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a b s t r a c t 

Plant height is commonly used to characterize crops in various domains such as plant breeding or precision 
farming. Despite significant advances in sensing technologies, plant height is still very often measured manually in 
many research applications where high-throughput alternatives are not always suitable. Here, we have developed 
a low cost, open-source ultrasonic device for semi-automated plant height measurements in small- to medium- 
scale applications. The main innovation compared to previous developments is the combination of a low-cost 
ultrasonic sensor and a plastic backscatter plate to improve plant tip detection. We compared the device to the 
manual method under controlled laboratory conditions and in a field experiment with 26 sorghum ( Sorghum 

bicolor ) inbred lines. The accuracy of the device was close to 1 cm in controlled conditions and 2 cm in the field, 
and the bias was close to 0 in both cases. In the field, measurements were 42% faster when compared with the 
classical ruler, and sensor-based values were strongly correlated with ruler-based values (R 2 = 0.9965). Overall, 
the device allows significant time savings while maintaining very high accuracy compared to the manual method. 
Its low cost ( ∼75 €) and compact design make it suitable for a wide range of applications, either for crop species, 
natural species, or model organisms. We encourage such implementations by providing all code and materials in 
free and open access. 
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ntroduction 

Plant height is widely used to characterize crop species. Strong cor-
elations between plant height and biomass yield have indeed been re-
orted for most forage and bioenergy species [ 1 , 2 ]. Plant height is also
ften correlated with grain yield in cereals such as barley, oat, or wheat
3] . Hence, plant height measurements can be used to predict produc-
ivity and adjust crop management [4] . In plant breeding, plant height is
 classical selection criterion. Besides its physiological consequences on
iomass and grain yield, it is one of the main traits involved in lodging
esistance [5] . 

Traditionally, plant height is measured manually with a graduated
uler [6] . However, such measurements are labour intensive, time-
onsuming, and low throughput. In addition, they are prone to human
rror due to fatigue and distraction during ruler adjustment and reading.
otably, users can skew their eye view at high and low height values
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ttps://doi.org/10.1016/j.atech.2021.100022 
eceived 9 August 2021; Received in revised form 25 October 2021; Accepted 1 Nov
772-3755/© 2021 The Authors. Published by Elsevier B.V. This is an open access ar
nd bias estimation relative to a perpendicular view. Other errors may
ccur during manual transcription of the data. In order to overcome
hese limitations, alternative methods based on time-of-flight (ToF) or
riangulation principles have been developed in recent years [ 7 , 8 ]. ToF
ncludes most scanning light detection and ranging (LiDAR) [9] , depth
amera [10] , and ultrasonic sensors [7] , whereas triangulation refers to
tructured-light scanner, stereo camera or stereo vision systems [ 11 , 12 ],
nd RGB imagery associated with Structure from Motion (SfM) algo-
ithms [13] . 

Although all of these technologies have shown convincing results,
hey are not always adapted to small scale applications. For example, a
ot of experiments in agronomy, ecology, physiology, or genetics typi-
ally consist of small plots in which a limited number of representative
lants are measured (e.g. [14–18] ). In such set-ups, high-throughput
ethods are often too expensive, too invasive, and/or too technical com-
ared to the user’s needs. Hence, the manual method is still very often
ember 2021 
ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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referred over technological alternatives in a lot of research applica-
ions [ 6 , 19 ]. Medium-throughput systems combining the advantages of
he ruler and the speed and accuracy of sensing technologies could thus
e promising in this context. Of all the existing technologies for plant
eight phenotyping, ultrasonic sensing appears particularly relevant for
uch development given its ease of use and low cost. 

Several studies have already used ultrasonic sensors to measure plant
eight in the field [20–27] . Most of these developments were imple-
ented on mobile platforms, which often combine multiple sensors and

ample data at very high frequency [25–28] . However, there are some
imitations to using such platforms in small- to medium-scale experi-
ents. First, they are usually quite expensive to develop. Second, they

equire specific field layouts with sufficient spacing between rows and
ide lanes for manoeuvring. Finally, they are more efficient on long and
ense plots because they perform continuous vegetation scans. While
ontinuous scanning is interesting to avoid sampling bias, it also cap-
ures unwanted data originating from sound reflection on the soil, on
ower plant organs, or on weed species [20–22] . When plots are long
nough, the proportion of unwanted data is relatively small and sim-
le statistical methods can be applied to remove them [ 21 , 22 ]. In ad-
ition, this proportion can be reduced by using highly performant, and
hus more expensive, ultrasonic sensors which perform better at detect-
ng plant tips. In small scale experiments with smaller plots and limited
udget, however, such solutions are more difficult to implement. 

In this study, we aimed at developing an ultrasonic sensor to speed
p plant height measurement in a context of small- to medium-scale re-
earch applications. Our main requirements were to stay within a low
udget, to use simple, low-tech, and open-source technologies, and to
esign a compact device that can be hand-transported and operated by
 single user. The principal innovation compared to previous develop-
ents is that we combined a low-cost ultrasonic sensor and a plastic

ackscatter plate to improve plant tip detection. We also aimed at val-
dating the data obtained from our device both in standardized labora-
ory conditions and in real acquisition conditions, and to estimate the
ime saving compared to the standard manual method. 

aterials and methods 

ardware component 

Details of the electronic circuit are given in Fig. 1 and a schematic
verview of the device is provided in Fig. 2 . Plant height measurement
s performed with an ultrasonic sensor HC-SR04 (Picaxe, USA) which
perates at a 5V level ( Figs. 1 & 2 a). The sensor comprises two modules:
 transmitter which sends sound at 40 KHz frequency, and a receiver.
C-SR04 has an operating range of 2 cm to 400 cm, an accuracy of up
2 
o 3 mm, and a measuring angle of 30° according to its manufacturer.
he ultrasonic sensor is fixed on an aluminum stick of 3 × 3 × 200 cm
nd directed downwards so that the signal is emitted towards the top
f the canopy ( Fig. 2 c). When the sensor is positioned in the highest
art of the stick, our device is thus able to measure plants up to 190 cm
all (the sensor is located 10 cm below its attachment point). An LCD
hield (D1 Robot, DFR Robots, France) is positioned on the stick in front
f the operator. It displays information such as measurement identifier
nd plant height value. The shield also allows the measurement to be
riggered via push buttons ( Figs. 1 & 2 b). The collected data are stored
n a miniSD card (SanDisk, USA) via an SD card reader (Catalex, USA)
 Figs. 1 & 2 b). The SD card contains a .csv file with a list of measurement
dentifiers, e.g., plot numbers. All electronic components are connected
o a programmable microcontroller board ( Figs. 1 & 2 b). The selected
oard is an Arduino UNO (Arduino SRL, Strambino, Italy). It is based on
n 8-bit microcontroller (ATMEGA328; Atmel Corp, San Jose, CA, USA)
ith 32 Kb flash memory. 

The whole device has a power consumption of approximately 250
A. It can be power supplied with a classical or rechargeable 9V battery,

r by an external battery with higher capacity. A typical 9V battery with
00 mAh capacity will last two hours, whereas a 2500 mAh powerbank
e.g., portable phone charger) will last ten hours. External batteries can
e directly connected to the Arduino board through USB connection
 Fig. 1 ). 

All electronic components are encapsulated in two protective plastic
hells made by 3D printing: one for the ultrasonic sensor ( Figs. 2 a and
 ), and one for the other electronic components ( Figs. 2 b and 3 ). We also
D-printed buttons to extend the native buttons of the shield outside the
lastic shell and improve measurement ergonomics ( Fig. 3 a). 

We are here interested in measuring plant height as defined by Heady
1957): the perpendicular distance from the soil at the basis of the plant
o the highest point reached with all plant parts in their natural position
29] . It is known that ultrasonic sound waves can be reflected by lower
eaf levels within the canopy, and even by the soil [ 21 , 22 ]. Such reflec-
ions can generate spurious signals leading to erroneous plant height
alues. This problem is classically handled by using expensive ultra-
onic sensors with high accuracies, and by integrating a lot of measure-
ent points over plot rows which are later statistically processed to re-
ove outliers [ 21 , 22 ]. We here propose an alternative low-tech solution
hich is the use of a plastic backscatter plate to reflect the ultrasonic

ignal only at the tip of the plants. The plate measures 20 × 20 cm and
s situated below the ultrasonic sensor ( Figs. 2 c, d and 3 d-g). It is made
f transparent plastic and it slides on the main stick so that the user can
ee through it and place it at the highest point of the canopy. The plate
s thick enough (2 mm) to remain parallel to the ground, and is simply
crewed on its holder which is a metal tube with larger section than the
Fig. 1. Diagram of the ultrasonic device. 
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Fig. 2. (a) ultrasonic sensor HC-SRO04 and its protective shell; (b) user interface and its protective shell; (c) field measurement support system; (d) Utilization of 
the ultrasonic device in a wheat plot. 

Fig. 3. Assembly of the ultrasonic device. (a-c) upper part of the device with the ultrasonic sensor, the Arduino board, the LCD shield, the SD card, and their 
protective shells; (d-f) lower part of the device with the backscattering plate and its holding system; (g) Complete device with all parts assembled. 
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tick, so that it can slide without difficulties ( Fig. 3 d-f). The whole setup
plate and tube) holds on the stick by mechanical pressure of a rubber
ad (here we used a bicycle brake pad) applied by a spring ( Fig. 3 d-f).
he user can release the pressure of the spring to move the system up
r down using a handle directly connected to the spring. As soon as the
andle is released, the rubber pad touches the stick again which main-
ains the plate in its current position. Depending on the species, on the
evelopment stage, and on the local configuration of the canopy, the
ighest part reached by the plate can be any plant organ such as a leaf,
3 
 stem, or a spike. Given the size of the plate, the fact that it only moves
n the vertical direction (i.e., the section of the stick and plate holder are
quared, so rotations are not possible), and given the measuring angle of
he sensor, the plate is always within the detection range of the sensor
fter adjustment. 

The total weight of the sensor is approximately 1500 g, which is
argely manageable for several hours of measurements in the field (note
hat the stick is supported by the ground most of the time). We tried to
nd the better balance between cost, weight, and resistance, but users
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Table 1 

List of materials and electronic components used for the ultrasonic device. 

Component Function Manufacturer Cost 

Arduino Uno SMD R3 Microcontroller Arduino, Italy 20 €
SD card reader Storage system Catalex, USA 5 €
SD Card Storage system SanDisk, USA 5 €
D1 Shield LCD Display DFR Robots, France 8 €
HCSR-04 ultrasonic sensor Picaxe, USA 3 €
9V Battery Power supply Varta, Germany 3 €
Miscellaneous 
(aluminium, plastic, screws, ...) 30 €
TOTAL 74 €
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nterested in reducing the weight further can use lighter materials for
ome parts of the device. 

Overall, the material cost of the device is 74 € ( Table 1 ), the most
xpensive components being the Arduino board and the aluminum stick
around 20 € each). We do not present the costs associated with concep-
ion, programming, and building here because it is difficult to evaluate.
ndeed, multiple persons contributed and worked intermittently on the
roject. Yet, we aimed at reducing development costs for future users
y providing all code, materials, and tutorials under open-access [30] . 

oftware component 

The microcontroller is managed with a computer program written in
/C ++ language. The code was written with the open-source Arduino

ntegrated Development Environment (IDE) and then uploaded on the
rduino UNO chipset. The program can be divided into several parts.
hen first turned on, the device checks the battery power and the pres-

nce of the SD card. An error message is displayed in case of a problem
n one of these two critical points. A calibration measurement is then
erformed at a known sensor-plate distance to compute the speed of
ound in the current experimental conditions (see next section). For the
ubsequent measurements the operator slides the plastic plate on top of
he canopy and pushes the ‘down’ button to trigger the measurement.
he ultrasonic sensor sends a sound wave and the program computes
lant height based on the travel time of the sound wave and the speed
f sound. The plant height value is displayed and saved in a second .csv
le on the SD card. The program then displays the ID of the next mea-
urement (or next plot) where all operations are repeated. In case of
n error, the operator can choose to redo any measurement, the initial
alue is then erased and replaced by the new value in the .csv file. Every
0 minutes, the operator is asked to perform a new calibration measure-
ent. Most parameters in the program can be changed by the user to

dapt the device to its own use (see tutorial). 

perating principle 

Ultrasonic sensors generate pulses of sound that bounce off the first
bject it comes into contact with, and then detects the returning echo. If
he speed of the sound is known, the distance between the sensor and the
bject can be computed based on the time delay between the emission
nd the reception of the pulse. 

To use the device, the operator first creates a .csv file listing all plot
dentifiers in the chronological order of measurement and saves it on
he SD card. All measurement identifiers must have the same number
f characters, and this number must be passed as a parameter to the
rduino program (see tutorial). Then, the operator places the sensor on

he stick at the desired height depending on size of the plants that will
e measured (highest positions for taller plants). The operator needs to
ecord the height of the sensor on the stick and save it in the Arduino
ode (see tutorial), as this value (X on Fig. 2 c) will be used to compute
lant height (see below). Once in the field, the operator turns the device
n and performs a calibration measurement. With the plate positioned
t the lower end of the stick, the operator triggers calibration by pushing
4 
he “down button ”. This calibration is required because the speed of the
ound if affected by air properties such as humidity and temperature.
his first measurement aims at computing the speed of the sound in the
urrent experimental conditions. It is computed as the ratio between the
now sensor-plate distance (X) and the travel time of the sound wave
etween the sensor and the plate. The speed of the sound is recorded and
e-used for all subsequent measurements. After calibration, the operator
oes to the first plot, chooses a random position within the canopy, and
uts the aluminum stick perpendicular to the ground. Note that vertical-
ty is assessed visually, as classically done with the ruler. The operator
hen slides the plastic plate down until it reaches the highest point of
he canopy and triggers the measurement by pushing the “down ” button
 Fig. 2 d). The distance between the sensor and the plate (Y on Fig. 2 c) is
omputed based on the travel time of the sound wave and the speed of
ound, and then subtracted from the height of the sensor (X) to obtain
he plant height value (H = X-Y, Fig. 2 c). The value is displayed on the
creen and saved on the SD card. The screen then displays the identifier
f the next plot, where all operations are repeated. To account for micro-
limatic variation between different parts of the field and for potential
eather variation during long period of measurements, a warning mes-

age requesting a new calibration is displayed on the LCD screen every
0 minutes. Once this new calibration measurement is done as described
reviously, the operator can continue the measurements from where he
topped when the calibration message appeared. Of course, the user can
hange the time interval between calibration measurements by adjust-
ng the value of this parameter in the Arduino code. 

aboratory tests 

The device was first tested in standardized laboratory conditions (no
ind, 19°C, 45% air humidity). The sensor was positioned 175 cm above

he soil on the aluminum stick and 20 positions were randomly selected
very 25 cm for the plastic plate, i.e., 20 positions between 0 and 25 cm,
0 positions between 25 and 50 cm, …, 140 positions in total. For each
osition, we measured the height of the plastic plate with a measuring
ape and with the sensor. We then computed the differences between
anual measurements and sensor measurements for each position. We

nalyzed the distribution and means of these differences for each inter-
al of 25 cm to assess the accuracy and bias ( b ) of the sensor at different
easuring ranges. We therefore explored a 175 cm displacement depth,
hich should largely cover the variation in plant heights typically en-

ountered during a measurement session, i.e., if the sensor has been cor-
ectly positioned on the stick according to the species and growth stage,
he user should not need to move the plate that far from the sensor. 

ield tests 

We tested our device in a set of 26 sorghum inbred lines grown in
he field at Montpellier, France (GEVES, Lavalette research station). The
6 lines were grown for evaluation as part of the French national testing
rogram for varietal inscription. The 26 lines were replicated in multi-
le blocks, but we only measured one block as we were only interested
n the relative differences between the two measurement methods, not
n the relative differences between inbred lines. Each line was grown in
 4-row plot. Rows were 2.5 m long, with a spacing of 35 cm between
ows. Plots were arranged in a two horizontal rows of 16 and 10 plots,
espectively, with 40 cm between plots and 1.5 m between the two rows.
he test was performed on 24 September 2020, without wind, with an
ir humidity of 56%, and an air temperature of 24.6°C. All inbred lines
ere at the grain filling stage. In each plot, the operator selected three
lants randomly and measured their heights with the ultrasonic device.
fter measuring the 26 plots, the exact same protocol was repeated with

he ruler, measuring the same three plants. Measurements were not re-
eated at the plant level, i.e., each of the three plants was only measured
nce with both methods. When using the ruler, plant height values were
eported to a paper sheet. 
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Fig. 4. Distribution of the differences between sensor- 
based measurements and ruler-based measurements. 
Mean differences, corresponding to the bias of the sensor 
( b ) are reported. 
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Table 2 

Comparison of measurement time between the ultrasonic sensor and the ruler. 
All durations were standardized by the number of measurement points (here 
n = 26 × 3 = 78 points) and are therefore expressed as average duration per 
measurement point. 

Acquisition Transcription Total 

Ruler 11.8 s 2.7 s 14.5 s 
Ultrasonic device 8.4 s 0.0 s 8.4 s 
% time saved 28.8 % 100.0 % 42.1 % 
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We compared measurement duration for both methods. We consid-
red two steps: data acquisition, corresponding to the time spent in the
eld doing the measurements, and data transcription corresponding to
he time spent typing the data manually into a spreadsheet. For the
uler, the data acquisition step consisted in positioning the ruler near
o a plant, reading the height value on the ruler, and reporting that
alue to a paper sheet. For the ultrasonic device, the acquisition step
onsisted in positioning the sensor in the plot, sliding the plate down
ntil it reaches the highest point of the canopy, and triggering the mea-
urement by pushing the shield button. The duration of the transcription
tep was only measured for ruler-based measurement because this step
s unnecessary with the ultrasonic device, i.e., measurements are au-
omatically saved on the SD card following acquisition. For the ruler,
ranscription consisted in typing the data manually into a spreadsheet
nd checking for potential transcription errors. 

We assess the accuracy of the sensor by measuring the correlation
etween ruler-based and sensor-based values. We finally computed the
ias of the sensor ( b ) as the average difference between ruler-based and
ensor-based values. 

esults 

In laboratory conditions, the differences between sensor measure-
ents and manual measurements ranged from -1.1 cm and 0.7 cm and
ere evenly distributed around 0 ( Fig. 4 ). Accuracies were comparable
ver the measurement range. The bias of the sensor was close to 0 when
he plate was situated 50 cm to 175 cm away from the sensor, i.e., for
eight values comprised between 0 cm and 125 cm, and it was closer
o -3 mm when the plate was closer to the sensor, i.e., for height values
omprised between 125 cm and 175 cm. 

In the field, sensor-based values were strongly correlated with ruler-
ased values (y = 0.9981x + 0.2704, R 

2 = 0.9965, Fig. 5 a). This correla-
ion was even stronger when considering inbred line means (y = 1.0017x
0.0782, R 

2 = 0.9986, Fig. 5 c). Sorghum height values ranged from 77
o 125 cm ( Fig. 5 a). Differences between sensor-based and ruler-based
easurements ranged from -1.5 cm to + 1.7 cm when considering raw
ata, and from -0.5 cm to 0.8 cm when considering data averaged per
nbred line ( Fig. 5 b and d). The mean difference between sensor and
uler values was equal to 0.0859 cm. 

The device allowed to save a bit more than 6 seconds per mea-
urement, which represents 42.1% time saved compared to the manual
ethod ( Table 2 ). This gain was obtained both through higher speed
uring measurement, the sensor being 28.8% faster than the ruler, and
hrough transcription, which took 2.7 seconds per measurement point
ith the ruler, whereas this step is no longer needed with the sensor

ince the data is directly saved in a numeric file on the SD card. 
5 
iscussion 

A low-cost and open-source ultrasonic device was developed to speed
p plant height measurements in the field. Our study shows that the de-
ice is very accurate, both in controlled laboratory conditions and in
eal acquisition conditions. Differences between sensor values and man-
al values were larger in the field than in the lab, which is very likely
ttributable to soil irregularities such as clods or up-lifts near the crown
hich can change the level of the 0 value between measurements. Still,

ven in the field, these differences were lower than 2 cm, and the cor-
elation with manual measurements was very high (R 

2 
> 0.99). Com-

aratively, previous studies on ultrasonic methods for plant height phe-
otyping reported R 

2 comprised between 0.75 and 0.98, and accuracies
omprised between 2 and 9 cm, depending on the sensor and on the
rop development stage [ 21 , 22 , 25 , 27 , 28 ]. These studies were mainly
onducted on cotton, a favorable species for plant tip detection by ul-
rasonic sensor due to broad and flat leaves on the upper parts of the
anopy. Also, these studies relied on expensive commercial sensor (200
o 500 $) and extensive data cleaning (10 to 25 % of the data removed)
o increase accuracy. Our study shows that the use of a backscatter plate
s an interesting low-tech alternative for increasing the accuracy of ul-
rasonic plant height measurements. 

The device is particularly suited for small- to medium- scale research
pplications where high-throughput mobile platforms are not always
dapted to the experimental requirements. In such set ups, the device
as multiple advantages over the classical ruler. First, measurements are
uch faster. For example, in a typical experiment with 300 plots and
 measurements per plot, the device would allow to gain more than 1
our of work compared to the manual method (1 h 24 min vs 2 h 25
in). Our results suggest that the difference in measurement duration

etween the two methods originate from both higher speed during data
cquisition (i.e., reading the plant height value in the field) and higher
peed during data transcription (saving the value on a digital file). Sec-
nd, the device can be easily manipulated by a single operator, whereas
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Fig. 5. (a, c) Linear relationships between sensor-based and 
ruler-based plant height measurements using raw data (a) or 
data averaged per inbred line (c). The dotted line represents 
a perfect fit; (b, d) Distribution of differences between sensor- 
based measurements and ruler-based measurements using raw 

data (b) or data averaged per inbred line (d). The mean differ- 
ence, corresponding to the bias of the sensor ( b ) is reported. 
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he ruler often requires two operators, i.e., one doing the measurement,
he other one reporting the value on a paper sheet or on a computer.
n addition, the risks of human errors are significantly reduced because
anual transcription is no longer needed with the device. Finally, the
ain problem with discrete sampling as classically performed with the

uler is that it can lead to a misrepresentation of the plot because the
ser tends to select plants which are easy to measure, which are often
he tallest plants. Such sampling bias is significantly reduced with the
evice because the user does not have to read the value himself, and be-
ause more measurements per plot can be performed in a similar time
o better characterize the within-plot variability. 

The technology implemented in this tool represents a straightfor-
ard upgrade of the standard method, which means that it can easily
e handled by any operator capable of using a graduated ruler. More-
ver, the direct access to the source code allows high versatility since
sers can change any parameter to adapt the tool to their own use. No-
ably, the current version allows to measure plants between 0 and 190
m, which is adapted for most cereals, legumes, and forage crops. It is
owever possible to adapt the device to taller crops such as maize or
orghum, which can be much taller than reported here. The user would
hen need to use a taller stick and to move the sensor and the plate up
he stick. Of course, he will then have to change the reference height
alue in the Arduino program, i.e., the height of the sensor above the
round (we explain how to do that in the tutorial). 

The device can be used in a lot of research applications which cur-
ently rely on plant height measurement performed at the individual
lant level. This includes research works aiming at quantifying the im-
act of agronomic practices on crop development [ 31 , 32 ], physiolog-
cal studies focusing on resources partitioning between plant organs
 15 , 17 ], or genetic approaches investigating the determinism of plant
eight [ 16 , 18 , 33 ]. The compactness of the device could also allow ap-
lications in natural environments. For example, plant height is one of
he key traits targeted by plant ecologists to understand the function-
ng of plant communities in the wild [ 34 , 35 ]. For any of these potential
pplications, the time saved compared to the manual method could be
sed to multiply measurements over time and space in order to better
haracterize plant growth dynamics. 

The range of applications could be extended by working on the po-
ential limitations that could arise when using the device in different
onditions than reported in this study. Notably, some tasks which are
6 
one visually in the current version could be challenging with taller
lants like maize or other varieties of sorghum. For example, plant tip
etection would require to visually examine the position of the backscat-
er plate at 2.5 or 3 m above the soil. In such configuration, automatic
ip detection would be a valuable upgrade to maintain high accuracy
t high heights. A solution could be to generate a small electric current
ithin the backscatter plate and to stop the backscatter plate as it moves
own when the electric signal is reduced or cancelled by contact with
he canopy. Measuring taller plants also raises the issue of the verticality
f the device. While it is easy to visually assess verticality with reason-
ble accuracy at eye level, it is much more difficult for taller setups.
imple upgrades such as the addition of a spirit level on the main stick
ould help to better estimate verticality in such setups. 

To further investigate the robustness of the sensor, it could be use-
ul to explore wider ranges of plant heights and different types of plant
rchitectures. Moreover, complementary experiments could allow to as-
ess how measurements are affected by climatic variables such as tem-
erature, humidity, and wind. Such environmental variability could be
ccounted for either by using physical modelling estimations or by in-
egrating climatic probes directly into the device. Measurements could
lso be automatically georeferenced, for example by connecting the de-
ice to a GPS system or GNSS receiver. We did not implement these
echnologies in the first version of this device because we thought it
as not a priority to address our main objectives (low-cost, ease of use).
owever, we encourage such developments by providing all code and
aterial under the GNU GPLv3 license [30] . 
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