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Abstract

Climate instability directly affects agro-environments. Water scarcity, high air temperature, and changes in soil biota
are some factors caused by environmental changes. Verified and precise phenotypic traits are required for assess-
ing the impact of various stress factors on crop performance while keeping phenotyping costs at a reasonable level.
Experiments which use a lysimeter method to measure transpiration efficiency are often expensive and require
complex infrastructures. This study presents the development and testing process of an automated, reliable, small,
and low-cost prototype system using loT with high-frequency potential in near-real time. Because of its waterproof-
ness, our device—LysipheN—assesses each plant individually and can be deployed for experiments in different
environmental conditions (farm, field, greenhouse, etc.). LysipheN integrates multiple sensors, automatic irrigation
according to desired drought scenarios, and a remote, wireless connection to monitor each plant and device per-
formance via a data platform. During testing, LysipheN proved to be sensitive enough to detect and measure plant
transpiration, from early to ultimate plant developmental stages. Even though the results were generated on com-
mon beans, the LysipheN can be scaled up/adapted to other crops. This tool serves to screen transpiration, transpira-
tion efficiency, and transpiration-related physiological traits. Because of its price, endurance, and waterproof design,
LysipheN will be useful in screening populations in a realistic ecological and breeding context. It operates by pheno-
typing the most suitable parental lines, characterizing genebank accessions, and allowing breeders to make a target-
specific selection using functional traits (related to the place where LysipheN units are located) in line with a realistic
agronomic background.

Keywords Phenotyping, Precision agriculture, Mechatronic design, Transpiration, Low-cost, Target populations of
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Background

Excessive costs of water and/or limited access to it in
some agricultural areas do not allow all producers to
access available solutions [1, 2]. Breeders are constantly
searching to identify new phenotypic traits in early-
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the other hand, the room for crop adaptation is limited
by climate and climate-change volatility. Furthermore,
there is not enough precise information about how
crops will respond to these changes [5]. In the case of
common beans, drought stress (and its consequences)
has a higher level of severity than other types of abiotic
stresses to which the bean may be exposed [6]. How-
ever, these problems are present in many other crops.

Experiments in diverse but well-described and well-
managed conditions help researchers to determine crop
behavior related to a given environment [7]. Experi-
ments focused on important crops need to be accom-
panied by internal and external information on crop
physiological reactions. The whole set of important
responses is related to restricted water availability,
which should be understood by compiling both physi-
cal and climatic components; different soil types and
soil profile depths; plant density, and crop-atmosphere
relationships [8]. The physiologically adequate and
agronomically relevant stress timing and duration con-
nected with high-frequency data will play a crucial role
in understanding crop responses.

Thus, crops’ water use has become a main focus and
carries different concepts to be considered. Therefore,
to define water productivity at the plant level, transpira-
tion efficiency (TE) likely plays a crucial role as it is an
important component of the concept called effective
use of water (EUW). TE is defined by accumulated eco-
nomic biomass (i.e., seeds) per water unit transpired via
the plant body [9]. To measure TE, a long period of plant
observation/weighing is an indispensable need during
the entire crop cycle. Without automation, this work has
a drudgery component. Additionally, [10] emphasize that
EUW studies should not be the only factor in optimizing
yield under limited water conditions; Understanding the
role of both limited and non-restricted transpiration dur-
ing the diurnal phase and also across the whole phenol-
ogy is one of the most important questions connected to
target-specific breeding. Crop growth models recognize
that water scarcity is associated with a high vapor pres-
sure deficit (VPD), which in turn implies a condition of
atmospheric water stress [11]. The dehydration resist-
ance of leaves to very high VPDs has become a trait that
researchers suggest being included when considering
breeding crop varieties adapted to water-limited envi-
ronments [12]. On the other hand, under drought condi-
tions, a limited transpiration rate under high VPD could
be used to conserve soil water for later use when seeds
are filled [13]. Logically the soil water availability and
dynamic changes in water consumption during differ-
ent phenological steps are crucial factors in determining
the impact of VPD on crop development and should be
included in analyses [14].
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The challenge of useful phenotyping is aimed at tech-
niques, tools, and databases together with the entire
phenotypic platforms which rely on “hypothesis-driven”
rather than “available tool-driven” research outputs [15].
The lysimeters measure changes in water movements by
weighing the entire system. However, because of their
robustness and complexity, most designs are consid-
ered impractical and expensive thus they are not widely
used in research centers [16]. Additionally, the weighing
lysimeter is a very accurate method for studying crop
water-related requirements and gives valuable data for
improving crop water management. Understanding this,
some agronomists or crop scientists use pots or trays in
evapotranspiration calculations [17, 18]. Undoubtedly,
there is a constantly increasing need for plant-pheno-
typing systems, which can (semi-)automatically measure
water movement and calculate water use to identify gen-
otypes with improved EUW [19].

In support of the above-mentioned considerations,
the integration of technology to study plant features has
reached the point at which novelty robotics solutions
and mechatronic systems have often been offered [20].
Mechatronic systems that analyze plant-pot systems with
(semi-)controlled irrigation are the next logical step to
go further to find conservative crops with a limited tran-
spiration rate at high VPDs [13]. Since VPD appears to
have the greatest influence on transpiration response
compared to other environmental variables [12], differ-
ent studies have presented their prototypes reflecting
VPD values. One of these is the lysimeter developed with
a water-use-optimized irrigation system developed by
Vera-Repullo. The study includes irrigation determined
from the lysimeter’s dataset processing and an embedded
system controller which is used as a remote data logger
and allows data information access through the internet
[21]. However, it is crucial that researchers focus efforts
on developing tools that may be used directly in field
conditions, not only in regulated and protected green-
houses. Some authors [16] have presented a weighing
lysimeter prototype at the field level which was used on
the farm and placed in the soil.

Solutions implemented so far also include remote-
sensing systems (i.e., wireless sensors with dataloggers),
which have become an important tool for crop scien-
tists. These technologies allow for capturing standard-
ized data, reducing time-demanding operations, and
eliminating differences in individual data perception
[15]. Therefore, it is common that remote systems to
be integrated with the internet-of-things (IoT). One
example of this is the solution shown by [17], which
implemented a low-cost weighing lysimeter that was
able to measure the weight of potted crops and use an
open-source platform to determine water balance in
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irrigation periods. Data were sent remotely to the cloud
and accessible via the internet. In that way, [22] the
system used 100 balances (scales) inside a glasshouse
where each one automatically logged weight data every
minute. In this study [22], two common bean cultivars
demonstrate greater drought sensitivity compared to
soybean cultivars. Thus, it is demonstrated that gravi-
metric platforms allow recognizing of the effects of
biomass accumulation and transpiration per individual
plant, as well as calculations related to the TE at the
cycle end when seed vyield is available. Through the
measurements of plant weight changes, the extracted
transpiration rate profiles can identify water-saving and
water-spending mechanisms based on daily plant water
losses (standardized to actual leaf area or other traits)
representing transpiration response to VPD [23].

Our study shows the development and testing pro-
cess for a solution-oriented tool that combines sensors
with IoT technology. We called the device “LysipheN”
(also Gravimetric Unit—GU). LysipheN is an auto-
mated, low-cost, and novel prototype for measuring
the soil-plant-atmosphere continuum responses. By
measuring the weight changes of the system (plant
sown in a pot with soil) and reducing evaporation by
surface coverage, LysipheN can automatically obtain
the transpiration amount every minute diurnally or
across the entire crop lifecycle. The system recognizes
exactly the amount of water that has been irrigated
within the system since the beginning of the experi-
ment. The internal tissue (stem and pod temperature),
soil moisture, air humidity, and air temperature sensors
have been included in the device to capture the climatic
data. Electronically, the LysipheN is an autonomous
self-standing IoT-embedded system that sends data
through the internet and stores a backup of millions of
data locally within each unit. Besides that, the Arduino-
based integrated system allows the integration of more
sensors together. Using a Linux-based operating sys-
tem (OS) allows updating and identifying the responses
of different genotypes to different environments in an
almost real-time manner. Each GU is an independent
system and can be placed in different sites—growth
chambers, greenhouses, and even within (remote) field
trials.

The goal of this study is to present a LysipheN system
that can identify outstanding parental accessions for a
particular region, using lines within a realistic breeding
context, connected to product profile information, to
dissect water-use-related traits of different genotypes/
species and help to characterize genebank accessions.
The LysipheN concept is oriented to be universal and
versatile across a range of special-interest in crops
such as beans, rice, bananas, tropical forage crops, and
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others in different stress scenarios related to TPEs of
interest.

Results

The research implemented several experiments to
achieve secure, highly precise measurements via the
developed LysipheN prototype. Several different pro-
totypes were tested (Gravimetric Units). The prototype
device is described in “Materials and methods” section.
For detailed technological adjustment data, please see
Additional file 1. Once the defined version was ready,
10 prototype replicas of LysipheN units were built to be
tested. The experiments were conducted using the Bio-
versity International and CIAT Alliance facilities, inside
a greenhouse in controlled conditions and under a moni-
tored environment.

The prototypes were set to record data every 5 min.
The system weight (Fig. 1), air RH, air temperature,
internal stem temperature, and soil temperature (Fig. 2)
were monitored. Together with the data from the sen-
sors, every prototype calculates and recognizes data such
as bean variety, number of irrigation events, total irri-
gated volume, etc. These data are stored automatically
and sent to the phenotyping platform database. The raw
results show that GU’s are stable (1, 2, 3, 5, 6-10), only
GU4 shows some noise data (Fig. 1). The irrigation events
are clearly visible close to 10 am of each day. Mark higher
raw weight changes in younger plants suggesting very
high transpiration and water consumption connected to
active prolongation growth on the plants.

The results show the environmental and stem tempera-
ture data from GUs (Fig. 2). The environmental data are
logically pretty similar as the experiment was conducted
in the same greenhouse. The only variable here can be
visualized in the stem temperature as this is affected by
the stem water conductivity and other genotype-related
factors.

Total leaf area (TLA) values were calculated for both
experimental and control plants. The bar chart (Fig. 3)
shows the calculated TLA per plant and nicely visualizes
the growth differences between groups of smaller and
big plants. The leaf area of smaller plants were around
200 cm?, meanwhile, the big plants’ leaf area was around
3000 cm® Note, to standardize the row transpiration
values among plants it is crucial to know the leaf area of
each plant.

Data analysis

The cumulative transpiration per plant was calculated
from GU data as the difference between the amount of
water irrigated (ml) and the weight loss for 24 h (in our
case for 3 consecutive days; Fig. 4).
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Fig. 1 Raw weight data from ten prototypes (evaluation of 3 consecutive days). GU1 to GU5 younger (PCS) plants (1 month after sowing), GU6
to GU10 (PCH) plants (>80 days after sowing). A remaining noise can be noted on GU2 and GU10 data

Additionally, from manually measured TLA values and
cumulative transpiration previously obtained, the net
transpiration standardized for LA was obtained for PCS
(small; GU 1-5) and PCH (big; GU 6-10) plants (Fig. 5).
Thus, the net cumulative transpiration per leaf unit
(ml cm™) by the plants in different phenological stages
can be observed. Note the markable differences between
day (high) and night (low) net transpiration (Fig. 4).

The results show the significant difference between
cumulative values of plant transpiration standardized to
leaf area (ml cm™?) regarding their developmental stage.
Figure 5 shows the raw, however stable data of cumula-
tive transpiration standardized per leaf area.

Discussion

The LysipheN prototypes demonstrate their ability to
measure 24/7 plant water consumption via transpiration
(soil-plant—atmosphere continuum) changes according
to the concept proposed by Poorter et al. [7]. The other
variables such as stem and pods’ internal temperature,
air temperature, air relative humidity, and soil water con-
tent were measured individually for a single plant. At the
same time, the LysipheN units successfully supported
plant growth without any supervision. This was achieved
by controlling the daily irrigation of the individual plants
based on plants’ previous water consumption data. The

irrigation events were implemented by water injec-
tion reaching the defined target weight point every day
(Fig. 1).

The 10 LysipheN units were assembled based on the
final prototype constructed from different previous ver-
sions of the GU. In this study, the previous versions are
not shown. However, the development prototype pro-
cess can be found in Additional file 1: “Prototype devel-
opment process” section. This process was oriented to
solving issues related to irrigation systems, hardware
selection, sensor stability, and reducing the noise affect-
ing the load cells. Some of these issues were related to the
electric noise or were caused by vibrations [17].

Monitoring water-use efficiency (WUE) in diurnal
schemes or for the entire growth cycle under differ-
ent environmental stresses (such as VPD or irradiance
[24]) is extremely helpful for the detection of preferred
phenotypes. The specific target population of environ-
ments (TPE) needs to be properly considered before data
mining starts, as only TPE-related outputs are useful
for breeders who depend on realistic contexts. Evalua-
tion of the final prototype on plants focused on showing
that the prototype can effectively measure transpiration
water losses in real-time, precisely capturing the diurnal
dynamics (Fig. 1). However, some prototypes (GU2, GU3,
and GU10) showed noise susceptibilities in the weighing
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after sowing; PCH)
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Fig. 4 Cumulative transpiration was calculated for every single GU. GU1 to GU5 contain younger (PCS) plants (1 month after sowing), and GU6
to GU10 contain (PCH) old plants (>80 days after sowing). The influence of the remaining noise from the load cell can be noted in GU2 and GU10

data

measurements (abrupt and non-logical changes in the
chart) which affected data quality and the analysis. We
kept these data for easier detection of transpiration varia-
bility by former users. This particular erroneous behavior
can easily be repaired by acquiring a high-load cell-qual-
ity sensor. The prototypes revealed that PCH transpired
100-200 more grams of water than PCS plants per day
(during the 3 consecutive days), under the same envi-
ronment and soil conditions. This is an expected result
since the TLA of PCH plants was over 2000 cm? and PCS
under 500 cm? (Fig. 3). At this point, it is important to
mention that plants’ transpiration under the same envi-
ronment depends partly on genetics and partly on the
presence of other abiotic or biotic stresses, and leaf tem-
perature, thickness, and surface area [25, 26].

Knowing the weight losses per day, cumulative transpi-
ration per leaf area/plant can be easily calculated using
a particular formula (Fig. 4). As mentioned above, the
transpiration of each plant should definitely be stand-
ardized per LA (Fig. 5) to unify responses between dif-
ferent plants and eliminate the genotype or treatment
effect within each group. The calculations standardized
to LA, allow us to determine that the amount of water

transpired per leaf area was higher in smaller (PCS) than
in bigger (PCH) plants due to the leaf phenology and
in accordance with other physiological studies. These
results demonstrated that the LysipheN prototypes are
sensitive enough to detect and measure even tiny weight
changes and then produce good transpiration data from
very early to oldest plants across developmental stages.

With additional measurements (air RH, air, soil, and
internal stem temperatures) the co-factor effects in vary-
ing VPD (Fig. 2) can be determined and support deeper
analysis focused on factors that restrict transpiration.
Genotypes with restricted transpiration could be more
resistant to terminal drought but more susceptible to
heat waves. However, the particular environment/soil
scenario needs to be considered before any final deci-
sions are made.

The developed GU prototype is an innovative low-
cost tool for modern phenotyping. Our system showed
that combining different technologies focused on plant
measurements creates a synergy that meets specific
needs of crop physiologists, pre-breeders, genebank
curators, and breeders. Due to the previous calibration
procedures, the LysipheN unit is completely portable,
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Fig. 5 Net cumulative transpiration was calculated per leaf area unit for every single prototype. GU1 to GU5 contains data from young (PCS)
plants (1 month after sowing), and GU6 to GU10 (PCH) contains data from physiologically mature plants (>80 days after sowing). The influence
of remaining noise can be noted in GU2 and GU10 data. Mark the difference in the scale between GU1-5 and GU6-10 due to TLA being lower

on these plants

allowing it to work in different environmental condi-
tions and be connected to different electrical sources
(solar panels, any 110/220 AC source, batteries, 12 V
power plants, etc.). Additionally, as an IoT phenotyp-
ing tool, each unit allows access to data remotely in real
time through the web-user application. This applica-
tion will send an email alert message if values are out
of the programmed limits. Besides this, every prototype
integrates an SQL database for data secure storing and
algorithms able to calculate the water losses. The auto-
matic adjustment (based on the predetermined stress
scenario) of the next irrigation event based on the pro-
grammed watering scenario is another advantage of
the system. High data precision will facilitate different
crops’ growth such as rice, forages, bananas, and other
species according to the researchers’ interest. Impor-
tantly, it will reduce the “preliminary experiments”
to a minimum, especially when new stress, and more
importantly new species are introduced. At the time of
the study publication, the cost of materials per Lysip-
heN unit (without manufacturing costs) was around
500 USD.

Conclusions

The developed LysipheN prototypes could become an
important low-cost tool for crop pre-breeding and phe-
notyping teams, especially in places where scientists
have limited resources for a big phenotyping platform
or where the number of studied materials varies or is
low. Development efforts were focused on the assurance
of data stability and quality and also on a user-friendly
approach for researchers even in remote areas of the
world. The full availability for remote use of these units is
an intended and crucial advantage when region-specific
responses are needed. In this case, soil, water, and other
inputs are used from this particular place to ensure out-
comes suitable for modelers, pre-breeders, and breed-
ers. This process is called “target-specific breeding” and
is in accordance with the recommendations presented
by physiological breeding. So far, we built 10 LysipheN
prototypes capable of indirectly recognizing the growth
specifications of individual plants by direct evaluation of
their transpiration with a high level of precision. Weight
measurements can vary between prototypes; therefore,
easy calibration and mainboard thermal corrections are
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sufficient to solve this problem. However, the load cell
noise, water condensation, and vibrations can affect high-
precision measurements when plants are very small (one
or two true leaves) because daily weight changes are close
to the load cell threshold (+5 g). With bigger plants, pro-
totypes demonstrated successful noise reduction and
are very reliable. The next development efforts will be
focused on implementing cleaning algorithms and using
robust industrial sensors.

Using low-cost devices that allow remote connection to
collect data in near real-time as also automatic irrigation
based on feedback with previously transpired water is an
important facilitation step for even small research groups
to verify valuable hypotheses. The tool multiplies its ben-
efits when selected functional traits are used in accept-
able breeding contexts on materials with acceptable
agronomic background (outstanding parental identifica-
tion or early-materials evaluation). LysipheN is a tool to
implement precise crop phenotyping, useful for breeders
and physiologists but also in pre-breeding teams (charac-
terization of genebank accessions by curators).

Materials and methods

In order to detect errors and challenges and measure
plant transpiration, from early to ultimate plant devel-
opmental stages the following methodology is outlined.
All additional technical details are included in Additional
file 1.

Experimental design

An experiment with one common bean variety was car-
ried out with the 10 previously-calibrated GUs inside the
greenhouse with one plant in each GU. The experiment
proved system stability, and automatic irrigation scheme
viability, and verified the minimum threshold in weight
recognition (real cell-load accuracy). To assess the con-
trast in transpiration, plants evaluated using GUs were

= \

Fig. 6 Prototypes with plants—two groups. 1. Right—>5 prototypes
with younger plants (PCS) (1 month after sowing). 2. Left—5
prototypes with older (PCH) plants (>80 days after sowing). 3.
Center—water source container for prototypes' automatic daily
irrigation supply
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divided into two groups with 5 replicates each accord-
ing to their phenological stage (Fig. 6). The first group
was formed with plants 30 days after sowing (PCS) and
the second group with plants closer to the final harvest
(PCH) (> 80 days after sowing).

In addition, 15 extra pots with one plant per pot, were
placed next to the prototypes for manual evapotranspira-
tion monitoring (control plants, Fig. 7). The soil surface
of both the control and experimental GU was covered
with black polyethylene to eliminate evaporation by irra-
diation and so measure only transpiration changes of
individual plants.

Automatic data collection

Every GU prototype was scheduled to automatically sup-
ply water to the plant. The amount of irrigated water
depends on the amount of weight lost via plant transpi-
ration during the last 24 h, after the previous irrigation
event. In this case, 100% of the transpired water was
added to each GU for each irrigation event, and plants
were irrigated with the same amount of consumed water.
For the purposes of this study, 3 consecutive days were
selected.

Manual data collection

Some samples were taken manually during the experi-
ment. Initially, 1 day before the experiment started, leaf
length (LL) (from tip to petiole) and leaf width (LW) in
millimeters at the leaves’ widest point were measured
manually. However, these two values, LL and LW multi-
plied, give a rectangle area. Therefore, every single Leaf
surface Area (LA) in cm?, was calculated by Eq. 1.

LA = (LL x LW) x GF. (1)

Note that GF is a genotype factor, which is a constant
value of the area inside the rectangle that is not part of

Fig. 7 Prototypes with experimental (right) and control (left) plants.
1. Five prototypes with younger (PCS) plants (1 month after sowing).
2. Five prototypes with older (PCH) plants (>80 days after sowing).
3. Control plants. Note that all pots are surface covered with black
polyethylene. In the middle (between 1 and 2) there is an irrigation
basin to feed peristaltic pumps for automatic irrigation

= = ” 1
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the leaf. This GF factor was obtained previously, and can
be specific per used genotype.

Thus, the Total Leaf surface Area in cm? (TLA) was cal-
culated per plant (Eq. 2) as the addition of every single
Leaf surface Area (LA).

=n
TLA =) LA. )

i=1
TLA values were calculated for both experimental and
control plants. Note that in Eq. 2 “n” is the number of tri-
foliate leaves in the plant, and LA is the single leaf area.
Additionally, the number of leaves was also obtained.
TLA measurements are depicted in Fig. 3 (Results

section).

The LysipheN prototype

The LysipheN prototype is a mechatronic device, includ-
ing hardware and software implemented in a mechani-
cal structure. The mechanical structure is constructed
as a robust, compact, and light assembly allowing the
LysipheN to be easily portable. For the hardware imple-
mentation, the electromechanical devices, a microcon-
troller, IoT devices, and other sensors were equipped and
plugged into an embedded electronics system. The soft-
ware was developed using different programming lan-
guages and communication protocols.

The LysipheN prototypes can measure different types
of variables in the soil-plant—atmosphere continuum.
The directly measured variable is transpiration, calcu-
lated via system weight changes over time. Other sensors
(the tissue temperature, soil moisture, relative air humid-
ity, and air temperature) serve as a source of additional
data and support the high reliability/repeatability of the
experiments. Using a peristaltic pump, the prototype
can perform automatic and precise irrigation during
the whole plant life cycle. Each GU is able to accurately
quantify the transpiration losses and automatically adjust
the later irrigation amount together with feedback from
individual pre-settled unit treatment (irrigation amount
in ml can vary from 0 to >100% of the water loss dur-
ing the evaluated period of time, based on the realistic or
hypothetical stress scenario). The LysipheN-cultivated
plants grow without any supervision and their perfor-
mance is much better than in hand-irrigated plants (no
damage by errors in over-watering by technicians). The
initial parameter setting thus serves to supply plants with
adequate water availability during the entire cycle or sup-
port constant under or overwatering.

Accessing data in real-time is possible since every
prototype has integrated a remote-access web appli-
cation. LysipheN prototype portability allows users
to easily move the tool to the evaluation site. The right
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combination of genotypes (deep understanding of paren-
tal lines for further crossing) together with the selection
upon different stressors (climate, soil, watering regime,
response to fertilizers, rhizobia etc.) will help to obtain
proofs of concept for physiological trait/allele combina-
tions that could boost yield, but still within a realistic
breeding context.

Mechanical structure

The structure was built (Fig. 8) using elements purchased
in a home store (our case in Homecenter in Colombia).
Construction elements of the prototypes consist of com-
monly used materials such as polyvinyl chloride tube
(PVC) 6-inch length and tube %-inch diameter, polytetra-
fluoroethylene (PTFE; Teflon) 6-inch diameter, and elec-
trical square box 12x12 cm. The mechanical structure
contains an integrated weighing sensor (Fig. 10), but also,
an irrigation system (actuator), cable and water hose pro-
tection, and an electronic box. The GU prototype struc-
ture itself (depending on the load cell capacity) is strong
enough to support the weight of the complete system
(pot, soil, and plant) up to 60 kg.

Hardware

Since the GU prototype was developed as a complete
embedded IoT development system, the hardware
required a design adaptation process to build a compact
electronic board with ports for the sensors, and other
devices that facilitate the electronic working of the proto-
types. This adaptation and electronic design process were
carried out in different stages oriented to the GU hard-
ware to be fully competent for the various parts: sensors’
data acquisition; irrigation control; electrical source con-
nection and backup; data collection; control microcon-
troller, and IoT internal communication and application’s
device (Fig. 9.).

Fig. 8 Gravimetric unit. 1. Teflon base for placing the pot. 2. Electrical
Ip65 box. 3. Circular soft yellow 6-inch diameter PVC base. 4. Output
holes for connecting sensors and dripping irrigation tubes. 5.
Peristaltic pump for irrigation
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5.12-5VDC converter. 6. Relay for controlling the irrigating pump. 7. Irrigation water source (tank). 8. Peristaltic pump for irrigation. 9. ADS1232 ADC.
10. Atmega328p microcontroller. 11. MAX6675 ADC. 12. Load cell (weight sensor). 13. Analog soil moisture sensor. 14. Plantin a pot. 15. Tiny k-type
thermocouple (temperature sensor). 16. Relay for electrical on/off switching of the sensor electronical system. 17. Raspberry Pi zero w. 18. Web

application (user interface)

Once the mechanical structure was ready, the physical
scope was defined to retain the ergonomics and protec-
tion of the electronic system without neglecting its basic
operation.

Sensor’s data acquisition

Weight system measurements The weighing system
(sensor, amplifier, and converter) returns the primary and
most important variable in the measurements. A load cell
[27] was used as the sensor to measure raw data in terms
of voltage changes depending on the compression applied
to the sensor (Fig. 10). Thus, after signal treatment, the

). 2.
Metal box as a support. 3. Circular soft yellow 6-inch diameter PVC
base of the whole unit

system’s weight changes are measured for every required
sample time (from milliseconds to hours), and—logi-
cally—individually for each GU. Therefore, considering a
known initial dry weight of the substrate (soil), the weight
system calculates the actual soil water content in % and
according to how much water was supplied/lost evaluates
the pot humidity in each period [28]. The sensor junction
with the body of LysipheN was easily assembled in the
structure using screws (Fig. 10).

As the load cell works at a very low voltage level with
3-5 V input (1 mV in this case as an output signal) it is
necessary to use the signal amplifier system (instru-
mentation amplifier) [28]. The ADS1232 analog-to-dig-
ital converter (ADC) was used for this purpose (Texas
Instruments, USA).

Internal pod and stem temperature measurements The
prototype includes two thermocouple sensors to measure
the temperature inside the stem and the fruit/pod. devel-
oped a methodology to measure the sap flow (however,
this concept needs to be verified in our system as the most
important part is the sensor insulation). In our case, the
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two sensors measure the internal pod and internal stem
temperature by using the K-type thermocouple (K-type
Teflon thermocouple with Nickel chromium and Nickel
aluminum alloy) (Uxcell K-Type Thermocouple Wire).
Each thermocouple (sensor) has an adapted welded end
and the temperature changes applied to this union gen-
erate a small voltage as an output (mV) (Seebeck effect)
transformed into the temperature.

This data provides essential insights for plant model-
ers. Future crop models must accurately use varied tis-
sue temperatures to estimate air temperature’s impact on
growth in a changing climate. During this phase, internal
stem and pod temperatures were measured to find links
to other variables, plant behavior, and the influence of
direct sun radiation.

Electronical board’s temperature measurement There
is a recognized temperature-based influence on elec-
tronic devices during their operation that could directly
affect the reliability of working [29]. Therefore, methods
to reduce the effect of the temperature should be applied
in the design of electronic embedded boards [17] For this
purpose, the temperature sensor TMP36 [30] was used to
measure the air temperature related to the microclimate
to which the electronical board is exposed. The data from
this sensor is used to run an auto-compensation tempera-
ture calibration algorithm for more precise weight meas-
urements.

Environmental variables The monitoring of the imme-
diate/cumulative plant responses according to treatment
concerning actual climatic conditions is a necessary step
for climate change-oriented plant research [18]. Besides,
these variables are extremely important in any compari-
son of plants’ responses [31]. However, sometimes climate
data from far-set weather stations are used. Even if the cli-
mate is measured in plant proximity, some basic errors
can easily occur because of convection, conduction, or
radiation. In the developed LysipheN prototype, air tem-
perature (T,) and relative air humidity (air RH) close to
the GU location are measured to know the dynamics of
these variables during the experiment. These variables (T,
and RH) play a crucial role in terms of the VPD calcula-
tion in relation to these and transpiration demand [32].
Thus, based on that data, the evapotranspiration models
can be calculated [33].

To measure T, and air RH, an SI7021 IoT sensor
together with a Sonoff module was used. The sensor
measurement range is 0-100% RH, and —10 to 85 °C.
The precision of the sensors is approximately +3% in
humidity and + 0.4 °C for the temperature measurements.
This sensor does not require a calibration process. Only
the Tasmota code [34] must be uploaded to the Sonoff
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module with the Wi-Fi credentials. This module is very
small. Therefore, plant development is not affected.

Water irrigation control

Poorter et al. [7] proposed different options to evalu-
ate water consumption in the sense of irrigating plants
in each pot individually. The consumed water can be
replaced by plant irrigation while maintaining a nearly
constant soil water status during the day [21]. Irrigation
was supplied with high precision actuators (water volume
error 5-10 ml) which were also used to support two dif-
ferent irrigation systems (dripping point from above the
soil surface and classic bottom irrigation reaching first
the roots). Having both systems available will allow a
wider range of plant types to grow, including lowland rice
under simulated flooding [21].

The developed LysipheN prototype includes a pro-
gramming algorithm for, among others, consulting local
network time every 10 s in cases (experiments) where
irrigation control by a specific time is required (below).
The data of actual transpiration or tissue (leaf, bud,
flower, pod) temperature are immediately available after
any water supply.

For the precise control of the irrigation system, a 12 V
peristaltic pump [35] was used and connected to a digi-
tal relay which is an electronic device used to implement
switching on/off logic [36]. During each experiment,
irrigation process parameters may easily be changed
depending on the user or plant requirements according
to the type of water availability scenario in the developed
user interface (UI) for the prototype (below). In a factory
setting, irrigation was scheduled every day at a specific
programmed time (usually early morning).

Electrical source connection and backup

Any experiment with LysipheN units needs an autono-
mous electrical and commonly used universal 12 V
source. This allows its use at any location or country.
Therefore, all experiments involved a battery backup sys-
tem, which in parallel, secured 100% of the time working
for the ten replicas built.

Data collection and control microcontroller

For an electronic system that requires sensor use, it is
essential to have a microcontroller capable of reading
and converting analog signals or digital messages into
useful data. To solve this problem, the Atmega328p was
selected [37].

This microcontroller programming is open source
(using C++ language) and can be done using the Arduino
IDE.

However, to get remote access and an internet connec-
tion for the prototype, this microcontroller needs to be



Pineda-Castro et al. Plant Methods (2024) 20:39

accompanied by another device capable of saving data
and sending it via Wi-Fi (as the Atmega328p does not
have these functions).

loT internal communication and application device
As mentioned above, Atmega328p (microcontroller) is
used only for sensors data readings. For the prototype,
it was necessary to use another device serving as a com-
plement to this microcontroller able to both save and
send data via Wi-Fi and also show them in an applica-
tion Node-Red interface (see Raspberry application’s user
interface programming). To solve this, we selected Rasp-
berry Pi Zero W [38]. It is a small development board, a
one-core processor with 512 MB RAM, and integrated
with a 32 GB microSD card for storing data and OS
working.

The Raspberry Pi Zero W function is highly important
in the prototype’s working. It allows, among others:

+ Host the main LysipheN unit web application
(Fig. 15) where all collected data are shown and plot-
ted in real-time.

+ Store data in an internal integrated MySQL database.

+ Control the peristaltic pump.
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+ Communicate and request data from Atmega 328p
Microcontroller.

+ Make easy wireless microcontrollers and main web
application reprogramming.

The use of this development board is like having a min-
icomputer within each LysipheN. Because it will allow
easy connection and configuration of the main web appli-
cation as well as allow integration of possible behavioral
algorithm estimation and correlations that are within the
limits of what is permitted by Raspberry’s characteristics.

Main electronic board design
The developed prototype has an integrated electronic
board that contains ports for all devices necessary for the
system’s working. For the correct integration, the devel-
opment of the board carried out separate tests per device
into an embedded system (Figs. 11 and 12). Thus, each
sensor was tested individually using Arduino Uno to ver-
ify the communication working and data consistency.
The electronic board is equipped with all devices and
connections required. It is divided into three different
parts.
The first part is composed by:

[5]

TITLE:
Gravimetric Unit's Board REV: 1.0

[company: _CIAT Sheet: 1/1

Drawn By: Duvan Pineda

o> EasyEDA[oe. 2021-01-27
2 T S

Fig. 11 Schematic design in EASYEDA
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Fig. 12 PCB design (top view), JLCPCB preview

+ Supply connections that are connected to the 12 V
main source.

« Internal 5 V and 3 V converter that will supply to
the Microcontroller, Raspberry, and other devices.

The second part is accomplished by:

« Microcontroller (Atmega328p).
+ Raspberry Pi Zero W with working respective con-
nection.

The third part in the main electronic board was
meant for sensors connection.

+ Weighing system (load cell, electric filter, and
ADS1232 ADC) using a wired connection to the
Atmega328p microprocessor.

+ Two K-type thermocouples
welded).

+ TMP36 sensor.

+ Relay for ON/OFF peristaltic pump control.

+ 12 V peristaltic pump for precise controlling of
water supply.

(tiny Teflon end

Finally, each unit has a main button, to start the entire
system when it is switched off or to do a reboot, if nec-
essary. A mini 5 V fan was connected to the IP65 box to
cool it and make some airflow over electronic devices
inside the box.
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Server web hosting device

The GU project now comprises 10 prototypes. Even
though each GU is equipped with a Raspberry Pi Zero
W that works, among others, as application web hosting,
this application is focused on single prototype informa-
tion. Therefore, a Udoo Neo [39] model has been used as
a server where the Node-Red general application works.
This application contains data information of each GU
connected to the same network and it is part of a bean
phenotyping platform (in preparation) developed with
MySQL and other saving and processing tools (below).

Software

The prototypes’ Programming routine was built in two
different languages and programming environments.
The microcontroller was programmed in C++ through
Arduino IDE uses, and Raspberry Pi’s application was
developed on Node-Red, which is a programming tool
based on visual connections of nodes and allows different
uses of internal Raspberry input and output pins, besides
Wi-Fi connection and MQTT communication.

Communication

Perfect communication synchrony between devices is
critical for any automated IoT development. Establishing
the protocols and making sure that the data will not be
lost, must be considered during system routine construc-
tion (Fig. 13). In our case, the Raspberry Pi and Micro-
controller are compatible with serial communication,
which makes it easier to share data processes between
them. These two devices are perfectly synchronized. The
Raspberry Pi Zero W sends a JSON package to the Phe-
notyping Platform with the data of each prototype using
the MQTT protocol at each interval time previously
defined.

Another important aspect of how to increase the com-
munication quality for each LysipheN unit was the direct
SPI connection between Raspberry Pi Zero W and the
microcontroller. This allows the user to change the pro-
gramming routine in both devices at any time and gives
the possibility to add or change sensors and actuators in
the future.

Microcontroller programming routine

A working program was written in C++ language to
establish the main routine of the device that will collect
data from all sensors (Fig. 14). This program code consid-
ers the working requirements of each sensor.

First, the program will load whole libraries and initial
parameters to read the traits of the sensors’ signal data.
Then, the user can choose in the Raspberry Pi Zero W
application (see “Raspberry application’s user interface
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Remote Wi-Fi access

Application to show and
save locally data

SPI reprogramming

12C, SPI and analog
communication

Fig. 13 Prototype communication flow

Load libraries and initial
parameters

Read data fromADS1232
(weight sensor)

Read data from two

MAX6675 (tiny
thermocouples)

ead data from electronic
board temperature senso

Send JSON data to
raspberry pi

Fig. 14 Microcontroller programming routine

programming”) whether the weight temperature cali-
bration will begin or not. If yes, this process will take 1
or 2 days depending on the required quality of the cali-
bration. If not, the program will assign the parameters
obtained during the last calibration to the weighing pro-
cess which can then start immediately.

If a data request arrives from Raspberry Pi Zero W,
all sensors’ data are read and packaged in a JSON mes-
sage, and it is sent to Pi Zero. Then, Atmega328p and

communication

m
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MQTT JSON data
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I. IXI

Phenotyping
platform, MySQL.

Serial

Precise water
dosing (Peristaltic
pump)

the sensors are electrically disconnected for a previously
defined time.

Raspberry application’s user interface programming

Every single unit was equipped with its user web appli-
cation (Fig. 15). The role of the Raspberry Pi Zero W is
to run the main application that uses a Node-Red pro-
gramming environment, which is based on visual Pro-
gramming through node connection and allows writing
functions, Raspberry’s GPIO uses, and communication
protocols such as MQTT. The flowchart is the name of
the routine programmed, and it begins a short time
before Raspberry starts.

The application manages:

+ Correcting the microcontroller’s electrical connec-
tion/disconnection.

+ Requesting, receiving, and storing data from the
microcontroller.

+ Watering for daily irrigation control.

+ Plotting the real-time weight and temperature
changes in a web interface (Fig. 15).

+ Sending data to the Phenotyping platform (Fig. 16).

Another important feature related to routine program-
ming works in “parallel” This enables the applications to
be pending the defined irrigation time and simultane-
ously request, save, and send the data. Thus, when the
time of irrigation is reached, the application executes the
function that supplies the water based on the parameters
defined previously.

All received data are stored automatically in the
MySQL database. Then, the database updates a CSV
file with the new information and this file is ready to be
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Fig. 16 Individual prototype programming of the user application

downloaded at any time as users require. At the same
time, a new JSON package is created and sent using the
MQTT protocol to the Mosquitto broker (phenotyping
platform server), where data from the 10 devices were
saved into the MySQL database and interfaced in the
phenotyping application in real-time. Once the data are
received and saved, the microcontroller state is changed
to OFF again and the cycle is restarted depending on the
sample time defined by the user previously. This not only
saves energy and protects the system, but also helps to
keep the load cell in the correct calibration stage.

Once the sampling time is reached, the Atmega328p
state is switched to ON and then, the application requests
data using the serial path.

Phenotyping platform
The aim of the platform was to construct an IoT-based
automation platform to monitor and control environ-
mental conditions inside greenhouses [40]. This platform
includes vast information from many experiments on
beans (Phaseolus vulgaris L.) at CIAT. It was developed
as an open service able to receive, store, and show data
in real-time. In addition, the IoT platform includes the
application developed for requesting, receiving, and stor-
ing data from the Gravimetric Units (ten replicas), which
is a necessary complement for the phenotyping develop-
ment described in this study (Fig. 17).

The phenotyping platform allows a general view
of the data from the LysipheN unit prototypes in a
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information together with prototypes'received data in a global database

Fig. 18 3D printed prototype (the newest version)

real-time. In addition, this tool is able to integrate
physiological and statistical analysis useful for breeders
or other research purposes.

It is important to mention that communication
between the Phenotyping Platform and the LysipheN is
made through the internet connection since both (the
prototype and phenotyping platform) manage the wire-
less connection. However, developed LysipheN pro-
totypes can be used without the internet, even though
Wi-Fi is only for real-time monitoring and initial con-
figurations, all the previously specified prototypes’
functionalities were programmed to work with only an
electrical source.

A newest version of the hexagonal base of LysipheN
printed in 3D (Fig. 18) to support multi-crop usage in dif-
ferent environments.

Abbreviations

ADC  Analog to digital converter

EUW  Effective use of water

ET Evapotranspiration

GU Gravimetric unit

PCS Plants closer to sowing

TPEs  Target population of environments
TE Transpiration efficiency

VPD  Vapor pressure deficit
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