i.e., below 550 nm) or the far-red band (i.e., above 700 nm).

2.4.3.3. Do not allow red diodes to produce heat levels higher than those of the blue
diodes.

2.4.4. Include hardware that enables local cues between robots. Include a photoresistor (i.e.,
light-dependent resistor or LDR) for each direction of a neighboring robot to monitor their light
emittance status. Alternatively, communicate the status of local neighbors via WLAN.

2.4.5. Include hardware to dissipate heat, as required by the conditions of the selected blue
diodes and the utilized robot enclosure. Execute by a combination of aluminum heatsinks, vents
in the robot’s case enclosure, and fans. Activate fans by a digital temperature sensor on the
single-board computer or supplemental PCB.

2.4.6. Organize the robot components such that the relevant directions are uniformly serviced.

2.4.6.1. Position the blue diodes to distribute an equivalent light intensity to each of the
directions from which plants may approach (i.e., from the mechanical supports attached to the
robot’s lower half, see step 2.5). Orient each diode in the robot case such that the center axis of
its lens angle is within 60° of each axis of mechanical support it services, and position it to not be
blocked by the robot case.

2.4.6.2. Position the IR-proximity sensors equivalently for their respective approaching
growth directions (i.e., from the mechanical supports attached to the robot’s lower half, see step
2.5). Position each IR-proximity sensor within 1 cm of the attachment point between the robot
and the mechanical support being serviced, and orient it such that its viewing angle is parallel to
the support axis. Ensure its emitter and receiver are not blocked by the robot case.

2.4.6.3. Position any photoresistors for local communication equivalently for each
direction facing a neighboring robot in the setup (i.e., from all mechanical supports attached to
the robot, see 2.5). Orient each photoresistor such that the center axis of its viewing angle is
within 45° of the support axis it services, and position to not be blocked by the robot case.

2.4.7. Assemble all components with the single-board computer (refer to the block diagram in
Figure 2). Ensure the computer can be easily accessed for maintenance after assembly.

2.4.7.1. Interface LEDs to the computer via LED drivers using pulse width modulation. Use
a fixed mechanical connection between the LEDs and either the case or the heatsink, and use a
mechanically unconstrained connection between the LEDs and the computer.
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2.4.7.2. Interface fans to the computer via linear regulator (i.e., switch) using a general
purpose input/output header pin. Affix fans where adequate airflow is available, while also
ensuring no mechanical stress is placed on them.

2.4.7.3. Interface IR-proximity sensors and photoresistors via analog-to-digital converter,
using serial peripheral interface. Use a fixed mechanical connection from the sensors to the case,
and a mechanically unconstrained connection to the computer.

2.4.7.4. Manufacture the robot case from heat-resistant plastic using either selective laser
sintering, stereolithography, fused deposition modelling, or injection molding.

2.5. Integrate the robots into a set of modular mechanical supports that dually hold the robots
in position and serve as climbing scaffold for the plants, restricting the plants’ likely average
growth trajectories. Design the robots to serve as supplemental mechanical joints between the
supports, positioned such that they intersect the plant growth trajectories.

2.5.1. Minimize the size of the robot, and ensure that it can be reliably surpassed by an
unsupported growing tip of the selected plant species. Reduce robot size to the greatest extent
possible to increase experiment speed.

2.5.2. Shape the external walls of the robot body to be as unobtrusive to plant growth as
possible when a growing tip incrementally navigates around the robot. Round or facet the robot
body to not block the helical trajectory of circumnutation in twining plant species. Exclude sharp
protrusions and acute indentations.

2.5.3. Select a material and profile (i.e., shape of cross-section) for the mechanical supports,
such that the selected plant species can effectively climb it, for instance a wooden rod with
circular profile of a diameter roughly 8 mm or less. Ensure the mechanical supports are
structurally stiff enough to support the plants and robots within the setup, augmented by a
transparent acrylic sheet behind the setup.

2.5.4. On each robot include attachment points to anchor the specified mechanical supports.
Include one for each direction by which a plant may approach or depart a robot.

2.5.4.1. For each attachment point, include a socket in the robot case, with dimensions
matching the cross-section of the support material.

2.5.4.2. Set the socket with a depth not less than 1 cm. Keep the socket shallow enough
that the support does not collide with components inside the robot.

2.5.5. Arrange the mechanical supports in a regularly gridded pattern, uniformly diagonal with
an angle of inclination at 45° or steeper. Make the lengths of the supports uniform. The minimum
exposed length of the support is 30 cm, to allow sufficient room for the climbing plants to attach
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after exploring the area in their unsupported condition. The preferred exposed length is 40 cm
or more, to allow some buffer for statistically extreme cases of plant attachment.

2.5.6. Assemble the mechanical elements with the robots. The following protocol assumes an
exposed support length of 40 cm, and a setup of eight robots in four rows (see Figure 6). For
other sizes, scale accordingly.

2.5.6.1. On the floor surface, build a stand 125 cm wide that is capable of holding the setup
in an upright position.

2.5.6.2. Affix a 125 cm x 180 cm sheet (8 mm thick or more) of transparent acrylic to the
stand, such that it stands upright.

2.5.6.3. Position pots with the appropriate soil on the stand, against the acrylic sheet.

2.5.6.4. Affix two mechanical y-joints to the acrylic sheet, 10 cm above the pots. Position
the joints 45 cm and 165 cm to the right, respectively, of the left edge of the stand.

2.5.6.5. Affix two supports to the left y-joint, leaning 45° to the left and to the right, and
affix one support to the right y-joint, leaning 45° to the left.

2.5.6.6. Affix two robots to the acrylic sheet, and insert the ends of the previously placed
supports into the sockets in the robot cases. Position the robots 35 cm above the y-joints, and 10
cm and 80 cm to the right, respectively, of the left edge of the stand.

2.5.6.7. Repeat the pattern to affix the remaining robots and support in the diagonally
gridded pattern (see Figure 6), such that each row of robots is 35 cm above the previous row,
and each robot is horizontally positioned directly above the robot or y-joint that is two rows
beneath it.

3. Robot software
3.1. Install an operating system (e.g., Raspbian) on the single-board computers of the robots.

3.2. During each experiment, run the software protocol on each robot in parallel, enabling
their distributed autonomous behavior (see Wahby et al.'4, for pseudocode and more details).

3.3.  Establish two possible states for the robot: one being a stimulus state during which the
robot emits blue light at the intensity described above; the other being a dormant state during
which the robot either emits no light or emits red light as described above.

3.3.1. In stimulus state, send a pulse width modulation (PWM) signal via the single-board
computer with a frequency corresponding to the required brightness to the blue LEDs drivers.
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3.3.2. In dormant state, trigger no LEDs, or if needed send a PWM signal to only the red LEDs
drivers.

3.4. In control experiments, assign all the robots the dormant state.

3.5. In single-decision experiments, assign one robot the dormant state and one robot the
stimulus state.

3.6. In multiple-decision experiments, start the Initialization process, as follows.

3.6.1. Supply to each robot a full configuration map of the pattern of plant growth to be tested
in the current experiment.

3.6.2. Set the location of the robot within the pattern, either automatically using localization
sensors or manually.

3.6.3. Compare the robot’s location to the supplied map. If the robot’s location is the first
location on the map, set the robot to stimulus; otherwise, set the robot to dormant. Initialization

process ends.

3.7. In multiple-decision experiments, start the Steering process, as follows. Execute
iteratively.

3.7.1. Check the robot’s IR-proximity sensor reading to see if a plant has been detected.
3.7.2. If aplantis detected and the robot is set to dormant, then maintain.
3.7.3. If a plantis detected and the robot is set to stimulus, then:

3.7.3.1. Notify the adjacent neighboring robots that a plant has been detected, and include
the robot’s location in the message.

3.7.3.2. Set the robot to dormant.

3.7.3.3. Compare the robot’s location to the map. If the robot is at the last location on the
map, then send a signal over WLAN that the experiment is complete.

3.7.4. Check the robot’s incoming messages from its adjacent neighboring robots to see if one
of them that was set to stimulus has detected a plant.

3.7.5. If a stimulus neighbor has detected a plant, compare that neighbor's location to the
robot’s location, and also compare to the map.

3.7.6. If the robot is at the subsequent location on the map, set the robot to stimulus.
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3.7.7. End the iterative loop of the Steering process once a signal has been received that the
experiment is complete.

4, Plant health monitoring and maintenance procedure

4.1.1. Locate the experiment setup in controlled environmental conditions—specifically, indoor
with no incident daylight or other light external to the conditions described below, with
controlled air temperature and humidity, and with controlled soil watering. Monitor the
conditions with sensors that are connected to a microcontroller or single-board computer that is
WLAN enabled.

4.1.2. Maintain plant photosynthesis using LED growth lamps external to the robots and facing
the experiment setup.

4.1.2.1. Use the growth lamps to deliver monochromatic red light to the setup, with red
diodes having peak emission at approximately Amax = 625650 nm, with no critical wavelengths
outside the range 550—-700 nm, except for a low incidence of ambient blue light if helpful for the
health of the selected species. If a low incidence of ambient blue light is included, restrict to levels
at a very minor fraction of those emitted by a single robot.

4.1.2.2. Provide the levels of red light required for the health of the selected species,
usually roughly 2000 lumens or more in total.

4.1.2.3. Orient the growth lamps to face the experiment setup, such that their emittance
is distributed roughly evenly over the growth area.

4.1.2.4. Monitor the ambient light conditions using an RGB color sensor.

4.1.3. After germinating, provide each plant its own pot at the base of the experiment setup.
Provide suitable soil volume and type for the selected species. Ensure the soil and seeds have
been sanitized prior to germination. Use suitable pest control methods to prevent or manage
insects if present.

4.1.4. Regulate air temperature and humidity levels, accordingly for the selected species, using
heaters, air conditioners, humidifiers, and dehumidifiers. Monitor levels using a temperature-
pressure-humidity sensor.

4.1.5. Monitor the soil using a soil moisture sensor. Maintain an appropriate rate of watering
for the selected species. Execute using an automated watering system where water is delivered
to the soil via nozzles as triggered by the soil moisture sensor readings, or water soil manually,
as regulated by the sensor readings.

5. Experiment design
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5.1.  Place robots and mechanical supports in a grid large enough to cover the growth area and
pattern being tested in the experiment, not smaller than one row and two columns of robots.

5.2. Below the bottom row of robots, place a row of the standard diagonal mechanical
supports, matching those throughout the setup. Where the lower ends of these supports
intersect, join them mechanically with a ‘y-joint.” For each ‘y-joint’ at the base of the setup, plant
a uniform number of plants according to the size of the diagonal grid cell (roughly one plant per
10 cm of exposed mechanical support length), with the plant health maintenance conditions
described above.

5.3.  Select an experiment type to run, and where relevant select a quantity and distribution
of robots.

5.3.1. Experiment type 1: Control

NOTE: This experiment type tests growth of the climbing plants in conditions absent of light
stimuli to trigger phototropism. It can run on any size and shape of setup.

5.3.1.1. Assign all robots the dormant state (see step 3.4) and run continuously until
results are manually assessed to be complete.

5.3.1.2. Observe whether plants attach to the mechanical supports. In a successful
experiment, none of the plants will find or attach to the mechanical supports.

5.3.2. Experiment type 2: Single-decision

NOTE: This experiment type tests the plants’ growth trajectories when presented with binary
options—one support leading to a dormant robot and one support leading to a stimulus robot. It
runs only on the minimum setup (i.e., one row, two columns).

5.3.2.1. Assign one robot the dormant state (see 3.5) and one robot the stimulus state.
Run continuously until one of the two robots detects a plant with the IR-proximity sensor.

5.3.2.2. Observe plant attachment to mechanical support, growth along support, and
sensor readings of stimulus robot. In a successful experiment, the robot with the stimulus state
will detect a plant after it had grown along the respective support.

5.3.3. Experiment type 3: Multiple-decision

NOTE: This experiment type tests the plants’ growth when presented with multiple subsequent
stimuli conditions, that trigger a series of decisions according to a predefined global map. It can
run on any size and shape of setup that has more than the minimum number of rows (i.e., two
or more).
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5.3.3.1. Provide to the robots a global map of the pattern to be grown (see steps 3.6-3.7.7).
5.3.3.2. Observe the plant attachment events and pattern of growth along the mechanical
supports.

5.3.3.2.1. In a successful experiment, at least one plant will have grown on each support

present in the global map.

5.3.3.2.2. Additionally, in a successful experiment no plant will have chosen the incorrect
direction when its growing tip is located at the currently active decision point.

5.3.3.2.3. Do not consider extraneous growing tips here, if for instance a branching event
places a new growing tip at an obsolete location on the map.

6. Recording Procedure

6.1. Store data from sensors and cameras initially at the single-board computer where the
data has been generated onboard. Run onboard reply servers that respond to needed requests,
such as the last stored sensor reading. At regular intervals upload the data and log files over
WLAN to a local network-attached storage (NAS) device.

6.2. Capture time-lapse videos of the experiments continuously using cameras positioned at
two or more vantage points, with at least one camera view encompassing the full experiment
setup. Ensure the captured images are of high enough resolution to adequately capture the
movements of the plant growing tips, typically only a few millimeters in width.

6.2.1. Automate the image capture process to ensure consistent time intervals between
captures, using an onboard camera on a single-board computer or a stand-alone digital camera
that is automated with an intervalometer. Install lamps to act as flashes, automated similarly to
the cameras. Ensure the flashes are bright enough to compete with the red light of the growth
lamps without dramatically post-processing the images for color correction.

6.2.2. Locate the flashes such that the experiment setup can be fully illuminated and therefore
clearly visible in images. Synchronize the cameras and the flashes such that all cameras capture
images simultaneously, during a 2 s flash period. Capture the images every 2 minutes, for the
duration of each experiment.

6.3. Log the environmental sensor data, specifically the readings from the temperature-
pressure-humidity sensor, the RGB color sensor, and the soil moisture sensor. Log the data from
all robots in the setup, specifically the IR-proximity sensor and photoresistor readings, as well as
the internal state of the robot which defines its LED emittance status.

6.4. Make all recorded data available for remote monitoring of the experiments, via regular
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real-time reports, to ensure correct conditions are maintained for the full experiment duration
up to several months.

REPRESENTATIVE RESULTS:

Control: Plant Behavior without Robotic Stimuli.

Due to the lack of blue light (i.e., all robots are dormant), positive phototropism is not triggered
in the plant. Therefore, the plants show unbiased upwards growth as they follow gravitropism.
They also display typical circumnutation (i.e., winding), see Figure 4A. As expected, the plants fail
to find the mechanical support leading to the dormant robots. The plants collapse when they can
no longer support their own weight. We stop the experiments when at least two plants collapse,
see Figure 4B,C.

Single or Multiple Decisions: Plant Behavior with Robotic Stimuli

In four single-decision experiments, two runs have leftward steering (i.e., the robot left of the
bifurcation is activated to stimulus), and two runs have rightward steering. The stimulus robots
successfully steer the plants towards the correct support, see Figure 5. The nearest plant with
stem angle most similar to that of the correct support attaches first. In each experiment, at least
one plant attaches to the support and climbs it until it reaches the stimulus robot and thereby
ends the experiment. In one experiment, a second plant attaches to the correct support. The
remaining plants might attach as well in longer experiment durations. None of the plants attaches
to the incorrect support. Each experiment runs continuously for 13 days on average.

In two multiple-decision experiments, the plants grow into a predefined zigzag pattern, see Figure
6A. Each experiment runs for approximately seven weeks. As an experiment starts, a robot sets
its status to stimulus (see 3.6.3) and steers the plants towards the correct support according to
the stipulated pattern. A plant attaches and climbs it, arriving at the activated stimulus robot
therefore completing the first decision. According to 3.7.3, the current stimulus robot then
becomes dormant and notifies its adjacent neighbors. The dormant neighbor that is next on the
zigzag pattern switches itself to stimulus (see 3.7.6). If a plant is detected by a dormant robot,
that robot does not react (see 3.7.2). The plants continue and complete the remaining three
decisions successfully. The predefined zigzag pattern is therefore fully grown, see Figure 6B.

All experiment data, as well as videos, are available online??.

FIGURE AND TABLE LEGENDS:

Figure 1. The immobile robot and its primary components. Figure reprinted from author
publication Wahby et al.*4, used with Creative Commons license CC-BY 4.0 (see supplemental
files), with modifications as permitted by license.

Figure 2. The component diagram of the immobile robot electronics. IRLML2060 LED drivers are
interfaced with the robot’s single-board computer (e.g. Raspberry Pi) via PWM to control the
brightness of the LEDs. An LP5907 switch is interfaced with the single-board computer via
general-purpose input/output (GPIO) header pin, to control the fan. An MCP3008 analog-to-
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digital converter (ADC) is interfaced with the single-board computer via serial peripheral interface
(SPI) to read the analog IR and light-dependent resistor (LDR) sensor data.

Figure 3. Shortly after ‘03.04.16,” a plant tip climbs a support and arrives in the field of view of
the robot. (A) Sample IR-proximity sensor scaled voltage readings (vertical axis) during an
experiment. Higher values indicate plant tip detection. (B) The IR-proximity sensor is placed and
oriented according to the support attachment, to ensure effective plant tip detection. Figure
reprinted from author publication Wahby et al.}#, used with Creative Commons license CC-BY 4.0
(see supplemental files), with modifications as permitted by license.

Figure 4. Control experiments result frames showing that all four plants did not attach to any
support in the absence of blue light. (A) After five days, all plants growing upwards in one of the
control experiments (see (C) for later growth condition). (B) After 15 days, three plants collapsed,
and one still growing upwards in the first control experiment. (C) After seven days, two plants
collapsed, and two still growing upwards in the second control experiment (see (A) for previous
growth condition). Figure reprinted from author publication Wahby et al.*4, used with Creative
Commons license CC-BY 4.0 (see supplemental files), with modifications as permitted by license.

Figure 5. Single-decision experiments result frames showing the ability of a stimulus robot to
steer the plants through a binary decision, to climb the correct support. In all four experiments,
one robot is set to stimulus and the other to dormant—at two opposite sides of a junction. The
frames show the plants’ location right before the stimulus robot detects them. In each
experiment at least one plant attaches to the correct support, and no plant attaches to the
incorrect one. Also, the unsupported plants show growth biased towards the stimulus robot. E,
F, G, H are closeups of A, B, C, D respectively. Figure reprinted from author publication Wahby et
al.'*, used with Creative Commons license CC-BY 4.0 (see supplemental files), with modifications
as permitted by license.

Figure 6. Multiple-decision experiment. (A) The targeted zigzag pattern is highlighted in green
on the map. (B) The last frame from the experiment (after 40 days), showing the plants’ situation
before the last stimulus robot on the pattern detects them. The robots successfully grow the
zigzag pattern. Figure reprinted from author publication Wahby et al.'%, used with Creative
Commons license CC-BY 4.0 (see supplemental files), with modifications as permitted by license.

DISCUSSION:

The presented methodology shows initial steps toward automating the stimuli-driven steering of
plant growth, to generate specific patterns. This requires continuous maintenance of plant health
while combining into a single experiment setup the distinct realms of biochemical growth
responses and engineered mechatronic functions—sensing, communication, and controlled
generation of stimuli. As our focus here is on climbing plants, mechanical support is also integral.
A limitation of the current setup is its scale, but we believe our methodology easily scales. The
mechanical scaffold can be extended for larger setups and therefore longer periods of growth,
which also allows expanded configurations and patterns. Here the setup is limited to two
dimensions and binary left-right decisions, as growth is limited to a grid of mechanical supports
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at 45° inclination, and plant decision positions are limited to that grid's bifurcations. Mechanical
extensions may include 3D scaffolds and differing materials, to allow for complex shapes®*°. The
methodology can be considered a system to automatically grow patterns defined by a user. By
extending the possible complexity of mechanical configurations, users should face few
restrictions on their desired patterns. For such an application, a user software tool should confirm
that the pattern is producible, and the mechatronics should then self-organize the production of
the pattern by generating appropriate stimuli to steer the plants. The software should also be
extended to include recovery plans and policies determining how to continue with the growth if
the original planned pattern has partially failed—for instance if the first activated robot has never
detected a plant but the dormant ones have seen that the position of the growing tips are beyond
the activated robot.

In the presented methodology, an example plant species meeting the protocol selection criteria
is the climbing common bean, P. vulgaris. This is the species used in the representative results.
As P. vulgaris has strong positive phototropism to UV-A and blue light, the phototropins (light-
receptor proteins) in the plant will absorb photons corresponding to wavelengths 340-500 nm.
When the receptors are triggered, first swelling will occur in the stem by the preferential
relocation of water to the stem tissues opposing the triggered receptors, causing a reversible
directional response. Then, within the stem, auxin (plant patterning hormone) is directed to the
same tissue location, perpetuating the directional response and fixing stem tissues as they
stiffen. This behavior can be used for shaping the plants in these controlled indoor conditions, as
the plants are exposed only to isolated blue light and isolated red light, with incident far-red light
from IR-proximity sensors at low enough levels that it does not interfere with behaviors such as
the shade-avoidance response?®2!, The phototropism reaction in the plant responds in the setup
to light from blue diodes with peak emission Amax = 465 nm, and photosynthesis??23 in the plant
is supported by red diodes with peak emission Amax = 650 nm. P. vulgaris growing up to several
meters in height is suitable in the overall setup, as the roughly 3 L of commercial gardening soil
needed per pot fits the setup scale.

Although the current setup focuses on light as an attraction stimulus, additional stimuli may be
relevant for other experiment types. If the desired pattern requires a separation between
different groups of plants (e.g., the desired pattern needs two groups of plants to choose
opposite sides), then it may not be feasible using only one type of stimulus. For such complex
growth patterns independent of scaffold shape, the different groups of plants can potentially be
grown in different time periods such that their respective attraction stimuli do not interfere,
which would also allow the integration of branching events. However, this may not always be a
suitable solution, and the standard attractive light stimulus could then be augmented by repelling
influences such as shading, or by other stimuli like far-red light or vibration motors®4,

The presented method and the experiment design are only an initial first step towards a
sophisticated methodology to automatically influence directional growth of plants. The
experiment setup is basic by determining only a sequence of binary decisions in the plants and
we focus on one, easy to manage stimulus. Additional studies would be required to prove the
method’s statistical significance, to add more stimuli, and to control other processes such as
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branching. With sufficient development to guarantee the long-term reliability of the robots, the
presented methodology could allow for automation of plant experiments over long time periods,
reducing the overhead associated with the study of plant development stages beyond that of
shoots. Similar methods can allow for future investigations into the underexplored dynamics
between biological organisms and autonomous robots, when the two act as tightly coupled self-
organizing bio-hybrid systems.
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Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JOVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.’
5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JOVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video ~ Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in ltem 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JOVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license {a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout

the world, (b) to translate the Video into other languages,”

create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JOVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JOVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JOVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by loVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JOVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JOVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Heiko Hamann
Department:
Institute of Computer Engineering
Institution: University of Luebeck
Title: Prof. Dr.-Ing.
1 2)
/
Signature: A Date: | 13.02.2019
A~

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter
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Dear Dr. Steindel,

Thank you for the feedback on how to improve the manuscript. We are grateful for
the opportunity to implement changes and submit a revised version. We have
endeavored to address each reviewer comment and editorial comment in full,
through the revisions detailed below. In the attached revised manuscript, new or
edited text is marked in red (removed text is not marked).

Additionally, we have uploaded all figures in the requested svg format, and have
converted our table to the requested xlsx format.

Individually addressing the comments:

Comment: "Please take this opportunity to thoroughly proofread the manuscript to
ensure that there are no spelling or grammar issues.”

Grammar or spelling changes were made in the following line numbers:
57,113, 147, 149, 166, 176, 191, 234-235, 300, 544, 617, 621, 629

Comment: “1. The Protocol should contain only action items that direct the reader
to do something. Please move the discussion about the protocol to the Discussion.”

We have relocated discussion about the protocol to the Discussion section,
from five of the protocol steps. The text removed for these relocations was as
follows:

e 1.1: "(An example species meeting the selection criteria is the
climbing common bean, P. vulgaris.)”

e 1.1.1:"This will mean that, in the selected species, the phototropins
(light-receptor proteins) in the plant will absorb photons corresponding
to wavelengths 340-500 nm. When the receptors are triggered, first
swelling will occur in the stem by the preferential relocation of water to
the stem tissues opposing the triggered receptors, causing a reversible
directional response. Then, within the stem auxin (plant patterning
hormone) is directed to the same tissue location, perpetuating the
directional response and fixing stem tissues as they stiffen.”

e 1.2: “as in the setup the plants will be exposed only to isolated blue
light and isolated red light. The phototropism reaction in the plant will
respond to light from blue diodes with peak emission imax = 465 nm,
and photosynthesis(19-20) in the plant will be supported by red diodes
with peak emission imax = 650 nm.”

e 2.3.3: “for instance, the shade-avoidance response(21-22).”

L]
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e 4.1.3: “for example roughly 3 | of commercial gardening soil per pot
for P. vulgaris that will grow to several meters in height.”

The new text in the Discussion section, relevant to these relocations is:

“In the presented methodology, an example plant species meeting the
protocol selection criteria is the climbing common bean, P. vulgaris. This is
the species used in the representative results. As P. vulgaris has strong
positive phototropism to UV-A and blue light, the phototropins (light-receptor
proteins) in the plant will absorb photons corresponding to wavelengths
340-500 nm. When the receptors are triggered, first swelling will occur in the
stem by the preferential relocation of water to the stem tissues opposing the
triggered receptors, causing a reversible directional response. Then, within
the stem, auxin (plant patterning hormone) is directed to the same tissue
location, perpetuating the directional response and fixing stem tissues as
they stiffen. This behavior can be used for shaping the plants in these
controlled indoor conditions, as the plants are exposed only to isolated blue
light and isolated red light, with incident far-red light from IR-proximity
sensors at low enough levels that it does not interfere with behaviors such as
the shade-avoidance response(20-21). The phototropism reaction in the
plant responds in the setup to light from blue diodes with peak emission
imax = 465 nm, and photosynthesis(22-23) in the plant is supported by red
diodes with peak emission imax = 650 nm. P. vulgaris growing up to several
meters in height is suitable in the overall setup, as the roughly 3 | of
commercial gardening soil needed per pot fits the setup scale.”

Additional minor text edits were made in the Discussion section to support
the relocation (see line 662-663), and also references 19-23 were
reordered.

In a wide array of other locations in the protocol, we identified cases where
we erroneously used discursive language instead of directive language. We
have corrected the language style in those cases, to help the reader

understand these as clear directions. The locations of these corrections are:

Protocol steps 2.2.2, 2.2.3, 2.3.1, 2.3.2, 2.3.3, 2.4.1, 2.4.3.3, 2.4.4,
2.4.5, 2.4.6.1, 2.4.6.2, 2.4.6.3, 2.5, 2.5.1, 2.5.2, 2.5.3, 4.1.1, 4.1.2.1,
4.1.2.2, 4.1.3, 4.1.4, 4.1.5, 5.1, 5.3.1.1, 5.3.1.2, 5.3.2.1, 5.3.2.2,
5.3.3.1, 5.3.3.2, 5.3.3.2.3, 6.4

Comment: “Please add more details to your protocol steps. Please ensure you
answer the “how” question, i.e., how is the step performed (in particular, for
researchers who are unfamiliar with this work)"”



More protocol steps and substeps were added to clarify the process and
provide more details. Steps in the revised manuscript that are new are as
follows:

2.4.7, 2.4.7.1, 2.4.7.2, 2.4.7.3, 2.4.7.4, 2.5.4.1, 2.5.4.2, 2.5.6, 2.5.6.1,
2.5.6.2, 2.5.6.4, 2.5.6.5, 2.5.6.6, 2.5.6.7, 3.1, 3.3.1, 3.3.2

Steps in the revised manuscript that have additional details added are as
follows:

2.2.3, 2.4.6.1, 2.4.6.2, 2.4.6.3, 3.2, 3.6.2,5.3.1.2, 5.3.2.2, 5.3.3.2

Comment: “1, 2, 5: Note that selection and experimental design steps are fairly
vague and usually can't be filmed.”

We have tried to eliminate highlights on steps that are too vague to easily be
filmed. To the best of our knowledge all currently highlighted portions are
concrete enough to be filmed. However, we are very open to the advice of
the editors in this matter, and would be happy to adjust the highlight further.

Comment: “2: Please include more information about how exactly to repeat these
steps; e.g., how exactly are robots assembles, and how are the supports
assembled? Please include more specific measurements, etc.”

We added the following new steps (or added new information) regarding
robot assembly, including measurements where relevant:

2.2.3, 2.4.6.1, 2.4.6.2, 2.4.6.3, 2.4.7, 2.4.7.1, 2.4.7.2, 2.4.7.3, 2.4.7.4

We also added a block diagram of robot components (Figure 2) to help with
the clarity of robot assembly protocol.

We added the following steps (or added new information) regarding the
assembly of the supports and the mechanical setup, including many new and
specific measurements:

2.5.4.1, 2.5.4.2, 2.5.6, 2.5.6.1, 2.5.6.2, 2.5.6.3, 2.5.6.4, 2.5.6.5,
2.5.6.6, 2.5.6.7

Comment: “3.2, 3.3: If this is to be filmed, please include more specific information
about how exactly to program the robots to do this.”



We added the following new steps (or added new information) to help clarify
the programming of the robots:
3.1, 3.2, 3.3.1, 3.3.2, 3.6.2

We believe the steps here can be shown in a concrete way when filmed, by
demonstrating the behavior of the robot that is triggered (visible on the
hardware) during the relevant software state. However, if the editors prefer
that this is not filmed, we are of course open to those modifications.

Comment: “If revisions cause a step to have more than 2-3 actions and 4
sentences per step, please split into separate steps or substeps.”

The new steps added have been structured into substeps whenever possible,
as seen in the following:

Steps 2.4.6 - 2.4.7.4 and 2.5.6 - 2.5.6.7

We also split existing overly long steps into separate steps or substeps. The
following steps represent new subdivisions:
e 2.4.3.1, 2.4.3.2, and 2.4.3.3 have been added, as subdivisions from
2.4.3
2.4.6 is split into 2.4.6.1, 2.4.6.2, 2.4.6.3
3.4 (formerly 3.3.) is split into 3.4, 3.5, and 3.6.1
4.1.2 is splitinto 4.1.2.1, 4.1.2.2, 4.1.2.3, 4.1.2.4
5.3.1 is split into 5.3.1.1 and 5.3.1.2
5.3.2 is split into 5.3.2.1 and 5.3.2.2
5.3.3 is split into 5.3.3.1 and 5.3.3.2

We also restructured the following as substeps one or two list levels lower, to
help increase clarity:

3.6.1, 3.6.2, 3.6.3, 3.6.4, 3.7.1, 3.7.2, 3.7.3, 3.7.3.1, 3.7.3.2, 3.7.3.3,
3.7.4, 3.7.5, 3.7.6, 3.7.7
Comment: “Please cite all figures at least once in the manuscript (outside the
legends).”

Figure 1 is now referenced at protocol step 2.1, line 183.

Figure 2 (a new figure) is referenced at protocol step 2.1, line 183.



Figure 3B (previously 2B) is now referenced at protocol step 2.3, line
209-210.

Comment: “1. Please ensure the Table of Materials has information on all materials
and equipment used, especially those mentioned in the Protocol.”

The Table of Materials has been updated to contain all information
mentioned in the protocol.

Reviewer #3:

Comment: "The methodology is comprehensively described and seems complete,
but for a schematics of the electronics inside the robotic node. Here a simple block
diagram might go a long way.”

We have added a new figure (Figure 2) that contains a simple block
diagram of the robotic node electronics.

Comment: “Along these lines, the authors might also publish the pseudo-code for
the robotic node program.”

In protocol step 3.2, we have added a reference to our published
pseudo-code for the robotic node program, line 361-362.

Thank you in advance for your time and your consideration.
Best regards,
Mostafa Wahby, on behalf of all authors
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Creative Commons Legal Code

Attribution 4.0 International

Official translations of this license are available in other languages.

Creative Commons Corporation (“Creative Commons”) is not a law firm and does not provide legal services or legal
advice. Distribution of Creative Commons public licenses does not create a lawyer-client or other relationship. Creative
Commons makes its licenses and related information available on an “as-is” basis. Creative Commons gives no
warranties regarding its licenses, any material licensed under their terms and conditions, or any related information.
Creative Commons disclaims all liability for damages resulting from their use to the fullest extent possible.

Using Creative Commons Public Licenses

Creative Commons public licenses provide a standard set of terms and conditions that creators and other rights holders
may use to share original works of authorship and other material subject to copyright and certain other rights specified in
the public license below. The following considerations are for informational purposes only, are not exhaustive, and do not
form part of our licenses.

Considerations for licensors: Our public licenses are intended for use by those authorized to give the public permission
to use material in ways otherwise restricted by copyright and certain other rights. Our licenses are irrevocable. Licensors
should read and understand the terms and conditions of the license they choose before applying it. Licensors should also
secure all rights necessary before applying our licenses so that the public can reuse the material as expected. Licensors
should clearly mark any material not subject to the license. This includes other CC-licensed material, or material used
under an exception or limitation to copyright. More considerations for licensors.w

Considerations for the public: By using one of our public licenses, a licensor grants the public permission to use the
licensed material under specified terms and conditions. If the licensor’s permission is not necessary for any reason—for
example, because of any applicable exception or limitation to copyright—then that use is not regulated by the license. Our
licenses grant only permissions under copyright and certain other rights that a licensor has authority to grant. Use of the
licensed material may still be restricted for other reasons, including because others have copyright or other rights in the
material. A licensor may make special requests, such as asking that all changes be marked or described. Although not
required by our licenses, you are encouraged to respect those requests where reasonable. More considerations for the
public.w

Creative Commons Attribution 4.0 International Public License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms and conditions of this
Creative Commons Attribution 4.0 International Public License ("Public License"). To the extent this Public License may be
interpreted as a contract, You are granted the Licensed Rights in consideration of Your acceptance of these terms and
conditions, and the Licensor grants You such rights in consideration of benefits the Licensor receives from making the
Licensed Material available under these terms and conditions.

Section 1 — Definitions.

1. Adapted Material means material subject to Copyright and Similar Rights that is derived from or based upon the
Licensed Material and in which the Licensed Material is translated, altered, arranged, transformed, or otherwise
modified in a manner requiring permission under the Copyright and Similar Rights held by the Licensor. For purposes
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of this Public License, where the Licensed Material is a musical work, performance, or sound recording, Adapted
Material is always produced where the Licensed Material is synched in timed relation with a moving image.

. Adapter's License means the license You apply to Your Copyright and Similar Rights in Your contributions to Adapted

Material in accordance with the terms and conditions of this Public License.

. Copyright and Similar Rights means copyright and/or similar rights closely related to copyright including, without

limitation, performance, broadcast, sound recording, and Sui Generis Database Rights, without regard to how the
rights are labeled or categorized. For purposes of this Public License, the rights specified in Section 2(b)(1)-(2) are not
Copyright and Similar Rights.

. Effective Technological Measures means those measures that, in the absence of proper authority, may not be

circumvented under laws fulfilling obligations under Article 11 of the WIPO Copyright Treaty adopted on December 20,
1996, and/or similar international agreements.

. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or limitation to Copyright and

Similar Rights that applies to Your use of the Licensed Material.

. Licensed Material means the artistic or literary work, database, or other material to which the Licensor applied this

Public License.

. Licensed Rights means the rights granted to You subject to the terms and conditions of this Public License, which are

limited to all Copyright and Similar Rights that apply to Your use of the Licensed Material and that the Licensor has
authority to license.

8. Licensor means the individual(s) or entity(ies) granting rights under this Public License.

10.

11.

. Share means to provide material to the public by any means or process that requires permission under the Licensed

Rights, such as reproduction, public display, public performance, distribution, dissemination, communication, or
importation, and to make material available to the public including in ways that members of the public may access the
material from a place and at a time individually chosen by them.

Sui Generis Database Rights means rights other than copyright resulting from Directive 96/9/EC of the European
Parliament and of the Council of 11 March 1996 on the legal protection of databases, as amended and/or succeeded,
as well as other essentially equivalent rights anywhere in the world.

You means the individual or entity exercising the Licensed Rights under this Public License. Your has a corresponding
meaning.

Section 2 - Scope.

1.

2.

License grant.

1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a worldwide, royalty-
free, non-sublicensable, non-exclusive, irrevocable license to exercise the Licensed Rights in the Licensed Material
to:

1. reproduce and Share the Licensed Material, in whole or in part; and

2. produce, reproduce, and Share Adapted Material.

2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations apply to Your use, this
Public License does not apply, and You do not need to comply with its terms and conditions.

3. Term. The term of this Public License is specified in Section 6(a).

4. Media and formats;_technical modifications allowed. The Licensor authorizes You to exercise the Licensed Rights in
all media and formats whether now known or hereafter created, and to make technical modifications necessary to
do so. The Licensor waives and/or agrees not to assert any right or authority to forbid You from making technical
modifications necessary to exercise the Licensed Rights, including technical modifications necessary to circumvent
Effective Technological Measures. For purposes of this Public License, simply making modifications authorized by
this Section 2(a)(4) never produces Adapted Material.

5. Downstream recipients.
1. Offer from the Licensor — Licensed Material. Every recipient of the Licensed Material automatically receives an
offer from the Licensor to exercise the Licensed Rights under the terms and conditions of this Public License.

2. No downstream restrictions. You may not offer or impose any additional or different terms or conditions on, or
apply any Effective Technological Measures to, the Licensed Material if doing so restricts exercise of the
Licensed Rights by any recipient of the Licensed Material.

6. No endorsement. Nothing in this Public License constitutes or may be construed as permission to assert or imply
that You are, or that Your use of the Licensed Material is, connected with, or sponsored, endorsed, or granted
official status by, the Licensor or others designated to receive attribution as provided in Section 3(a)(1)(A)(i).

Other rights.




1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are publicity, privacy,
and/or other similar personality rights; however, to the extent possible, the Licensor waives and/or agrees not to
assert any such rights held by the Licensor to the limited extent necessary to allow You to exercise the Licensed
Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.

3. To the extent possible, the Licensor waives any right to collect royalties from You for the exercise of the Licensed
Rights, whether directly or through a collecting society under any voluntary or waivable statutory or compulsory
licensing scheme. In all other cases the Licensor expressly reserves any right to collect such royalties.

Section 3 - License Conditions.
Your exercise of the Licensed Rights is expressly made subject to the following conditions.

1. Attribution.
1. If You Share the Licensed Material (including in modified form), You must:

1. retain the following if it is supplied by the Licensor with the Licensed Material:
1. identification of the creator(s) of the Licensed Material and any others designated to receive attribution, in
any reasonable manner requested by the Licensor (including by pseudonym if designated);

2. a copyright notice;
3. a notice that refers to this Public License;
4. a notice that refers to the disclaimer of warranties;
5. a URI or hyperlink to the Licensed Material to the extent reasonably practicable;
2. indicate if You modified the Licensed Material and retain an indication of any previous modifications; and

3. indicate the Licensed Material is licensed under this Public License, and include the text of, or the URI or
hyperlink to, this Public License.

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the medium, means, and
context in which You Share the Licensed Material. For example, it may be reasonable to satisfy the conditions by
providing a URI or hyperlink to a resource that includes the required information.

3. If requested by the Licensor, You must remove any of the information required by Section 3(a)(1)(A) to the extent
reasonably practicable.

4. If You Share Adapted Material You produce, the Adapter's License You apply must not prevent recipients of the
Adapted Material from complying with this Public License.

Section 4 — Sui Generis Database Rights.
Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed Material:

1. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and Share all or a
substantial portion of the contents of the database;

2. if You include all or a substantial portion of the database contents in a database in which You have Sui Generis
Database Rights, then the database in which You have Sui Generis Database Rights (but not its individual contents) is
Adapted Material; and

3. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the contents of the
database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this Public License
where the Licensed Rights include other Copyright and Similar Rights.
Section 5 — Disclaimer of Warranties and Limitation of Liability.

1. Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor offers the
Licensed Material as-is and as-available, and makes no representations or warranties of any kind concerning
the Licensed Material, whether express, implied, statutory, or other. This includes, without limitation,
warranties of title, merchantability, fitness for a particular purpose, non-infringement, absence of latent or



other defects, accuracy, or the presence or absence of errors, whether or not known or discoverable. Where
disclaimers of warranties are not allowed in full or in part, this disclaimer may not apply to You.

2. To the extent possible, in no event will the Licensor be liable to You on any legal theory (including, without
limitation, negligence) or otherwise for any direct, special, indirect, incidental, consequential, punitive,
exemplary, or other losses, costs, expenses, or damages arising out of this Public License or use of the
Licensed Material, even if the Licensor has been advised of the possibility of such losses, costs, expenses, or
damages. Where a limitation of liability is not allowed in full or in part, this limitation may not apply to You.

3. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a manner that, to the
extent possible, most closely approximates an absolute disclaimer and waiver of all liability.

Section 6 — Term and Termination.

1. This Public License applies for the term of the Copyright and Similar Rights licensed here. However, if You fail to
comply with this Public License, then Your rights under this Public License terminate automatically.

2. Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your discovery of the
violation; or

2. upon express reinstatement by the Licensor.

For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to seek remedies for
Your violations of this Public License.

3. For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate terms or conditions or
stop distributing the Licensed Material at any time; however, doing so will not terminate this Public License.

4. Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7 — Other Terms and Conditions.

1. The Licensor shall not be bound by any additional or different terms or conditions communicated by You unless
expressly agreed.

2. Any arrangements, understandings, or agreements regarding the Licensed Material not stated herein are separate
from and independent of the terms and conditions of this Public License.

Section 8 — Interpretation.

1. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce, limit, restrict, or
impose conditions on any use of the Licensed Material that could lawfully be made without permission under this
Public License.

2. To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be automatically
reformed to the minimum extent necessary to make it enforceable. If the provision cannot be reformed, it shall be
severed from this Public License without affecting the enforceability of the remaining terms and conditions.

3. No term or condition of this Public License will be waived and no failure to comply consented to unless expressly
agreed to by the Licensor.

4. Nothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of, any privileges and
immunities that apply to the Licensor or You, including from the legal processes of any jurisdiction or authority.

Creative Commons is not a party to its public licenses. Notwithstanding, Creative Commons may elect to apply one of its
public licenses to material it publishes and in those instances will be considered the “Licensor.” The text of the Creative
Commons public licenses is dedicated to the public domain under the CCO Public Domain Dedication. Except for the
limited purpose of indicating that material is shared under a Creative Commons public license or as otherwise permitted
by the Creative Commons policies published at creativecommons.org/policies, Creative Commons does not authorize the
use of the trademark “Creative Commons” or any other trademark or logo of Creative Commons without its prior written
consent including, without limitation, in connection with any unauthorized modifications to any of its public licenses or any
other arrangements, understandings, or agreements concerning use of licensed material. For the avoidance of doubt, this
paragraph does not form part of the public licenses.

Creative Commons may be contacted at creativecommons.org.
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