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Abstract: Aeroponics is a soilless cultivation technology integrating plant nutrition, physiology,
ecological environment, agricultural automation and horticulture. One of the soilless advantages
is that a non-invasive observation of the root system growth development is possible. This paper
presents a vegetative growth evaluation of lettuce plants in an aeroponic chamber, where root and
leaf development parameters were measured in three lettuce crops through plant images captured
in the visible (VIS), near infrared (NIR) and far infrared (IR) spectra. A total of ninety lettuce plants
was transplanted for this research, thirty for each experimental crop. The three lettuce crops were
grown for thirty days in an aeroponic growth plant chamber inside a greenhouse under favorable
conditions. The morphometric and thermal parameters of the lettuce roots (perimeter, area, length
and average temperature) and leaves (perimeter, area and average temperature) were evaluated for
each crop along ten image-capturing sessions through an implemented multispectral vision system.
The average values of the root and leaf morphometric parameters obtained with the implemented
imaging system along the lettuce growing period were statistically analyzed with Tukey testing. The
obtained analysis results show no significant difference for a value of p < 0.05 in 86.67%. Hence, the
morphometric parameters can be used to characterize the vegetative lettuce growth in aeroponic
crops. On the other hand, a correlation analysis was conducted between the thermal parameters
computed with the root and leaf thermal image processing and the measured ambient temperature.
The results were: R = 0.945 for correlation between ambient and leaf temperature, R = 0.963 for
correlation between ambient and root temperature and R = 0.977 for leaf and root temperature.
According to these results, the plant temperature is highly correlated with the ambient temperature
in an aeroponic crop. The obtained study results suggest that multispectral image processing is a
useful non-invasive tool to estimate the vegetative root and leaf growth parameters of aeroponic
lettuce plants in a greenhouse.

Keywords: aeroponic growth chamber; morphometric characterization; multispectral image;
non-invasive monitoring; root system architecture (RSA)

1. Introduction

Continual advances in protected agriculture and new plant growth techniques are
expected to help overcome the global problem of food shortages to come with the current
increasing world population. The next generation of greenhouse design experiments will

Appl. Sci. 2022, 12, 6540. https:/ /doi.org/10.3390/app12136540

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12136540
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1642-7274
https://orcid.org/0000-0003-4080-1286
https://orcid.org/0000-0002-5748-7097
https://orcid.org/0000-0002-5050-6208
https://orcid.org/0000-0002-7363-3349
https://doi.org/10.3390/app12136540
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12136540?type=check_update&version=1

Appl. Sci. 2022, 12, 6540

20f18

need to consider a variety of resources, ranging from energy efficiency, water saving, to
fertilizer use, to provide optimized growth techniques for plants [1].

Today, consumers are increasingly interested in fresh and balanced food, which has
caused a great demand for healthy ready-to-eat vegetables. Globally, lettuce is a fresh,
high-demand salad vegetable [2]. Due to the high concentrations of vitamins, minerals,
dietary fiber and antioxidant compounds, it is considered a health-promoting food [3].

Lettuce has become one of the main types of vegetables for aeroponics in plant pro-
duction due to its short growing time, short plant shape and market demand [4]. In such
circumstances, the aeroponic system is considered a modern and innovative plant cultiva-
tion method that is also safe and respectful with the environment due to water saving and
low-energy consumption [5].

Aeroponics encourages significant root growth, with a higher root/shoot ratio, as
well as significantly greater root length, area, volume and biomass [6,7]. The root system
plays a key role in the plant water and nutrition absorption process [8]; the development of
crops having robust roots systems leads to higher crop production in hostile environmental
conditions. Consequently, an aeroponic system has significant cultivation advantages over
other techniques. Clean products can be harvested sequentially in aeroponics, that is, a new
crop can be transplanted immediately after harvest. In order to optimize the plant aerial
parts in aeroponic growing lettuce, the appropriate value definition of irrigation water
pressure, droplet size and fogging interval is needed to improve the continuous water and
nutrient availability. The definition of these aeroponic lettuce cultivation conditions is a
current research area of interest in the scientific community [6,8]. The root development
process is crucial for the plant growth performance. The understanding of fundamental
mechanisms regulating the root system architecture (RSA) is a key factor for future crop
improvement [9-12]. Consequently, further research, focused on maintaining the best
nutrient and water conditions by identifying the droplet size and root nebulization intervals
throughout the plant growing period, is needed [7].

Over the past decade, the combination of digital imaging and machine learning tech-
niques to address agricultural problems has been one of the most explored areas of digital
agriculture [13]. Agricultural sustainability promotes the development of new technologies
for lower environmental impacts, greater accessibility to farmers and, consequently, greater
productivity. The use of computer vision with deep learning methods allows the early
and correct identification of the evaluated stress-causing agent [14]. Hyperspectral [14-21]
and multispectral images [22-28] are increasingly important in rapid and non-destructive
testing for diagnosing plant diseases.

The main image-based techniques for plant stress detection [29] (water stress and other
stress types) are thermography [30-32], visible reflectance (VIS) [33], shortwave and near
infrared (SWIR/NIR) [34], far infrared (FIR) and fluorescence [35]. These techniques evalu-
ate the plant water content [36], being one of the most common biochemical parameters
limiting the photosynthesis efficiency and crop productivity [37]. Water stress is one of the
most critical abiotic factors restricting crop development. Alternatively, plant temperature
variation can be clearly detected by thermal images before crop wilting is evident; early
water and saline stage identification is achieved by this thermal analysis. Nevertheless,
thermal analysis has also been used for stress monitoring in fruit trees, such as sweet
cherry trees [38]. Besides, diverse non-invasive optical spectroscopic techniques, including
Raman and Elastic spectroscopy, have been used for plant physiology monitoring and
assessment [39,40]. Alternatively, optical parameters, such as spectral reflectance indexes,
have been employed as a non-invasive technique in lettuce physiology assessment [41-46]
for early-stage detection of Botrytis cinerea after 12, 18, 36, 60 and 84 h [47].

The vegetative growth parameters of the root and foliar systems for aeroponic lettuce
crops are reported in this paper. The obtained results are similar to the growth parameters
reported by [48,49]. In addition, the growth and thermal parameters of the plant root are
also reported, the characterization of which is only possible in aeroponic crops, where the
described analysis of these parameters is one of the main contributions of this work. These
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parameters are obtained from the processing of multispectral images captured by a vision
system installed in an aeroponic growth chamber. The main objectives of the presented
study are: (i) to develop aeroponics crops based on root growth visualization, (ii) to design
and implement a multispectral vision system for image capturing of lettuce plant roots and
leaves, and (iii) to develop multispectral image algorithms for measuring morphometric
and thermal descriptors to characterize the lettuce plant growing process through statistical
analysis of the computed parameters. According to the obtained results, it is concluded
that aeroponic crops represent a favorable alternative for the growth parameter study of a
root and leaf lettuce system in a non-invasive way.

2. Materials and Methods
2.1. Crops and Fertigation System

Three lettuce crops in an aeroponic growth chamber (Figure 1) were developed in
this work. The chamber was installed inside a 16 m? greenhouse with arch-type roof and
perimeter anti-aphid mesh cover with average room temperature of 25.52 °C, average
relative humidity of 62.26% and average light intensity of 16,515.08 lux throughout an
approximate photoperiod of 12 h. In the three crops the lettuce seedlings were transplanted
into the system 30 days after germination. The first, second and third transplantation
were conducted on 16 September, 14 November and 26 November, respectively, 2021. The
system fertigation time was 24 min off and 24 s on. Such time values were determined
by experiments in three testing crops carried out previously to the crops described in
this paper. In addition, the operation of the plant fertigation system is shown in the
following link https://drive.google.com/file/d/1sdxU4vET4r3F5ebqwKuc7BVSnbdp3Goj/
view?usp=sharing (accessed on 17 June 2022), see also Supplementary Materials. The
nutrient solution for the system fertigation was prepared in water with a pH level of 6
and vegetable nutrients used in commercial Steiner-type hydroponics [5]. The mineral
content and the electric conductivity of the nutrient solution was monitored and adjusted
every third day to maintain a concentration and conductivity range of 1726-1880 ppm and
3128-3290 pS/cm, respectively. Such parameter values were measured with an HM Digital
meter model TDS-3.

®
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Figure 1. Aeroponic growth chamber.

After the germination stage in crop 1, the Iceberg lettuce seedlings (Lactuca sativa) were
transplanted to the aeroponic growth chamber. No significance plant stress presented in
the crop during the first three weeks, but at the beginning of the fourth week, water stress
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was suffered for approximately 6 h due to programming flaws in the automatic fertigation
system. However, the culture could be recovered 48 h later. Crops 2 and 3 started with
the transplantation of the same lettuce seedling types. No complications presented in the
lettuce root and foliar growth throughout the growing period of 30 days.

The environment variables of temperature and relative humidity inside of the green-
house were daily registered throughout the growing period of 30 days for each crop. The
measured values are depicted in Figure 2.
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Figure 2. Measured temperature and relative humidity throughout the growing period.

The average ambient temperature and relative humidity inside the greenhouse through-
out the growing period were 25.33 &+ 2.36 °C and 59.66 £ 4.83% (mean =+ standard devi-
ation), respectively. The ambient temperature behavior was different for the three crops.
However, the temperature and relative humidity values were nearly within the value range
for lettuce growing, 17-22 °C for daytime and 3-12 °C for nighttime [45], the suggested
average ambient temperature is 23.4-24 °C with relative humidity of 65% [46].

2.2. Image Capturing

The main requirement of the experimental stage design was replicated image cap-
turing and processing for each of the three lettuce crops. In total, 90 lettuce plants were
transplanted for this research, 30 for each of the three crops having a growing period of
30 days in the growth chamber. The growth parameter monitoring for each set of 30 plants
was carried out through ten image-capture sessions. The first session was one week after
the seedling transplantation into the growth chamber, and this waiting time was to allow
the adaptation of the plants. Each image-capture session was performed every third day at
8:00 a.m., ensuring constant lighting conditions.

The general procedure followed for image capturing, preprocessing, processing and
analysis in the three spectra (VIS, FIR and NIR) of the thirty sample lettuce plants in each
one of the ten sessions is depicted as a flowchart in Figure 3.
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Figure 3. Proposed methodology flowchart.

A set of 180 images was captured in each session, corresponding to the three considered
spectra and to the 30 plants for each crop (Table 1).

Table 1. Images obtained per capture session.

Spectrum Part of Plant Number of Samples
- Leaf 60
Visible (VIS) Root 30
Leaf 30

Far Infrared (FIR) Root 30

Near Infrared (NIR) Root 30
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2.3. Vision System

In order to achieve the morphometric and thermal characterization of plant roots
and leaves, a vision system based on three video cameras was designed (Figure 4). The
model mainly consists of a Medium-Density Fibreboard (MDF) wooden structure with the
capability of leaf and root image capturing. Three cameras were installed covering the
light spectrum: visible (VIS), near Infrared (NIR) and far infrared (FIR). The VIS spectrum
images were captured with a GoPro Hero4 camera (GoPro, Inc., San Mateo, CA, USA)
having a spectral range of 400 to 700 nm. The NIR spectrum images were obtained with
an Allied Vision’s Bigeye G-132 NIR Cool camera (Allied Vision Technologies, Stadtroda,
Germany) with: Sony ICX285 EXview HAD CCD sensor, 1280 x 1024 pixels resolution,
extended sensitivity ranging from 350 nm up to 1000 nm, Peltier cooling, stabilized at
—20 °C and 0 °C to 35 °C operating temperature. The FIR spectrum images were captured
with an FLIR E4 infrared camera (Teledyne Flir, Wilsonville, OR, USA) with: infrared range
of 7500-13,000 nm, operating temperature range of —20 to 250 °C with an accuracy of +2%
for room temperature of 10 to 35 °C, 80 x 60 pixels IR resolution, 45 x 34 field of view,
0.5 m minimum focal length and thermal sensitivity of 0.15 °C.

FIR camera for leaf
image capturing

@

VIS camera for leaf
image capturing (2)

DETAIL VIS Camera
SCALE 1:2

. Hole to place the
Store and image

processing (4)

NIR
camera for root

Image capturing DETAIL Lighting

SCALE 1:2

) Lighting

Tube to capture

FIR and VIS the roots images

cameras for root
Image capturing

Figure 4. Model of the multispectral vision system.
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The near-infrared image capturing required the NIR camera to be plugged into a
computer and a light source, for this case a 7.5 W white light lamp was used [50-52].

2.4. Image Processing

Matlab R2017b (The MathWorks Inc., Natick, MA, USA) was used for image processing
and data analysis. Individual algorithms were performed for each spectrum. A brief
description of the algorithms developed for plant growth and thermal parameter extraction
in each spectral range is presented in Figure 5 [29].

I. Image acquisition

Spectrum | and part of the plant Il. MATLAB’s processing algorithm IIl. Growth
parameters
Load the VIS Calculation of _
Vis M descriptors in ca‘lji:a:t‘::m
plxals
Area
Perimeter

VIS image
segmentation

region of -
interest (ROI

Sel h
ect the { { Cnn'::::enthe }_, [Expart the results

descriptors in cm to Excel

-
-

JCL e
R

}
l*l l-’l
| I

*-

Figure 5. Flow diagram of the algorithms developed to extract growth and thermal parameters in
each spectral range.

2.4.1. Root and Leaf Thermal Parameters Using Far Infrared Images (FIR)

Thermal images were acquired using an infrared camera which was previously cali-
brated to define a foliar emissivity (¢) of 0.98 [53], the temperature compensation parameter
reflected at the current air temperature and a distance <1 m. The images were taken from
the top for the leaf and lateral for the root.

The adjustment of the reflected temperature compensation parameter at the current air
temperature was conducted with a Fluke 68 digital thermometer (Fluke Corp., Everett, WA,
USA), which achieves more accurate temperature measurements because the emissivity
factor can be configured according to the material to be measured. The temperature values
obtained from the processing of the thermal root and leaf images were contrasted with the
ones measured with the IR68 thermometer achieving a measurement difference of +0.1 °C.

Two images were captured for each part of the plant, one FIR image and one VIS
image (Figure 6). The leaf and root average temperatures were computed by an algorithm
combining both thermal and visible images. The contrast between the plant part and the
environment is more evident in the visible image, so it was used to find the region of
interest (ROI) through the definition of a binary mask, which was then multiplied by the
thermal image to eliminate background information. The first step is to trim and resize the
FIR image to the same VIS image size, then a logical mask of the leaf and root is created
and the segmentation of both is performed. The temperature matrix is obtained from
the FIR image, the binary image is multiplied by the temperature matrix and the average
temperature of both the leaf and the root is evaluated [33].
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Figure 6. Leaf and root thermal image processing (FIR): (a) FIR image, (b) VIS image, (c) binary mask,
(d) ROIimage and (e) ROI image with resulting temperature.

2.4.2. Leaf Morphometric Parameter Computing from VIS Image

The leaf morphometric descriptors were determined from VIS images. The computed
plant leaf morphometric descriptors were the leaf area and the whole plant perimeter,
which were obtained from the visible spectrum images captured from an upper view.
According to the algorithm [34], each image was automatically loaded to Matlab in order
to be trimmed and to create a logical mask for the lettuce leaf segmentation through the
Matlab Color Thresholder APP in the L*a*b color space. Once the region of interest was
obtained, the descriptors (area, perimeter, length and width) were calculated in pixels. The
computing of the descriptors in centimeters was done using a reference image of an object
with known length in centimeters, which was captured and processed in Matlab. The object
image length in pixels was determined by the imdistline() function and then data spatial
calibration was performed (Equations (1)—(3)).

Calibration Factor = Object length in cm/Object pixels number (1)
Distance in cm = Distance in pixels x Calibration Factor 2)
Area in Square cm = area in pixels x Calibration Factor? (©)]

2.4.3. Root Morphometric Parameter Computing from NIR Images

The root area, perimeter and length were computed from the NIR images because
they provide only root morphometry information. Some root NIR image samples cap-
tured at various lettuce growth stages are shown in Figure 7. The NIR image-processing
algorithm consists of image loading and trimming, image contrast enhancement, image
binarization by thresholding, calculating morphometric features in pixels and applying
spatial calibration to obtain root features in centimeters [34].

Due to the achieved radical system growth and the NIR camera vision field, the
morphometric parameter computing was performed by capturing several NIR images of
each root and separately processed, where the individual results were combined to obtain
the total growth morphometric parameters.
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Figure 7. NIR image samples of lettuce RSA for the ten capturing sessions. The annotated first and
second number represent the capturing session number and the session image number, respectively.
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2.5. Data Analysis

The morphometric, thermal and fresh mass parameter data were analyzed through
the Shapiro-Wilk test with an « = 0.05, and a data normal distribution was corroborated
with minimum and maximum obtained p-values of 0.097 and 0.84, respectively.

Statistical tests for the differences in the morphometric parameters for the three crops
were performed by one-way ANOVA using the Tukey test. Such analyses were performed
through Microsoft Office Excel version 2013 (Microsoft Corporation, Microsoft Way, Redmond,
WA, USA) (Table 2) and the results were considered significantly different if p < 0.05.

Table 2. Leaf and root growth parameters.

Root Leaf
Plant Crop Length Area Perimeter Total Plant Total Plant

(cm) p (cm?) P (cm) p Area (cm?/Plant) p Perimeter (cm/Plant) P
Iceberg Lettuce 1 17.028 ns. 3062  ns. 26.53 ns. 636.275 ns. 232.39 *
(Lactuca sativa)
Iceberg Lettuce 2 18.8 ns. 3239  ns 4152 ns. 401.63 ns. 135.99 *
(Lactuca sativa)
Iceberg Lettuce 3 15.1 ns. 3591  ns. 33.14 ns. 447.18 ns. 185.96 ns.

(Lactuca sativa)

Within each crop, p, probability level; n.s., not significant or * p < 0.001.

3. Results
3.1. Vegetative Growth of Lettuce Crop in Aeroponics

One of the main advantages of studying aeroponic crops is the capability to study the
root growth development in a non-invasive way due to its soilless feature. The increment
of the plant parts’ (leaf and root) dimensions throughout the vegetative growth stage was
measured in the three defined crops (Figure 8). In order to characterize the plant vegetative
growth, the descriptors leaf perimeter and area, root perimeter, area and length were
studied by their computing from the leaf and root images captured in a non-invasive way.

(a) (b)

Figure 8. Crop 3 sample of (a) leaf and (b) root vegetative growth.

The null hypothesis that the average root length, area and perimeter for the three
crops were equal is accepted, so no significant difference was achieved. In the leaf growth
parameters: the null hypothesis that the average area of the three crops was equal is
accepted and the null hypothesis for the perimeter is rejected. Then, a significant difference
between the average of the three treatments at a significance level « = 0.05 was achieved.



Appl. Sci. 2022, 12, 6540 110f18

The obtained results showed that there is no significant change in the growth parameters
for the three crops, which means that the prototype implementation is reliable and may be
reproduced with a high probability of success. The test results are depicted in Table 2.

The root and leaf growth descriptors shown in Table 2 resulted with an average value
difference of 13.33% for the three crops. According to the Tukey means test, there is no
significative difference for the descriptors” average value of the three lettuce crops with
p values of p < 0.05, p < 0.01 and p < 0.001.

3.2. Leaf and Root Average Temperature

The leaf and root average temperature obtained from thermal image processing for
the three crops throughout the growing period are shown in Figure 9; the ambient tem-
perature is also presented, which was measured in each thermal image-capturing session.
The average leaf and root temperature in each capturing session are represented by the
corresponding circle.
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Figure 9. Cont.
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Figure 9. Average root, leaf and ambient temperature during the growing period.

The correlation coefficients between the ambient temperature values, measured with
infrared thermometers and traditional instrumentation, and the resulted plant parts’ tem-
perature values, using thermal image processing, were computed.

The obtained correlation coefficients between ambient temperature and leaf/root
temperature were R = 0.945/0.963, respectively. The correlation coefficient between the leaf
and root temperature was R = 0.977. Hence, the root and leaf temperatures, computed from
the thermal image processing, of an aeroponics crop are highly correlated with the ambient
temperature, which would indicate that the crop is growing in optimal conditions. The
root average temperature was higher than the leaf average temperature for the three crops,
because the plant root was sheltered inside the aeroponics growth chamber (Table 3). The
means of the obtained leaf and root temperature values of the three crops were analyzed
through Tukey’s test. According to the results, no significant difference was found for leaf
and root temperature of crop 1 and 2 for p < 0.05.

Table 3. Leaf and root average temperature for the three crops. “a” means that there is no significant
difference between leaf and root temperatures for crops 1 and 2.

Plant Crop Leaf °C Root °C % Difference

Iceberg lettuce

(Lactuca sativa) ! 15692 10382 -
Iceberg lettgce 2 15.76 a 16.1a 2.15
(Lactuca sativa)

Iceberg lettuce 3 10.86 11.42 5.15

(Lactuca sativa)

3.3. Leaf Fresh Mass of Cultivated Lettuces

The variability in the average leaf fresh mass values for each lettuce crop is shown as a
box plot in Figure 10. The resulting average leaf fresh mass values were 102.5 g, 185.5 g and
184.3 g for crop 1, 2 and 3, respectively. A significant difference analysis of the resulting
mean fresh mass of the three crops was conducted through the Tukey test for p < 0.05.
According to the results, shown in Table 4, no significant difference was found for means of
the fresh mass values in experiment 2 and 3.
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Figure 10. Average leaf fresh mass for three crops.

"

Table 4. Average fresh mass of lettuce leaves from 3 crops. “a” means that there is no significant
difference between fresh mass for crops 2 and 3.

Crop Mass (g)
1 102.5
2 1855 a
3 184.3 a

As observed, the resulting average leaf fresh mass for crop 1 was the lowest. The
reason is that at the beginning of the fourth week, water stress was suffered by the lettuce
plants for approximately 6 h due to programming flaws in the automatic fertigation system.
Although the crop could be recovered after 48 h, a leaf fresh mass decrease was produced.

The average leaf areas obtained with the VIS image processing for the three crops
throughout the growing period are presented in Figure 11. As observed, a leaf area decrease
is presented in the tenth and nineth capturing sessions for crop 1 because of the water stress
suffered by the plants on day 25 after the transplantation.

Average Leaf Area

900 T .
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600 _
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2 500 |
@
o A2
1
< 400 | i
Y Q
3
-1 300 i
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0 - L 1 .
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Figure 11. Average leaf area for three crops.
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Three leaf thermal image samples, corresponding to the capturing session two days
before, on the day and two days after the water stress are shown in Figure 12. It was
noted that in the water stress condition, the leaf and root temperatures were up to 3.2 °C
and 1.1 °C, respectively, higher than the ambient temperature. Meanwhile, for normal
conditions, the root temperature was above the leaf temperature, as depicted in Table 5.

(b) (c)

Figure 12. Leaf thermal image capture samples (IR): (a) two days before water stress, (b) on the day

when water stress occurred and (c) two days after the water stress.

Table 5. Average temperatures obtained during the water stress period.

Average Temperature of Two Days before Water Two Days after Water
0O Stress Condition Water Stress Day Stress Condition
Leaf 12.11 25.3 16.67
Root 12.71 232 16.99
Ambient 11.5 221 15.1

4. Discussion

The obtained study results suggest that multispectral image processing is a useful
non-invasive tool to estimate the vegetative growth parameters of roots and leaves of
aeroponic lettuce plants inside a greenhouse.

The main contribution of this research is the proposal of a non-invasive approach for
computing the morphometric and thermal parameters for characterizing the vegetative
growth of aeroponic lettuce. The proposed approach is based on processing multispectral
images (VIS, FIR, NIR) captured along an aeroponic lettuce-growing period. The project
development implied the design and implementation of a multispectral vision system as
well as image processing algorithms to fulfill the application specifications.

The implemented multispectral vision system was designed for capturing homoge-
nous images in the defined spectral range. An important design aspect to be considered in
a reliable vision system for variable measuring is the calibration. In the case of computing
the lettuce morphometric parameters, the calibration was conducted using an object with a
known length in centimeters. In the same way, the calibration for measuring the thermal
parameter was done through a commercial infrared thermometer.

There are critical variables for the proper functioning of an aeroponics system. In
this work, adequate fertigation parameters were established to achieve good development
in the aeroponic crop inside the greenhouse. The implemented fertigation system was
designed to ensure an easy and efficient nutrient solution absorption by the lettuce root in
order to achieve good leaf growth [51].

The lettuce root growing response in the substrate, hydroponics and aeroponics was
reported in previous study [52]. One of the conclusions was that aeroponics roots obtained
the best characteristics compared with the other two crop techniques. However, the
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achieved foliar development was a fresh leaf mass between 37.8 g and 50.9 g, which was
lower than the results with the hydroponic system. These results partially agree with those
reported in this paper for the three crops 102.5 g, 185.5 g and 184.3 g, where a better foliar
development is inferred. However, the results are not completely comparable because the
study in [46] was conducted with green and red lettuce (Lactuca sativa L.), a different crop
aeroponic system was used and the lettuce-growing period was 45 days after germination.
The foliar area and fresh mass parameters achieved in the described study are better than
previous studies [6].

According to the Tukey test results, no significant differences were found, neither in
the root morphometric parameters (length, area and perimeter) nor leaf area in the three
crops. In addition, significant differences were found for leaf perimeter in crops 1 and 2,
which indicate that the vegetative growth of the aeroponic crop lettuce can be characterized
by the analysis of all the root morphometric parameters and by the leaf area.

The thermal root monitoring could be a more efficient method for detecting the plant
status in an aeroponic crop, but foliage monitoring is a simpler method [54].

The results described in this paper are similar to those reported in previous studies,
using analysis parameters and methodology similar to those employed in this work; for
instance, Refs. [49,55,56] reported root lengths of hydroponic-grown lettuce (Lactuca sativa)
of 9.51 cm, 31.7 cm and 33.14 cm, respectively, thirty-five days after transplanting to the
hydroponic growth chamber. The average root length obtained for the three developed
crops was 16.98 cm. Regarding to the follicular area, an approximate leaf area of 550 cm? in a
control group for a hydroponic lettuce crop (Lactuca sativa) was reported in [57]; meanwhile,
an average leaf area of 495.03 cm? was achieved in our work. In the case of hydroponic
lettuce leaf temperature, with respect to ambient temperature, a magnitude difference of
2.7 °C was reported in [58], in which the leaf temperature was always higher than the
ambient temperature. Such a temperature difference resulted in —0.12 °C in our study, the
leaf temperature being higher than the ambient one in the first nine days after the plant
transplanting and afterwards, the ambient temperature was higher than the leaf one.

5. Conclusions

According to the statistical analysis of the obtained data results from the crop technique
and image processing for the three aeroponic crops, it is possible to characterize the growth
of an aeroponic lettuce plant with the computed morphometric and thermal parameters.

Aeroponic crops allow plant root and leaf thermal analysis, which can be correlated
with ambient temperature. The leaf and thermal analysis infer, through the results in
Figure 8, that the temperatures of the foliar and radicular systems are highly correlated
to the ambient temperature; this is because the plant is suspended in the air. The root
temperature is higher than the leaf temperature for the three crops because the root is
sheltered inside the growth chamber, where the observed average temperature difference
between the root and leaf was 0.53 °C.

6. Future Works

The main purpose of the described study was to achieve a non-invasive morphometric
and thermal characterization of aeroponic lettuce through multispectral image processing.
The obtained study results allow future works using similar experimental design and
different treatments.
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