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RESUMEN GENERAL

PREDICCION Y CLASIFICACION DE MADUREZ, Y METODO PARA
“INDUCIR” EL DESPRENDIMIENTO DEL FRUTO DE MANGO?

El cultivo del mango (Mangifera indica L.) es una actividad agricola importante en
México, contribuyendo sustancialmente a la economia del pais a través del
consumo interno y de las exportaciones. Es de gran importancia cosechar el fruto
en su etapa de madurez 6ptima y reducir los dafios durante la cosecha. Por lo
tanto, esta investigacion tuvo como objetivo, desarrollar y evaluar un sistema
integral para la prediccion y clasificacién de la madurez del mango, desarrollar un
método innovador para el desprendimiento del fruto que pueda emplearse como
técnica de cosecha. Para esto, se llevd a cabo una extensa revisidn para
identificar los principales parametros fisicoquimicos y los métodos mas eficaces
para predecir madurez del mango, posteriormente se desarroll6 un equipo
basado en un sensor espectral y se correlacion6 con las principales variables
fisicoquimicas. Finalmente se desarrollé un método innovador de cosecha de
mango, el cual consiste en la aplicaciéon de una emulsion acida sobre el pedicelo
del fruto. Con el equipo construido y el uso de Minimos cuadrados parciales, se
predijo soélidos solubles totales (SST) y firmeza con un R? de 0.61 y 0.76,
respectivamente. La raiz cuadrada del error cuadratico medio de prediccién fue
de 0.91 (°Brix) para SST y de 0.67 (kg cm™) para la firmeza. Mediante arboles de
clasificacion y regresion, la precision de la clasificacion fue del 90 % para SSTy
del 87 % para firmeza en frutos de mangos intactos. Ademas, la emulsion acida
aplicada al pedicelo del fruto ocasiond un desprendimiento del fruto en un tiempo
maximo de 4 horas. Los experimentos de desprendimiento de mango utilizando
una mezcla media indicaron que es posible desprender la fruta en un tiempo
promedio de 2 horas. Sin embargo, la mezcla densa redujo la exudacion de latex,
la cual solo se presenté en el 7% del total de los frutos cosechados.

Palabras clave: Sensor espectral, ESP32, HNO3, mezcla acida, pedicelo-
pedunculo.

'Tesis de Doctorado en Ingenieria Agricola y Uso Integral del Agua, Universidad Autonoma
Chapingo

Autor: Vargas-Cano David

Director de Tesis: Federico F. Hahn Schlam' y José Luis Rodriguez de la O
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GENERAL ABSTRACT

PREDICTION AND CLASSIFICATION OF MATURITY, AND METHOD TO
"INDUCE" MANGO FRUIT DETACHMENT?

The cultivation of mango (Mangifera indica L.) is an important agricultural activity
in Mexico, which contributes to the economy of the country through internal
consumption as well as exports. Harvesting the fruit at its optimum maturity stage
and reducing damage during harvest are of great importance. Therefore, the
objective of this research was to develop and evaluate an integral system for the
prediction and classification of mango maturity, and to develop an innovative
method for fruit detachment that can be used as a harvesting technique. For this
purpose, an extensive review was carried out to identify the main physicochemical
parameters and the principal methods for predicting mango maturity, then an
equipment based on a spectral sensor was developed and correlated with the
main physicochemical variables. In addition, an innovative method of mango
harvesting was developed, which consists in the application of an acid blend on
the pedicel of the fruit. Using the developed device and partial least squares, total
soluble solids (TSS) and firmness were predicted with an R? of 0.61 and 0.76,
respectively. The root mean square error of prediction was 0.91 (°Brix) for TSS
and 0.67 (kg cm?) for firmness. Through classification and regression trees, the
classification accuracy was 90 % for TSS and 87 % for firmness in intact mango
fruit. In addition, acid blend applied to the fruit pedicel caused fruit detachment up
to 4 hours. Mango detachment experiments using a medium mixture indicated
that it is possible to detach the fruit in an average time of 2 hours. By contrast, the
dense mixture reduced latex exudation, which was only observed in 7 % of the
total harvested fruits.

Keywords: Spectral sensor, ESP32, HNOs, acid blend, pedicel-peduncle.

Thesis, Universidad Autbnoma Chapingo
Author: Vargas-Cano David
Advisor: Federico F. Hahn Schlamt and José Luis Rodriguez de la O

Xiv



1 INTRODUCCION GENERAL

1.1 Importancia del problema investigado

La produccién del cultivo de mango (Mangifera indica L.) es una actividad agricola
importante en México, contribuyendo sustancialmente a la economia del pais a
través del consumo interno y las exportaciones, particularmente a Estados
Unidos (Ariza-Flores et al., 2024). Segun el informe de la Secretaria de
Agricultura y Desarrollo Rural (SAGARPA, 2017), el plan estratégico 2017-2030
prevé un aumento de la demanda mundial de 3.23 hasta 4.06 millones de
toneladas métricas, lo que significa un crecimiento acumulado del 25.66 %. Al
mismo tiempo, se prevé que el potencial de produccion de mango aumente de
1.89 a 2.69 millones de toneladas métricas, lo que refleja un crecimiento
acumulado del 42.69 %. En los ultimos anos, México se ha posicionado en los
primeros lugares como productor y exportador de mango, con las variedades
‘Ataulfo’, “Tommy Atkins’, ‘Kent’, ‘Keitt’ y ‘Haden’, entre otros (Contreras et al.,
2024). La variedad Ataulfo, originaria de la regidon del Soconusco en Chiapas,
destaca particularmente por su alta demanda exportadora debido a sus
deseables propiedades organolépticas, como sabor dulce y pulpa carnosa,
convirtiéndola en una de las favoritas en los mercados norteamericano y japonés
(Mendoza-Hernandez et al., 2020). La cadena de valor del mango en México
involucra diversas etapas desde la produccion hasta el consumo, con puntos
criticos como la floracion y el manejo de enfermedades (Santos-Villalobos et al.,
2011). Ademas, se presentan desafios importantes como la reduccidon de
pérdidas en postcosecha cuyas principales causas se le atribuyen a la
recoleccion en etapas de madurez incorrectas, tratamientos poscosecha v,
almacenamientos inadecuados, empaque deficiente y mala distribucién. Lo

anterior que resulta en dafios mecanicos, quemaduras de savia, tejido esponjoso

15



pérdida de peso, ablandamiento de frutos, descomposicién y lesiones por frio (Le
et al., 2022). La pérdida total poscosecha de mangos desde la cosecha hasta el
comercio minorista en México se ha estimado en alrededor del 30.65 % con
pérdidas significativas en todas las etapas de la cadena de suministro (Roy et al.,
2019). Este alto nivel de pérdida subraya la necesidad de mejorar las practicas
de manejo para mitigar estas pérdidas, partiendo en la cosecha para garantizar
la calidad de los frutos y la aceptacion del consumidor final de los mangos

mexicanos.

1.2 Antecedentes

El mango, al ser un fruto climatérico, es altamente perecedero y susceptible a
diversas enfermedades poscosecha y condiciones ambientales que conducen a
la degradacion de la calidad y pérdidas econdmicas a lo largo de la cadena de
suministro (Le et al., 2022). En los frutos de mango, la madurez fisiolégica es de
gran importancia durante la cosecha, ya que una fruta inmadura nunca alcanza
una buena calidad (Osuna-Garcia et al., 2021). A medida que la maduracién de
la fruta avanza, la materia seca permanece relativamente constante (Marques et
al., 2016), por esta razén es ampliamente usado como indice de madurez por las
empacadoras. Otros atributos usados para medir la calidad de la fruta son los
sélidos solubles totales (SST), firmeza, acidez titulable y niveles de vitamina C
(Costa et al., 2019), no obstante, la firmeza y los SST determinan el grado de
madurez de acuerdo con la norma mexicana NMX-FF-058-SCFI (2006). Los
meétodos tradicionales para determinar la madurez del mango, como la inspeccion
manual y el analisis fisicoquimico destructivo, requieren mucha mano de obra y
requieren mucho tiempo (Upadhyay & Gupta, 2024). Los avances recientes han
introducido varias técnicas no destructivas para mejorar la precision y la
eficiencia. Entre los métodos mas usados en la determinacion de las variables
fisicoquimicos, que no son destructivos, se encuentran las técnicas 6pticas como
el andlisis de imagenes, vision artificial y técnicas espectroscopicas (Yahaya et
al., 2015). Por ejemplo, se ha desarrollado un método especializado de meta

aprendizaje para clasificar imagenes de cultivos de mango con datos limitados,

16



mejorando significativamente la precision de la deteccion de madurez a través de
la segmentacion de imagenes y la extraccién de caracteristicas fisicoquimicas
del fruto (Upadhyay & Gupta, 2024). La espectroscopia de infrarrojo cercano
(NIR) combinada con regresion polindmica local con multiples predictores
(MLPR) también se ha mostrado prometedora en la prediccion del pH y SST con
alta precision, proporcionando una técnica rapida y no destructiva para evaluar
la calidad del mango (Ulya et al., 2024). Ademas, de espectroscopia NIR y légica
difusa para clasificar los indices de madurez del mango, logrando una alta
correlacion con los parametros; acidez total, SST, firmeza y almidon (Khumaidi et
al., 2022). También, se ha propuesto un modelo hibrido que utiliza una red
neuronal Feed-Forward (FFNN) multicapa para determinar la madurez del mango
en base a caracteristicas internas y externas como longitud, anchura, defecto,
peso, densidad y color, logrando un error medio cuadrado de 0.259 en la
prediccidon de madurez (Trieu & Thinh, 2022). También, se ha explorado el uso de
grados dias de desarrollo (GDD) para estimar el tiempo de cosecha en funcion
de las unidades de calor acumuladas desde la floracion hasta la madurez del
fruto, estableciéndose objetivos especificos de GDD para diferentes cultivares de
mango (Amaral et al., 2023). Se han aplicado técnicas de procesamiento de
imagenes y algoritmos de redes neuronales, como la retro propagacion, para
detectar la madurez del mango en el arbol, aunque con niveles de precision
variables (Sanjaya & Karo, 2023). Estos diversos enfoques mejoran
colectivamente la precision y la eficiencia de la prediccion de la madurez del

mango, ofreciendo beneficios significativos para la gestidén de la cosecha,

La cosecha de mango en México es un proceso multifacético que varia segun el
uso previsto de la fruta, la regién y las practicas de cultivo. Para el consumo en
fresco, los mangos generalmente se cosechan manualmente para garantizar la
calidad de la fruta y minimizar el dafo, lo cual es crucial para garantizar su
comercializacion y la vida util de la fruta (Mayans Céspedes, et al., 2015). Sin
embargo, no esta exento a danos como la quemadura por latex, un liquido

viscoso con un pH bajo y alto contenido de aceite exudado por el pedicelo de la
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fruta al momento de la cosecha, ademas, causa zafira 0 manchas oscuras en la
cascara. Estos dafos reducen significativamente la aceptacién del consumidor y
la vida util del fruto (Secretaria et al., 2021). Los tratamientos efectivos de
“deslechado” como el uso de alumbre, detergente, cal o agua, pueden mitigar las
lesiones de la savia, siendo el agua particularmente eficaz para reducir el dafio
(Secretaria et al., 2021). A pesar de estos avances, el impacto econémico del
dafo causado por el latex sigue siendo significativo, lo que requiere una
investigacion continua para desarrollar mejores técnicas de recoleccion y manejo

poscosecha para mejorar la calidad y aumentar la vida util del fruto.

1.3 Justificacion

Conocer el estado de madurez de los frutos de mango permite cosecharlos en su
punto 6ptimo (madurez fisiolégica), garantizando asi un fruto de alta calidad y
atractivo para los consumidores. La adopcion de un método de cosecha selectiva
que minimice los dafos durante la recoleccion es crucial para maximizar la
calidad del fruto y reducir las pérdidas econdmicas asociadas a la cosecha y el
manejo postcosecha. Implementar métodos precisos para predecir la madurez y
técnicas eficientes para el desprendimiento del fruto, podra mejorar la eficiencia
operativa en la etapa de producciéon y contar con frutos de mayor calidad, asi,
generar beneficio a los productores y consumidores. Ademas, este trabajo

contribuira al avance del conocimiento cientifico en el ambito de la fruticultura.

1.4 Objetivo general

Desarrollar y evaluar un sistema integral para la prediccion y clasificacion de la
madurez del mango, utilizando métodos no destructivos (Opticos vy
espectroscopicos), y proponer un método innovador para el desprendimiento del

fruto, que minimice el dafio durante la cosecha y garantice la calidad del mango.

1.5 Objetivos particulares

e Realizar una revision exhaustiva del estado actual de la prediccion y

clasificacion de la madurez del mango.
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e Desarrollar y evaluar un dispositivo optico basado en el sensor espectral
AS7262 para determinar de manera no destructiva la madurez del mango.
e Desarrollar y evaluar una metodologia para inducir el desprendimiento del
mango mediante la aplicacion de una mezcla acida sobre el pedicelo, sin

danar el fruto.

1.6 Estructura de la tesis

El trabajo de investigacion se desarrollé en tres etapas. La primera (Capitulo 2)
consistié en llevar a cabo una revision del estado del arte en la prediccion y
clasificacion de madurez, y las técnicas para el desprendimiento del fruto de
mango. En este apartado se describen cuales son los parametros usados como
indicadores de madurez y que métodos de prediccion existen, ademas de cuales
son las técnicas empleadas para causar el desprendimiento del fruto con fines de
cosecha. La segunda etapa (Capitulo 3), consistio en desarrollar un equipo 6ptico
para medicion de variables del mango con un sensor espectral capaz de
determinar y clasificar frutos de acuerdo con su estado de madurez. En la tercera
etapa (Capitulo 4), se desarroll6 un método innovador para causar el
desprendimiento del fruto, se evalud la efectividad de la técnica y los dafios
causados a los frutos al emplearlo. Por ultimo, se presenta un apartado de
Apéndices donde se anexan otros trabajos relacionados con el tema de
investigacion o derivados de este. En el apéndice 1, se presentan los resultados
de las primeras pruebas realizadas en la fase experimental del capitulo 4. En el
apéndice 2, se presenta la patente obtenida a partir de los resultados del estudio
del capitulo 4. Para finalizar, en el apéndice 3 se presenta un resumen del trabajo

relacionado con las etapas futuras de la linea de investigacion.
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2 ESTADO DEL ARTE EN LA PREDICCION Y CLASIFICACION
DE MADUREZ, Y TECNICAS PARA EL DESPRENDIMIENTO
DEL FRUTO DE MANGO

Resumen

Para garantizar la mayor calidad posible de los frutos de mango es de gran
importancia cosechar los frutos en la etapa de madurez adecuada, lo que
garantiza un alto valor de mercado y nivel de aceptacion por parte de los
consumidores. La etapa de madurez en la que se cosechan los mangos
desempefia un papel crucial al influir en varios atributos fisicoquimicos de la fruta,
incluidos, entre otros, el color de la piel y la pulpa, la firmeza y la concentracién
de sélidos solubles totales (SST). Alo largo de los afios, se han desarrollado una
gran cantidad de metodologias y se han realizado numerosos estudios para
evaluar con precision la madurez de los mangos, lo que destaca la importancia
de este aspecto en la industria fruticola. En el contexto de este proyecto de
investigacion en particular, se realizé una exploracion de los métodos predictivos
y de clasificacion existentes en relacion con la madurez del mango. Ademas, se
llevd a cabo un analisis sobre varias metodologias destinadas a facilitar el
proceso de desprendimiento de la fruta, particularmente en el contexto de la
cosecha del mango, lo que arroja mas informacién sobre los enfoques
innovadores en este campo. Cabe destacar que la tecnologia de infrarrojo
cercano (NIR) se perfila como una herramienta rapida y precisa para medir la
madurez de la fruta de forma no destructiva. Al mismo tiempo, los avances en las
técnicas de recoleccion de fruta han desempenado un papel fundamental a la
hora de minimizar los dafios a la fruta durante la cosecha, lo que ha permitido la
adquisicion de mangos de calidad.

Palabras clave: Fruto, calidad, métodos no destructivos, cosecha de mango,
automatizacion de la cosecha.
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2.1 Introduccion

La prediccion y clasificacion de la madurez del mango abarca una variedad de
enfoques y metodologias que han sido objeto de investigacion en los ultimos
afios. La maduracion del mango esta gobernada por una serie de reacciones
bioquimicas que incluyen cambios en la textura, color, contenido de azucares,
acidos y aromas, los cuales se transforman de manera lenta y progresiva hasta
que el fruto alcanza las condiciones 6ptimas de aroma y jugosidad (Quintero et
al., 2013). La cosecha del mango en la etapa optima de madurez fisiologica es
crucial ya que impacta directamente la calidad de la fruta y la vida util posterior a
la cosecha (Thakur et al., 2022). La madurez del mango se puede determinar
evaluando parametros biofisicos y bioquimicos, los cuales proporcionan una
evaluacion integral de los indices de calidad y madurez del fruto (Jaman et al.,
2022). La madurez del mango es un atributo multifacético que se puede evaluar
utilizando diversos indices y por métodos destructivos y no destructivos, lo cual
es ventajoso por varias razones, principalmente girando en torno a la eficiencia,
precision y sostenibilidad. Las técnicas no destructivas, como la espectroscopia
de infrarrojo cercano (NIR), la vision artificial y el procesamiento de imagenes, y
los modelos de aprendizaje automatico, permiten evaluar la madurez del mango
sin danar la fruta, preservando asi su valor de mercado y reduciendo el
desperdicio (Khumaidi et al., 2022).

La actividad de cosecha del mango implica una variedad de técnicas y
consideraciones para asegurar la calidad y longevidad de la fruta postcosecha.
Los métodos tradicionales, como la rotura de frutas con un gancho adherido a un
poste largo, a menudo resultan en contusiones y lesiones, haciendo que las frutas
sean poco atractivas y reduciendo su vida util (Savita et al., 2010). Por lo tanto,
la mecanizacion de la cosecha de mango ha sido objeto de estudio y se ha
encontrado que reduce significativamente las pérdidas poscosecha, mejora la
vida util y mantiene la calidad de la fruta (Prasad et al., 2019). Sin embargo, se
presentan varios desafios, principalmente debido a la naturaleza compleja de la

tarea y las caracteristicas de la fruta y los arboles. La altura de los arboles de
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mango plantea un desafio, ya que las herramientas manuales tradicionales son
inadecuadas para llegar a ramas mas altas, y las maquinas mecanizadas, si bien
estan disponibles, a menudo son pesadas, costosas e inadecuadas para los
pequefos agricultores (Kolhe & Jadhav, 2011). Otra dificultad significativa es el
mecanismo de agarre, que es crucial para el desprendimiento y manipulacion
exitosos de los mangos sin causar dafos. La falta de especificaciones
universalmente adoptadas para el rendimiento de la pinza complica el desarrollo
de efectores finales efectivos, ya que se deben evaluar diferentes disefios para
métricas como el area de recoleccion, el volumen de recoleccién y la fuerza de

agarre para garantizar un dafio poscosecha minimo (Goulart et al., 2023b).

Sin embargo, el objetivo de este capitulo es realizar una revision exhaustiva del
estado actual de la prediccion y clasificacion de la madurez del mango. Esto
implica describir los factores clave utilizados como indicadores de la madurez de
la fruta, junto con las técnicas para cuantificar y aproximar estos factores. Estas
técnicas se clasifican en destructivas o no destructivas, y estas ultimas son
particularmente dignas de mencion debido a su eficiencia y falta de impacto en
la estructura fisica de la fruta. Ademas, el capitulo profundiza en varias
metodologias para inducir el desprendimiento de la fruta, especificamente en el

contexto de la cosecha.

2.2 Madurez del mango

La determinacién del estado de madurez de los mangos implica evaluar una
combinacion de parametros Dbiofisicos y bioquimicos, que varian
significativamente entre los diferentes cultivares y condiciones ambientales.
Fisicamente, se evalian comunmente parametros como tamano, peso, volumen
y firmeza. Quimicamente, la materia seca (MS), los sdlidos solubles totales

(SST), la acidez titulable (AT), y su relacién son indicadores criticos.
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2.2.1 Madurez basada en parametros biofisicos

La madurez del mango se refleja en cambios en varios atributos fisicos del fruto,
tales como el tamafo, la forma, el color, el peso y la firmeza. Estos atributos
pueden variar significativamente entre las distintas variedades de mango y sus
etapas de maduracion. Por ejemplo, se destaca que las dimensiones, tamafio,
peso, volumen, relacion de aspecto y esfericidad de los mangos varian
significativamente entre los cultivares y aumentan a medida que el mango pasa
de etapas tempranas de maduracion a etapas de sobre madurez (Patel & Kar,
2023). De manera similar, el estudio sobre las variedades Haden, Kent, Palmer y
Keitt establece valores estandar de madurez de cosecha basados en peso,
longitud, ancho, volumen y densidad, lo que indica que estos atributos fisicos son
variables no destructivas cruciales para determinar la madurez del fruto del
mango (Abu et al., 2022). Thakur et al. (2022), encontraron que los mangos
variedad “Amrapali” cosechados en la etapa madura (110 dias desde la plena
floracion) exhibian mejores atributos de calidad y mayor vida de anaquel en
comparacion con los cosechados en etapas inmaduras o sobremaduras,
enfatizando la importancia del tiempo de cosecha adecuado. Muiruri et al. (2022),
sefalaron que, si bien el tamafno aumentaba a medida que se desarrollaban los
frutos, no era un indice de madurez confiable ya que algunas frutas de pequeno
tamano alcanzaron una madurez avanzada antes que las mas grandes. El uso
de un software maovil basado en Android para detectar el color de |la cascara para
los indices de madurez en los mangos ‘Mallika’ respalda aun mas el papel del
color como un parametro fisico significativo, con diferentes etapas marcadas por
distintos cambios de color (Jaman et al., 2022). Ahmad et al. (2019), aplicaron
técnicas de procesamiento de imagenes para identificar el grado de madurez en
los mangos ‘Harumanis’ con base a la forma, demostrando que la forma puede
ser un indicador vital de madurez, especialmente cuando el tamafo y el color no
son confiables. El estudio de Pereira et al. (2018), donde evaluaron los cambios
fisicos, quimicos vy fisioldgicos en los mangos ‘Uba’, encontrando que el patron

de desarrollo se ajustaba a un modelo sigmoidal, con cambios significativos en
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los parametros de longitud, diametro y color a lo largo de la maduracion,
respaldando de esta manera que estos atributos puedan emplearse como
parametros para estimacion de madurez. En conjunto, estos estudios ilustran
que, si bien los parametros fisicos como el tamafno, la forma, el color y la firmeza
son esenciales para determinar la madurez del mango, deben usarse junto con
indices computacionales y bioquimicos para una evaluaciéon de madurez mas

precisa y confiable.

2.2.2 Madurez basada en parametros bioquimicos

La materia seca, los SST, la AT y el pH son indicadores clave de la madurez del
mango. El contenido de MS permanece constante durante la maduracion
mientras que el contenido de azucar aumenta y el contenido de acido disminuye,
lo que lo convierte en un indicador confiable de madurez y calidad final (Subeidi
et al., 2010). Los estudios han demostrado que el contenido de MS esta
estrechamente relacionado con los SST de la fruta completamente madura, lo
que se correlaciona directamente con la dulzura de la fruta y la aceptabilidad
general (Subeidi et al., 2010; Polinar et al., 2019). Adicionalmente, se ha
encontrado que el contenido de MS se correlaciona bien con atributos sensoriales
como el gusto y la apariencia, validando aun mas su uso como indicador de
madurez (Jha et al., 2013). Los estudios han demostrado que los SST, que
incluye azucares y otras sustancias solubles, aumenta con la madurez del fruto,
convirtiéndolo en un indice de madurez confiable. Por ejemplo, el SST de los
mangos puede oscilar entre 7.6 y 22.1 °Brix, con valores mas altos que indican
mayor madurez y mejor calidad (Jha et al, 2013). De igual manera, el pH de la
pulpa de mango tiende a aumentar, mientras que la AT disminuye a medida que
el fruto madura, reflejando la conversion de acidos organicos en azucares (Robin
& Zannat, 2024). Los azucares reductores y no reductores también aumentan
durante la maduracion, lo que contribuye a la dulzura de la fruta y al perfil general
de sabor (Zagade & Relekar, 2014). La etapa de madurez afecta
significativamente estas propiedades quimicas, como se observa en diversos

cultivares de mango. Por ejemplo, el mango ‘Garifta-merah’ muestra cambios en
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el color de cascara y pulpa, firmeza, y SST en diferentes niveles de madurez,
recomendandose una cosecha optima a un nivel de madurez superior al 75%
(Widayanti et al., 2023). Adicionalmente, la interaccion entre la etapa de cosecha
y las condiciones de almacenamiento puede influir en estos parametros quimicos.
Por ejemplo, los mangos tratados con 1-metilciclopropeno (1-MCP) vy
almacenados a 12.5+1 °C exhibieron mayor SST y azucares totales, lo que indica
una maduracion retardada y una vida util prolongada (Kumar et al., 2012).
Ademas, la composicion bioquimica de los mangos, incluyendo carotenoides
totales, clorofila y fenoles, varia con la madurez, afectando la calidad nutricional
y el atractivo visual de la fruta (Partibha et al., 2020). La madurez de los mangos
también esta influenciada por factores ambientales y los constituyentes
bioquimicos presentes en las hojas y brotes, que juegan un papel en la sintesis
de estimulos florales y el momento de la floracion (Kumar et al., 2013). En
general, los parametros quimicos de SST, AT, pH y MS, junto con técnicas no
destructivas y factores ambientales, proporcionan un enfoque integral para
determinar la madurez del mango, asegurando un momento éptimo de cosecha

y manejo de calidad poscosecha.
2.3 Métodos de prediccion y clasificacion de la madurez del mango

2.3.1 Métodos destructivos

Los métodos destructivos para predecir la madurez del mango implican diversas
técnicas que requieren alteracion fisica o muestreo del fruto, lo que a menudo lo
vuelve inadecuado para la venta. Un método destructivo comun es la medicion
del contenido de MS. Este método implica tomar una muestra central de la fruta
y secarla para determinar el porcentaje de MS. Otro enfoque destructivo es el
analisis quimico del contenido de SST, contenido de acido, y la relacién sélidos-
a-acido, que son indicadores criticos de madurez. Estos parametros se miden
tipicamente extrayendo jugo de la fruta y analizandolo, usando métodos de
refractometria y titulacion (Salengke & Mursalim, 2013). Otro método destructivo

implica la evaluacion del color de la pulpa. Este método requiere que la fruta se
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corte, por lo que no es adecuada para su posterior venta o consumo (Amaral et
al., 2023). A su vez, la técnica tradicional de flotacién basada en la gravedad
especifica, que estima la madurez del mango comparando la densidad del fruto
con la del agua, también se considera destructiva ya que a menudo conduce a
dafos en la fruta durante el proceso (Khalid et al., 2017). La evaluacion sensorial,
que implica probar la fruta para evaluar atributos como dulzura, acidez y
aceptabilidad general, es otro método destructivo. Este enfoque, aunque
subjetivo, proporciona retroalimentaciéon directa sobre la calidad de la fruta y a
menudo se utiliza junto con otros analisis quimicos (Polinar et al., 2019). Estos
meétodos destructivos, aunque precisos, a menudo requieren mucha mano de
obra y no son adecuados para aplicaciones a gran escala o en tiempo real, por
lo que es necesario desarrollar técnicas no destructivas y confiables para la

evaluacion de la madurez del mango.

2.3.2 Métodos no destructivos

Los métodos tradicionales de clasificacion manual son propensos a
imprecisiones y altos costos de mano de obra, lo que genera la necesidad de
sistemas automatizados (Rathore & Meena, 2024). La determinacién no
destructiva de la madurez es crucial para la industria agricola, permitiendo a los
productores evaluar la calidad del fruto sin comprometer su integridad fisica.
Métodos avanzados como la espectroscopia de reflectancia visible e infrarroja
cercana, junto con técnicas de ultrasonido y termografia infrarroja, ofrecen
herramientas precisas para medir parametros como el contenido de azucares, la

firmeza y otros indicadores clave de madurez.

Espectroscopia de infrarrojo cercano (NIR)

La tecnologia de infrarrojo cercano se ha convertido en una poderosa
herramienta para predecir la madurez del mango debido a su naturaleza no
destructiva y rapida. La espectroscopia NIR, combinada con diversas técnicas
quimiométricas ha mostrado resultados prometedores en la prediccion de

parametros como MS, SST y firmeza, que son cruciales para determinar el indice
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de madurez de los mangos (Khumaidi et al., 2022). Por ejemplo, el uso de
regresion polindmica local con multiples predictores ha sido eficaz para predecir
el pH y SST de los mangos intactos, logrando una alta precision con valores de
error porcentual absoluto medio inferiores al 10 % (Ulya et al., 2024). Igualmente,
la espectroscopia NIR se ha aplicado con éxito para predecir contenido de MS,
AT y acido ascorbico (AA) en mangos, con modelos de regresion por minimos
cuadrados parciales (PLSR), que muestran un rendimiento robusto cuando se
preprocesan con meétodos como correccion de esparcimiento multiple vy
normalizacion por vector estandar (Munawar, 2014). También se ha validado la
aplicacion de la espectroscopia NIR en la prediccion de la madurez y calidad de
los mangos ‘Carabao’, con modelos PLSR logrando altos valores de R? para MS
y SST, indicando su potencial para aseguramiento de calidad y sistemas de
clasificacion automatica (Polinar et al., 2019). Se ha empleado la tecnologia de
imagenes de fluorescencia hiperespectral para predecir el contenido de materia
seca de los mangos, con los mejores resultados obtenidos utilizando una
combinacion de los algoritmos muestreo adaptativo reponderado competitivo y
Random Frog (RF), logrando un coeficiente de correlacion de Rp? = 0.9658 (Kang
etal., 2022). Por otra parte, la integracion del analisis de componentes principales
(PCA) con el analisis discriminante lineal (LDA) ha sido efectiva en la clasificacion
de los mangos segun etapas de madurez y aceptabilidad general, logrando tasas
de éxito de hasta 88 % (Polinar et al., 2019). Ademas, se ha estudiado el impacto
de los métodos de preprocesamiento en modelos de aprendizaje automatico
como redes neuronales artificiales (RNA) y componentes principales con RNA,
mostrando que el suavizado Savitzky-Golay (SG) de segundo orden potencia la
precision y robustez de estos modelos en la prediccion de la calidad del mango
(Tan & Chia, 2023). También se ha investigado la identificacion de los niveles de
madurez del mango basados en compuestos volatiles utilizando picos de
absorcion infrarroja, con analisis discriminante por minimos cuadrados parciales,
clasificando efectivamente el periodo de almacenamiento en distintas etapas de

madurez (Jiao et al., 2017). También, el uso de imagenes infrarrojas para
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clasificar la madurez de los mangos ‘Harumanis’ con base al analisis del espectro

cromatico ha logrado una precision de clasificacién de 90.5 % (Sa’ad et al., 2017).

Visién artificial y procesamiento de imagenes

La vision artificial y el procesamiento de imagenes juegan un papel crucial en la
prediccion de la madurez del mango al aprovechar diversas técnicas para
analizar las caracteristicas visuales y fisicas de la fruta. Las técnicas de
procesamiento de imagenes son fundamentales, ya que permiten la extraccidon
de caracteristicas criticas como el color, el tamafio y la forma, que son indicativos
de la madurez del mango (Sahu & Potdar, 2017). Por ejemplo, el uso de valores
de escala de grises para monitorear los cambios de color durante la maduracion
ha mostrado un cambio significativo, logrando una tasa de precision de 90.9 %
bajo condiciones de iluminacion controladas (Rathore & Meena, 2024). Se ha
empleado el método de clasificacion Fuzzy C-Means para categorizar los mangos
en etapas maduras, semimaduras e inmaduras, logrando una precision del 88.33
% al transformar los valores RGB (Red, Green y Blue por sus siglas en inglés) en
espacios de color HSI'y YCbCr (Habiburrohman & Suryani, 2022). Por otro lado,
un método de procesamiento de imagenes digitales utilizando un conjunto de
datos de 1463 imagenes de mango clasificd las etapas de madurez con
precisiones de 98.97 %, 98.46 % y 98.2 % utilizando clasificadores de maquinas
de vectores de soporte, vecinos mas cercanos y arbol de decision,
respectivamente (Prabhu & Mamatha, 2022). La integracion de estas técnicas no
solo mejora la precision de la deteccion de madurez, sino que también facilita
procesos de clasificacion de alta velocidad y automatizados, haciéndolos
adecuados principalmente en aplicaciones comerciales en supermercados y
otros sectores (Sahu & Potdar, 2017).

Ultrasonido

Las pruebas fisicoquimicas han demostrado que a medida que los mangos
maduran, su peso, tamano, croma y solidos solubles aumentan, mientras que la

acidez, firmeza y humedad disminuyen, todo lo cual puede ser monitoreado
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usando tecnologia de ultrasonido (Rosas-Mendoza et al., 2015). El uso de ondas
ultrasénicas permite la medicidon del contenido de agua y textura del fruto. Por
ejemplo, la reflexién ultrasonica a diferentes frecuencias puede medir estos
parametros, y con légica difusa determinar el nivel de madurez con base a estas
mediciones, como se demostrd en un estudio que involucré aguacates, mangos
y papayas (Adhimantoro & Gaol, 2014). Ademas, la velocidad de propagaciéon de
las sefiales de ultrasonido en jugo de mango se ha correlacionado positivamente
con SST y contenido de sacarosa y se correlaciona negativamente con laAT y la
firmeza de la fruta, haciendo de la velocidad un parametro relevante para predecir
la madurez (Valente et al.,, 2012). También, se ha utilizado la técnica de
resonancia acustica para medir el volumen del mango de manera no destructiva,
con una relacion lineal establecida entre el volumen y la frecuencia de
resonancia, lo que ayuda aun mas en la evaluacion de la madurez
(Puttipipatkajorn, 2013). No obstante, el tratamiento con ultrasonido en mangos
frescos ha mostrado resultados mixtos, con reducciones iniciales en SST y
contenido de azucar y mayor suavidad después del almacenamiento, lo que
indica que los parametros del método necesitan optimizacion para evitar el

deterioro de la calidad (Santos et al., 2015).
2.4 Técnicas para el desprendimiento del fruto de mango

2.41 Métodos manuales

Los métodos tradicionales para separar la fruta del mango del arbol implican
principalmente técnicas manuales que pueden ser intensivas en mano de obra y
potencialmente dafinas para la fruta. Un método comun es la cosecha manual,
donde los trabajadores trepan a los arboles o usan escaleras para recoger los
mangos a mano. Este método, aunque preciso, lleva mucho tiempo y requiere
una mano de obra significativa. La cosecha manual con el uso de un gancho
unido a un poste largo a menudo resulta en dafios fisicos, hematomas y
escurrimiento de la savia debido a la ausencia del pedicelo, lo que lleva a

pérdidas postcosecha y una vida de anaquel reducida (Deepak et al., 2018;
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Savita et al., 2010). Otro método tradicional es la sacudida del arbol, donde se
sacuden las ramas para desalojar la fruta. Este método puede conducir a
pérdidas significativas después de la cosecha debido al dafio fisico, la pudricion
del extremo del tallo y el escurrimiento de la savia, ya que los frutos a menudo
caen sin sus pedicelos, haciéndolos mas susceptibles al deterioro (Sharma et al.,
2019). Para mitigar estos problemas, se han desarrollado herramientas y
métodos mejorados. Por ejemplo, la cosechadora de mango KVK BRD, que
incluye un marco conico, una cuchilla para el corte del pedicelo y una red de
recoleccion, ha mostrado mayor eficiencia y menores requerimientos de mano de
obra en comparacion con los métodos tradicionales (Deepak et al., 2018; Savita
et al., 2010). También, se ha demostrado que el uso de un poste de recoleccion
mejorado, equipado con una manga larga de malla plastica reduce
significativamente las lesiones fisicas y la pérdida de peso, extendiendo la vida
util de los mangos cosechados (Elkashif et al., 2015). Ademas, el uso de agentes
para eliminacion del latex como el hidroxido de sodio y el alumbre después de la
cosecha puede controlar eficazmente la lesion, mejorando el atractivo estético y

la calidad de los mangos (Barman et al., 2015).

2.4.2 Métodos mecanicos

Se han desarrollado y evaluado cosechadoras mecanicas de fruta de mango para
enfrentar los desafios de la cosecha manual. Se han propuesto diversos disefios
y mecanismos para optimizar el proceso de recoleccion. Por ejemplo, una
maquina de recolecciéon de mango que utiliza sierras circulares para el corte de
tallo, ha demostrado una alta eficiencia, con un porcentaje correcto de tallo de
corte del 95 % a una velocidad 6ptima de 8.34 m/s, reduciendo significativamente
las lesiones de la fruta en comparacién con la recoleccion manual (Mohamed,
2017). Otro enfoque innovador implica el uso de una escalera hidraulica montada
en tractor, que puede girar 360 grados y alcanzar hasta 12 m, potenciando la
eficiencia de las operaciones de cosecha y poda (Thiyagarajan et al., 2020). Este
sistema ha demostrado una capacidad de campo de 5,400 mangos por dia,

demostrando su idoneidad para operaciones a gran escala (Kolhe & Jadhav,
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2011). Ademas, el desarrollo de los phantoms de frutas utilizando silicona y
almidoén ha facilitado la prueba de efectores finales en entornos controlados, lo
que permite la evaluacion comparativa del rendimiento de la pinza en términos
de métricas como area de recoleccion, volumen de recoleccion y fuerza de agarre
(Goulart et al., 2023a; Goulart et al., 2023b). También se han disefiado ayudas
mecanicas como cortadores de discos, tijeras eléctricas y ganchos de vanguardia
para aumentar la productividad laboral y reducir las lesiones de la fruta, con tijeras
eléctricas que muestran las tasas de lesiones mas bajas y los periodos de validez
mas altos para las frutas cosechadas (El-Iraqgi et al., 2010). Se ha explorado el
uso de vibradores inerciales para la recoleccion mecanica, con estudios que
determinan las frecuencias y amplitudes de vibracion Optimas para el
desprendimiento selectivo del fruto con base en las propiedades fisico-mecanicas
del sistema fruto-tallo (Mayans Céspedes et al., 2015a; Mayans Céspedes et al.,
2015b). Ademas, se ha desarrollado un dispositivo de brazo mecanico equipado
con garras de sujecion, una varilla de recoleccion motorizada y una herramienta
de cizallamiento para realizar operaciones simultaneas de agarre, corte y
recoleccion, mejorando significativamente la eficiencia de recoleccién y evitando
dafos en la fruta (Liao et al., 2018). La efectividad de los métodos de recoleccion
mecanica ha sido validada a través de diversos ensayos, mostrando que la
recoleccion mecanica controla las pérdidas cuantitativas y mantienen mejor la
calidad postcosecha que los métodos manuales, como lo demuestran los

estudios sobre diferentes cultivares de mango (Prasad et al., 2019).

2.4.3 Métodos quimicos

El uso de sustancias quimicas especificamente para causar el desprendimiento
del fruto como un método de cosecha ha sido poco o nada estudiada. Sin
embargo, existen algunas sustancias relacionadas con la abscision fruticola, el
cual es un problema importante que afecta a la produccién de mango en todo el
mundo, y varios reguladores del crecimiento de las plantas, incluido el acido
giberélico (GAs), el acido abscisico (ABA), el etileno y el etefon, juegan un papel

crucial en este proceso. Se ha demostrado que el acido giberélico influye en el
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desarrollo de la fruta y la abscision. Los estudios indican que GAs puede retrasar
el inicio de la maduracién y reducir las tasas de respiracion, prolongando asi la
vida postcosecha de los mangos y manteniendo la firmeza y calidad de la fruta
durante el almacenamiento (Siddiqui et al., 2013; Castro et al., 2012). No
obstante, su papel en la abscisién fruticola es complejo; concentraciones mas
bajas de GAs se asocian con una reduccién de la abscision del fruto, mientras
que las concentraciones mas altas pueden conducir a una madurez mas
temprana y un posible aumento del desprendimiento (Nakorn et al., 2015). El
acido abscisico, en cambio, esta estrechamente ligado al proceso de abscision.
La investigacion ha demostrado que los frutos a punto de desprenderse exhiben
concentraciones mas altas de ABA en comparacion con los frutos intactos, lo que
sugiere que ABA promueve la abscision (Bains et al., 1999). Adicionalmente, se
ha encontrado que ABA juega un papel clave en la maduracién del fruto del
mango, con aplicacion exdégena acelerando el proceso de maduracion a través
de la regulacion de factores de transcripcion especificos como MiHYS (Wu et al.,
2022). El etileno es otro regulador critico de la abscisiéon y maduracién del fruto.
Se sabe que desencadena el proceso de abscision mediante la difusién a la zona
de abscision y la union a receptores especificos, lo que activa varias respuestas
fisiolégicas, incluyendo la reduccion del transporte de auxinas polares y la
regulacion positiva de genes receptores de etileno como MieTr1 y MierS1
(Hagemann et al., 2015). El etéfén, un compuesto liberador de etileno se ha
utilizado para estudiar el proceso de abscision en los mangos. La aplicacion de
etefébn aumenta significativamente la produccién de etileno, lo que a su vez
potencia la abscision de los frutos al reducir la concentracion de sacarosa y
alterar los receptores de etileno (Hagemann et al., 2015). Ademas, el papel del
etileno en la maduracion del mango esta bien documentado, con fuentes
endégenas y exdgenas que influyen en el proceso de maduracion y la vida de

almacenamiento de la fruta (Srividhya & Sujatha, 2017).

Otras sustancias quimicas son empleadas con otros propdsitos. Por ejemplo, los

tratamientos previos a la cosecha con quimicos como cloruro de calcio y boérax,
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combinados con el acolchado, mejoran la calidad de la fruta y reducen la pérdida
fisiolégica de peso (Bhusan et al., 2015). El uso de un aerosol de cloruro de calcio
al 2 % junto con un acolchado negro de polietileno de baja densidad minimizo la
pérdida de peso y mejord el valor comercial, mientras que los tratamientos con
borax aumentaron el contenido SST y azucar, mejorando la calidad general de la
fruta (Singh et al., 2012). Ademas, el uso de materiales biodegradables para el
ensacado de frutas durante el desarrollo, como los elaborados a partir de almidon
de yuca y succinato de polibutileno, ha mostrado resultados prometedores en el
mantenimiento de la calidad de la fruta y la reduccién del impacto ambiental
(Tuates & Caparino, 2016). La aplicacion de productos quimicos como cloruro de
calcio deshidratado y carbendazim también ha sido eficaz para aumentar los
niveles de azucar durante la maduracion, lo cual es crucial para el sabor y mejora

el valor comercial de la fruta (Lamba & Kumar, 2020).

2.5 Conclusiones

La cosecha de mangos en su etapa 6ptima de madurez es fundamental para
asegurar la maxima calidad, valor de mercado y aceptacién por parte de los
consumidores. La madurez del fruto influye notablemente en varios atributos
fisicoquimicos, como el color de la piel y la pulpa, la firmeza y la concentracion
de sdlidos solubles totales. Los métodos no invasivos, como la tecnologia de
infrarrojo cercano, se han convertido en instrumentos rapidos y precisos para
medir la madurez de la fruta sin causar dafios. No obstante, para una evaluacién
confiable y precisa de la madurez, es esencial considerar diferentes parametros
fisicoquimicos. En conjunto, estos métodos avanzados resaltan la integracion de
diversas tecnologias para mejorar la precision, eficiencia y escalabilidad en la
prediccidn de la madurez del mango, apoyando una mejor toma de decisiones en

el sector agricola.

Ademas, los avances en las técnicas de recoleccion de fruta han sido
fundamentales para minimizar los dafios durante el proceso de cosecha, lo que

permite obtener mangos de primera calidad. La automatizacién de la cosecha del
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mango ha demostrado reducir considerablemente las pérdidas posteriores a la
cosecha y aumentar la longevidad de la fruta, aunque enfrenta desafios debido a
la compleja naturaleza de la tarea y de las caracteristicas especificas de los
arboles y las frutas. La altura de los arboles de mango y el desarrollo de
mecanismos de agarre eficientes son areas clave que requieren una mayor

innovacion para aumentar la eficacia y reducir los dafios a la fruta.
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3 ‘ATAULFO’ MANGO MATURITY INDEX PREDICTION USING
THE AS7262 SPECTRAL SENSOR

Abstract

‘Ataulfo’ mango is highly produced in Mexico, being harvested when it reaches its
physiological maturity. This process takes at least another month for the fruit to
reach consumption maturity. Warehouses and markets present important losses
as the ready-to-eat status is unknown. Maturity status is determined by measuring
slow and destructive physicochemical variables. An optical device based on the
AS7262 spectral sensor was connected to the ESP32 microcontroller and
measurements were correlated with soluble solids content (SSC), dry matter (DM)
and firmness of mangoes obtained from the local market. Data analysis was
carried out by partial least squares (PLS) regression, classification, regression
tree (CART) and random forest (RF) models. With PLS, SST and firmness were
predicted with R? of 0.61 and 0.76, respectively. The root mean squared error of
prediction (RMSEP) was 0.91 for SSC and 0.67 for firmness. With the CART
model, classification accuracy was 90% for SSC and 87% for firmness of intact
mango fruits.

Keywords: Fruit ripeness, spectral analysis, CART model, nondestructive testing,

peeled fruits.
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Predicao do indice de maturidade da manga cultivar ‘Ataulfo’

usando o sensor espectral AS7262

Resumo

A manga cultivar ‘Ataulfo’ € altamente produzida no México e é colhida quando
atinge maturidade fisiologica. Este processo leva pelo menos mais um més para
o fruto atingir maturidade de consumo. Armazéns e mercados apresentam perdas
importantes porque o status “pronta para consumo” é desconhecido. O status de
maturidade é determinado pela medicdo de variaveis fisico-quimicas lentas e
destrutivas. Um dispositivo 6ptico baseado no sensor espectral AS7262 foi
conectado ao microcontrolador ESP32 e suas medidas foram correlacionadas
com o teor de sélidos soluveis (TSS), matéria seca (MS) e firmeza de mangas
obtidas no mercado local. Analise dos dados foi realizada por meio de modelos
regressao por minimos quadrados parciais (PLS), arvore de classificacéo e
regressao (CART) e floresta aleatdria (RF). Com o modelo PLS, TSS e firmeza
foram previstos com R2 de 0,61 € 0,76, respectivamente. Araiz do erro quadratico
médio de predicao (RMSEP) foi de 0,91 para TSS e 0,67 para firmeza. Com o
modelo CART, a preciséo da classificagdo foi de 90% para TSS e 87% para

firmeza de frutos intactos.

Termos de indexagao: Maturacado de frutos, analise espectral, modelo CART,

testes ndo destrutivos, frutos sem pele.

3.1 Introduction

Mango (Mangifera indica L.) is the third most important tropical fruit worldwide,
with Mexico being the fourth producer and the main exporting country. The fruit
demand is increasing and an accumulated growth of 25.66% is estimated for the
year 2030 (PALOMEQUE et al., 2023). ‘Ataulfo’ mango is native to Chiapas,
Mexico, and has become commercially exploited in the national and international
markets due to its organoleptic properties. These properties include sweet flavor,
fleshy pulp, and excellent aroma (MENDOZA-HERNANDEZ et al., 2020), which
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are dependent on harvest maturity. Mangos accumulate carbohydrate reserves
until they reach a level associated with physiological maturation. These reserves
are converted into soluble sugars as the fruit reaches the appropriate maturity for
consumption (SUBEDI & WALSH, 2011). Therefore, mango harvested in
immature state will not ripen normally, eventually becoming softer, and its flavor
will not reach adequate levels (OSUNA-GARCIA et al., 2021).

Producers harvest large amounts of immature fruits to achieve high prices at the
beginning of the season. Indicators used to select fruits to be harvested are visual
and subject to the farmer’s experience. However, an instrument capable of
determining fruit maturity status would improve fruit quality standards required by
the market. Spectroscopy techniques have proven to be the most accurate in
estimating maturity indices in a non-destructive manner. These techniques can
predict dry matter content, soluble solids content, firmness, titratable acidity, color,
and chlorophyll content (SHAH et al., 2020).

Most studies assessing the quality parameters of fruits and vegetables by
spectroscopy use visible-near infrared (Vis-NIR) wavelengths (ULYA et al., 2023),
which cover the range of 380 to 2500 nm in the electromagnetic spectrum. This
option is used when is since signals from nearly all significant structures and
functional groups in organic compounds can be detected within this spectrum
(WANG et al., 2015). However, it is crucial to highlight that the visible spectrum
(Vis) has been explored by researchers such as Jha et al. (2007) and Yahaya et
al. (2015), who proposed the use of this cost-effective alternative. In this
approach, predictions are inherently linked to the type of device and model used.
Specifically, Jha et al. (2006) used color values obtained with a handheld
colorimeter to determine mango ripeness by using an SSC maturity index. Yahaya
et al. (2015) determined both mango SSC and firmness by using a system
composed of red, green, and blue light-emitting diodes, along with a single visible
light photodetector.

45



Currently, novel, and compact spectral sensors can be integrated with
microcontrollers, simplifying the development of cost-effective and versatile
devices suitable for a broad range of applications. Among these applications, a
reliable determination of fruit ripeness indices should be highlighted. These
economical and simple alternatives have limitations, such as their measurement
range and precision (BOTERO -VALENCIA et al., 2021). However, these
measurements can be compensated with the use of machine learning models.
Therefore, the main objective of this study was the development and evaluation
of an optical device based on the AS7262 spectral sensor, connected to an ESP32
microcontroller. This device was designed to perform rapid and non-destructive
measurements aimed at determining crucial parameters such as dry matter (DM),
soluble solids content (SSC), and firmness of ‘Ataulfo’ mangoes. This technology
has the potential to enhance the quality of harvested mangoes, reduce losses in
the supply chain, and improve production and distribution efficiency, benefiting

both producers and consumers.
3.2 Material and methods

3.2.1 Equipment Design

The equipment based on ESP32 microcontroller (Espressif Systems, DEVKIT VI,
China), communicates through the 12C protocol with an AS7262 sensor
(SparkFun Electronics, Breakout AS7262, U.S.A.). This sensor is a six-
wavelength detection device with 40 nm-bandwidths centered at 450 nm, 500 nm,
550 nm, 570 nm, 600 nm, and 650 nm. As light source, the sensor module
incorporates a white Light Emitting Diode (LED) with color temperature of 5700K
and irradiance of 600 yW cm. The LED’s spectrum is characterized by a wide
double-peak pattern, spanning from 430 nm to 730 nm (STAMFORD et al., 2023).
A micro-SD flash memory reader module was integrated with the equipment to
save data, together with 128x64 pixel Organic Light Emitting Diode (OLED)
screen to display readouts. The equipment was designed to operate with a 2200

mAh lithium battery (Figure 1).
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Figure 1. Components (a) used by the final prototype and (b) fitting inside the box
showing the power switch (1), OLED screen (2), LED activation switch (3), buttons
to perform the reading (4), to save data (5) and to restart the equipment (6).

3.2.2 Experimental design

In the local market of Texcoco, Mexico, 72 ‘Ataulfo’ mangoes were randomly
acquired. The color of fruits obtained from the local market was from green to
yellow (Figure 2Figure 2a), being an indicator of acceptable physiological maturity
according to the NMX-FF-058-SCFI (2006) standard. The mango color can be
seen in fruits hanging on the tree where fruits are harvested (Figure 2b).

Figure 2. ‘Ataulfo’ mango fruits (a) in the market and (b) hanging on the tree.
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Two circles were marked over the equatorial zone of both lateral sides of fruits to
begin the sampling procedure. The peel area of one of the circles was removed

before the equipment scanned fruit surface and pulp (Figure 3).

reset @

Figure 3. Measurements taken in areas previously marked on both intact and
peeled fruits using the prototype and the AS7262 sensor.

In the first zone (region A) dry matter content was obtained, while in the second
(region B) firmness and soluble solids contents were determined, averaging
measurements from both sides. This procedure was adopted by Dos Santos et
al., in 2017. Firmness (kg cm™?) was measured using analog penetrometer
(LUZEREN®, GY-03, México) with 8 mm insertion tip. SSC content (°Brix) was
obtained with portable refractometer (Sper Scientific Ltd., 300003, U.S.A.). Both
procedures were performed following recommendations of the official Mexican
standard (NMX-FF-058-SCFI, 2006). Dry matter (%) was obtained after inserting
5g of pulp in a drying oven (RIOSSA®, H-41, Mexico) set at 65 °C, until reaching

constant weight.

3.2.3 Data analysis

Data were analyzed using the R software version 4.2.0 (R CORE TEAM, 2023)
and the RStudio integrated development environment. Data were randomly
partitioned into two sets: with the "sample_frac()" function, 70% of data was

extracted to form the training set, and with the "setdiff()" function, the remaining
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30% was obtained to evaluate the model. Maturity indices (DM, SSC, and
firmness) were predicted using partial least squares (PLS) regression and cross-
validation. The performance of models was evaluated with the determination
coefficient (R?) and the Root Mean Square Error (RMSE).

The classifications were conducted using classification and regression tree
(CART) and random forest (RF) models, assessing each parameter individually.
Regarding DM, fruits were classified into two categories: "Acceptable" for fruits
with DM>16.9% and "Unacceptable" for those with DM<16.9%. This partition
corresponds to the quality indices defined by Gonzalez-Moscoso (2014) and
Nassur et al., (2013). SSC was classified into three categories: “low” for values
<16%, “medium” for values from 16 to 18% and “high” for values >18% (HAHN,
2002). Firmness was classified into two categories, "Acceptable" for fruits with
firmness less than 2.7 kg cm and "Unacceptable" for fruits with firmness = 2.7
kg cm=. The value used as threshold for categories corresponds to the average
firmness value between maturity stages 2 and 3 (12.4N and 14.8 N) proposed by
Palafox-Carlos, et al., (2011).

The performance of models was determined by their accuracy percentage and by
the Kappa index, whose coefficient reflects the inter-observer agreement and is
defined by equation 1. Kappa values, as defined by Landis and Koch (1997), are
within the range from 0 to 1, and are classified as follows: almost perfect (0.8—
1.0), substantial (0.6—0.8), moderate (0.4-0.6), fair (0.2-0.4), slight (0-0.2), and
poor (<0).

(1)

Where: P, is the observed agreement and P, the expected agreement due to the
random chance (ACHU et al., 2020).
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3.3 Results and discussion

3.3.1 RGB/AS7262 ratio

The three primary colors are standardized at wavelengths of 700 nm, 546.1 nm,
and 435.8 nm for R, G, and B, respectively (MIHA et al., 2007). Wavelengths of
the AS7262 sensor strongly related to RGB channels are: 650 nm for the R
channel, 570nm, 550 nm and 500 nm for the G channel and 450 nm for the B
channel, since in the correlation analysis carried out with 50 samples, these
variables stand out with the highest values, with significance level a = 0.05 (Figure
4a). However, using the AS7262 sensor variables to determine 8-bit RGB values
by linear regression (Figure 4b), R? = 0.83 for R, R? = 0.93 for G and R? = 0.87

for B were obtained.
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Figure 4. AS7262 spectral variables (a) related to RGB values (b) measured and
predicted from 27 samples with linear regression.

3.3.2 Fruit measurements

Data statistical results are presented in detail in Table 1. This table also includes
means and standard deviations corresponding to training and test sets. Despite
disparities observed among the means of these sets, it is imperative to highlight
that the results obtained from the application of the Student's t-test for the three
variables yielded p = 0.05, suggesting that there are no statistically significant

differences between analyzed sets.
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Table 1. Quality parameter statistical results including minimums, maximums,
means, training set means, and evaluation set means, along with statistical
significance assessed by the Student's t-test and its corresponding p-value.

Training Test
Parameter Min Max Mean® Significance
mean® mean?®
DM 11.71 19.84 15.05+1.82 1520+ 1.84 14.7411.77 NS (p<0.32)
SSC 10.0 18.0 13.41+1.68 13.32+1.84 13.6111.27 NS (p<0.44)

Firmness 1.2 4.4 233+0.84 243+0.88 2.13+0.73 NS (p<0.14)

$Mean * standard deviation, NS = Not Significant

3.3.3 Dry matter prediction

For dry matter, the best PLS model fit was obtained by using the six spectral
variables. However, poor predictions were observed, obtaining determination
coefficients lower than 0.4 for both intact and peeled fruits, although RMSE values
of 1.22 and 1.34 were obtained for calibration and evaluation, respectively, for
intact fruits, while for peeled fruits, values were 1.26 for calibration and 1.54 for
evaluation. The poor model performance can be attributed to the fact that the six
sensor channels are from the visible spectrum. This is consistent with results
obtained by dos Santos Neto et al. (2017), who used PLS model in the 699-981
nm range. They included the 960 nm band related to the molecular vibrations of

water and therefore to pulp water content.

3.3.4 Soluble solids content prediction

The PLS model has proven to be a robust soluble solids content predictor
(MUNAWAR et al., 2016). Variable R500 (Reflectance at wavelength of 500 nm)
was the one that presented the lower variation, which can be attributed to the

predominance of a particular green color among sampled fruits.
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SSC prediction values given by equation 2 are shown in the scatterplot (Figure
5). The R? determination coefficient obtained for intact fruits was 0.61, which was
higher than that obtained for dry matter and RMSEP of 0.91. Similar results were
obtained by Yahaya et al., (2015), reporting R? of 0.593 and RMSEP of 1.34, using
three wavelengths in the visible spectrum with peaks at 470 nm, 525 nm and 635
nm using RGB system with LED lighting. In addition, they found that the red
wavelength presents the highest correlation among all, being the best linear

combination of the three peaks.
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Figure 5. Linear relationship between predicted and SSC (°Brix) measurements
in a) intact b) peeled fruits.

3.3.5 Firmness prediction

Great difference in PLS performance was observed for data from intact fruits and
peeled fruits. The best fit was achieved for peeled fruits, where equation 3 and 4
were obtained for intact and peeled fruits, respectively. Both equations with five
predictor variables and the sixth variable as factor presented performance
improvements. The linear correlation between measured and predicted values

(Figure 6), shows relatively good fit (R? of 0.87) for peeled fruits; however, this
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technique is still destructive; therefore, it is not recommended. R? of 0.66 obtained
for intact fruits is lower than that reported by other studies. For example, Yahaya
et al. (2015), obtained R? of 0.76 by using the visible spectrum, while Valente et
al. (2009), obtained a R? of 0.82 by using the NIR spectrum. However, RMSEP of

0.67 was obtained, which is lower compared to values obtained by these authors.
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Figure 6. Linear relationship between predicted and firmness measurements (Kg
cm?)in a) intact b) peeled fruits.

] R450 R500 R550 R570
Firmness = 0.87 + 0.52m+ 4.35m+ O.SSm— 0.82@ -
R600
— 019@
] R450 R500 R550 R570
Firmness = —2.59 — 123@ + 4.02 RES0 + 2.87ﬁ — 0'03ﬁ "
R600
- 0.11m

3.3.6 Dry matter Classification

The CART model allows classification of 63% with intact fruits, which increased
to 68% with the random forest model. In peeled fruits, accuracy was 45%,

improving to 73% with the random forest model. Although classification was
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higher in intact fruits, both models obtained Kappa indices lower than 0.2, which
is considered "slight" according to Landis and Koch (1997). Therefore, the
AS7262 sensor is not recommended for classifying mangos according to their dry

matter content.

3.3.7 Soluble solids content classification

Mango fruits were classified into two categories: "Low" for SSC < 15 °Brix and
"Medium" for SSC >= 15 °Brix. The best performance was observed in intact fruits
using the CART model (Figure 7), where each rectangle represents a node of the
tree, and the total data percentage and the correct proportion of each category
are shown. The classification rule used is also located under the node. End nodes,
known as leaves, show the model accuracy. In the first leaf, 12% of data were
grouped as "low" with 100% accuracy; however, the other leaves present lower

accuracy percentage.
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L500 < 5714
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0.77 0.23
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0.86 0.14 — —0.50 O.SOH
. 58% 20%
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Low Medium Low Low Medium Low Medium Low
1.0 0.0 0.20 0.80 1.0 0.0 083 0.17 0.50 0.50 1.0 0.0 0.20 0.80 0.80 0.20
12% 10% 12% 12% 12% 22% 10% 10%

Figure 7. CART model for the classification of mango fruits into two SSC
categories.

The model performed with overall accuracy of 90%. The Kappa index was 0.7,
which is within the second criterion of Landis and Koch's scale of assessment and
recognized as significant. With the random forest model, the performance
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decreased, so that a more complex model that does not improve classification is
not required. However, RF allows analyzing the model predictors. Permutation
and node purity analysis detected that wavelengths of 450 nm, 500 nm and 650
nm were the most important predictors, being the same variables highlighted by
the CART model. The three variables correspond to the color range from blue to

red and are related to the fruit peel hue variation.

3.3.8 Firmness classification

Mango fruits were classified into two categories: "Acceptable” for firmness < 2.7
kg cm? and "Unacceptable" for firmness >= 2.7 kg cm?. The CART model
performed better compared to RF for both data sets. The CART model was more
accurate for intact fruits than for peeled fruits, with values of 86% and 72%
respectively (Figure 8). The Kappa index obtained was of 0.67 for intact fruits,
when compared to 0.37 achieved by peeled fruits, so it can be considered as a

"Significant rating".
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14% 26% 18% 12% 12% 18%

Figure 8. CART model for the classification of mango fruits.
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The low performance of the model with data from peeled fruits is due to the little
variation in the pulp color of fruits with firmness values below 12.4 N (PALAFOX-
CARLOS, et al., 2011).

3.4 Conclusions

Machine learning models and low-cost spectral sensors, such as the AS7262,
have shown promising results in predicting maturity indices of mango fruits such
as SSC and firmness, and combined with a microcontroller-based device allow
measurements to be fast and non-destructive. Variation is SSC and firmness
indices during fruit ripening, as well as fruit peel color changes, showed superior
performance for intact fruits compared to peeled fruits. It is possible that more
robust models for prediction and classification may achieve better performance;
however, it is important to consider that due to hardware resource constraints and
given that the prototype is based on an ESP32 microcontroller, the available
processing capacity is limited. In a supermarket using this technology over 90%
of fruits can be properly sold out based on SSC, and this value can be increased
using artificial intelligence models. Firmness is not a useful parameter in
supermarkets as fruits become softer when people touch them before purchasing

them.

3.5 Acknowledgements

The authors would like to thank the National Council of Humanities, Sciences and
Technologies (CONAHCYT) Mexico and the Chapingo Autonomous University for

the support provided to carry out this work.

3.6 References

ACHU, A. L.; AJU, C. D.; REGHUNATH, R. Spatial modelling of shallow landslide
susceptibility: a study from the southern Western Ghats region of Kerala, India.
Annals of GIS, vol. 26, no 2, p. 113-131, 2020.
https://doi.org/10.1080/19475683.2020.1758207 .

56


https://doi.org/10.1080/19475683.2020.1758207

BOTERO-VALENCIA, J. S.; VALENCIA-AGUIRRE, J.; DURMUS, D. A low-cost
loT multi-spectral acquisition device. HardwareX, 9, 00173, 2021.
https://doi.org/10.1016/j.0hx.2021.e00173.

DOS SANTOS NETO, J. P.; DE ASSIS, M. W. D.; CASAGRANDE, I. P.; JUNIOR,
L. C.C.; DEALMEIDATEIXEIRA, G. H. Determination of ‘Palmer'mango maturity
indices using portable near infrared (VIS-NIR) spectrometer. Postharvest
Biology and Technology, 130, 75-80, 2017.
https://doi.org/10.1016/j.postharvbio.2017.03.009.

GONZALEZ-MOSCOSO, S. Proposing minimum quality indices and improving
ripening protocol for mangos (Mangifera indica L.) imported to the United States
for the improvement of consumer quality. Master’'s Thesis, University of
California, Davis, CA, 2014.

HAHN, F. Hyperspectral mango ripeness detection. In: 2002 ASAE Annual
Meeting (p. 1). American Society of Agricultural and Biological Engineers,
2002.

JHA, S. N.; CHOPRA, S.; KINGSLY, A. R. P. Modeling of color values for
nondestructive evaluation of maturity of mango. Journal of Food Engineering,
vol. 78, no 1, p. 22-26, 2007. https://doi.org/10.1016/].jfoodeng.2005.08.048.

LANDIS, J. R.; KOCH, G. G. The measurement of observer agreement for
categorical data. Biometrics, 159-174, 1997. https://doi.org/10.2307/2529310.

MENDOZA-HERNANDEZ, C.; ROSAS-QUIJANO, R.; VAZQUEZ-OVANDO, A.;
GALVEZ-LOPEZ, D. Challenges and controversies of the Ataulfo mango. Revista
mexicana de ciencias agricolas, 11(7), 1633-1645, 2020.
https://doi.org/10.29312/remexca.v11i7.2199.

MUNAWAR, A. A.; VON HORSTEN, D.; WEGENER, J. K.; PAWELZIK, E;
MORLEIN, D. Rapid and non-destructive prediction of mango quality attributes
using Fourier transform near infrared spectroscopy and chemometrics.
Engineering in Agriculture, Environment and Food, 9(3), 208-215, 2016.
https://doi.org/10.1016/j.eaef.2015.12.004.

NASSUR, R.; CRISOSTO, G.; DE FREITAS, S. T.; VILAS BOAS, E. D. B.; LIMA,
L. D. O.; CRISOSTO, C. Dry matter as a quality index for brazilian mangoes. In:
Simpdsio Brasileiro de Pos-Colheita de Frutas, Hortalicas e Flores, 2013.

MIHA, D.; STRAJESCU, E. From wavelength to RGB filter. University"
Politehnica™ of Bucharest Scientific Bulletin, Series D, 69(2), 77-84, 2007.

NMX-FF-058-SCFI. Non industrialized food products for human consumption —
fresh fruit — mango (Mangifera indica L.) — specifications, 2006.

OSUNA-GARCIA, J. A.; OLIVARES-FIGUEROA, J. D.; TOIVONEN, P. M,
PEREZ-BARRAZA, M. H.; GOENAGA, R.; GRACIANO-CRISTOBAL, M. J. Novel
Nondestructive Technique to Determine Optimum Harvesting Stage of ‘Ataulfo’

o7


https://doi.org/10.1016/j.ohx.2021.e00173
https://doi.org/10.1016/j.postharvbio.2017.03.009
https://doi.org/10.1016/j.jfoodeng.2005.08.048
https://doi.org/10.2307/2529310
https://doi.org/10.29312/remexca.v11i7.2199
https://doi.org/10.1016/j.eaef.2015.12.004

Mango Fruit. Journal of Advances in Agriculture, 12, 61-69, 2021.
https://doi.org/10.24297/jaa.v12i.9069.

PALAFOX-CARLOS, H.; YAHIA, E.; ISLAS-OSUNA, M. A.; GUTIERREZ-
MARTINEZ, P.; ROBLES-SANCHEZ, M.; GONZALEZ-AGUILAR, G. A. Effect of
ripeness stage of mango fruit (Mangifera indica L., cv. Ataulfo) on physiological
parameters and antioxidant activity. Scientia Horticulturae, 135, 7-13, 2012.
https://doi.org/10.1016/j.scienta.2011.11.027.

PALOMEQUE, B. E.; GUERRERO, D. A. R.; GUTIERREZ, M. R. C.; ALVAREZ,
T. E. C. El cultivo de mango y su interaccion en la produccion, comercializacion y
el turismo de negocios en Escuinapa, Sinaloa. Revista Sinaloense de Ciencia,
Tecnologia y Humanidades, 1(1), 2023.

R CORE TEAM. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing. Available at: < https://www.R-
project.org/ >. Access in: February 2023.

RSTUDIO TEAM. RStudio: Integrated Development Environment for R.
Boston: RStudio. Available at: < http://www.rstudio.com/ >. Access in: February
2023.

SHAH, S. S. A,; ZEB, A.; QURESHI, W. S.; ARSLAN, M.; MALIK, A. U,
ALASMARY, W.; ALANAZI, E. Towards fruit maturity estimation using NIR
spectroscopy. Infrared Physics & Technology, 111, 103479, 2020.
https://doi.org/10.1016/j.infrared.2020.103479.

STAMFORD, J. D.; STEVENS, J.; MULLINEAUX, P. M.; LAWSON, T. LED
Lighting: A Grower’s Guide to Light Spectra. HortScience, 58(2), 180-196, 2023.
https://doi.org/10.21273/HORTSCI16823-22.

SUBEDI, P. P.; WALSH, K. B. Assessment of sugar and starch in intact banana
and mango fruit by SWNIR spectroscopy. Postharvest Biology and
Technology, vol. 62, no 3, p. 238-245, 2011.
https://doi.org/10.1016/j.postharvbio.2011.06.014.

ULYA, M.; CHAMIDAH, N.; SAIFUDIN, T. Mango quality prediction based on near-
infrared spectroscopy using multi-predictor local polynomial regression modeling.
F1000Research, 12, 656, 2023.
https://doi.org/10.12688/f1000research.130015.1.

58


https://doi.org/10.24297/jaa.v12i.9069
https://doi.org/10.1016/j.scienta.2011.11.027
https://doi.org/10.1016/j.infrared.2020.103479
https://doi.org/10.21273/HORTSCI16823-22
https://doi.org/10.1016/j.postharvbio.2011.06.014
https://doi.org/10.12688/f1000research.130015.1

4 MANGO FRUIT DETACHMENT OF TREES AFTER APPLYING
A BLEND COMPOSED OF HNO3; AND CHARCOAL
ACTIVATED

Abstract

As young workers prefer urban labors and migrate to USA and Canada, mango
harvesting is becoming scarce in Mexican coasts. This seasonal labor is
becoming expensive and when many orchards produce fruit simultaneously,
grower losses increase. In this research an innovative fruit detachment method
was tested after applying a viscous paste to the pedicel of mango fruits hanging
in the tree. Activated carbon or charcoal (AC), was mixed with different amounts
of nitric acid to provide three AC composite blends named: light, medium, and
dense. The nanomaterial was applied with a brush to the fruit pedicel/peduncle
taking up to 4 hours before the mango fruits felt to a net below the tree canopy.
Mango detachment experiments indicated that the medium blend was the most
efficient in releasing the fruit, taking an average of 2 hours. The dense
nanomaterial decreased latex exudation to 7 % of the fruits. Fruit maturity
emerged as a crucial factor for detachment time, followed by mango weight.

Keywords: Harvest; mango fruits; nitric acid; activated carbon; pedicel-peduncle.
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4.1 Introduction

Mango (Mangifera indica L.) is one of the most important fruit grown worldwide,
where more than 150 varieties are grown [1]. Mango evergreen trees can reach
heights over 15 m as they become mature. Each mango fruit is attached from a
pedicel-peduncle that exudates when cut an irritating liquid to the fruit, that smells
like turpentine and is composed of an allergenic urushiol, 5-
heptadecenylreorcinol. Fruit harvesting requires of excessive labor where pickers
climb tall trees to collect mangoes manually or use bamboo sticks equipped with
clippers at the end, together with a bag [2] that can handle up to 4 fruits. It is
desirable to leave 10 cm stems to avoid the spurt of milky/resinous sap during
fruit collection. Harvesting mango fruit with short-end stem retain more latex with

antifungal properties, making the fruit less susceptible to stem end rot [3].

Mango mature plantations (30 years old) can produce between 10 and 25 t ha-"
depending on the planting zone [4]. As trees require a relatively high level of
irradiance for photosynthesis and fruit yield, pruning should be considered in the
orchard. Pruning maintains tree size and allows better light penetration within the
canopy [5], but sever pruning requires of at least three years to produce fruit
again. Flower induction decreases with shading reducing terminal shoots at
bearing inflorescences. Fruits grown-up at the top of the tree, show better quality
than fruits inside the canopy [6] but are more difficult to harvest. Mango fruits
collected from pruned trees presented a higher amount of total soluble solids
(TSS), but lower total carotenoids and titratable acidity than fruits from normal
unpruned trees [5]. Fruits inside the canopy keep a greener color as they are not
exposed to sunlight all day and are 5% heavier than top canopy fruits [7]. High
density productivity of mango trees with 1110 trees per ha at an age of 11 years,
was ten times higher than the traditional 100 trees per ha with a yield of 5.9 t ha-
1 [8]. In high density trees subjected to severe pruning fruit weight, length and

volume decreased [6].

Activated carbon (AC), is a microcrystalline, non-graphitic form of carbon with

porous structure. AC presents small pores that boost the surface area available
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for chemical reactions [9]. AC obtained from coconut shells [10] have higher
density and a finer pore size distribution, being suitable for small molecule
adsorption. AC can be activated physically or chemically. Chemical reaction of AC
depends on the chemical activator, being its concentration, temperature, and
activation time the parameters that determine the reaction range [11]. In order to
obtain the AC from a coconut shell material it needs to be impregnated by an acid
and requires of high temperatures (400-600 °C) to be carbonized. Application in
agriculture include sugarcane bagasse heavy metal adsorption [12], malathion

removal [13], and soil remediation [14.15].

Seasonal workers harvest mango trees but are becoming scarce throughout the
coasts of Mexico. This situation leads to mango fruit buildup on thousands of
trees, food losses and pest development. Harvest and marketing costs have been
evaluated in 21 % of total mango production costs [16]. Machine tree harvesting
methods can reduce the cost of harvesting by 35-45 % [17] in flat fields.
Therefore, a project was started to automatize mango collection in flat and hilly
fields, with the use of drones. It is important to encounter a simple methodology
that can provide an automatic detachment without removing the entire pedicel and
causing fruit discoloration through sap-peel contact [18]. Detached mango fruits
felt to a net just below the tree canopy and determine its time (Figure 1). The
manuscript layout considers the experimental setup including the AC blend
preparation in section 2. In section 3, the fruit detachment efficiency results under
different maturity stages, firmness and size are analyzed, to be further discussed
in section 4. Lastly in section 5, future directions required to bring this innovation

to practice are discussed.

Application of acid to
the fruit peduncle

Installation of the anti-fall net Harvesting method Fruits trapped by the net

Figure 1. Net structure catches fruits falling from the tree.
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4.2 Materials and Methods

The experiment was carried out during May 2023 in a commercial mango orchard
located at Loma Bonita, Guerrero, Mexico (17°25'47" N, -101°11"19" W, 17
MASL). The mature orchard has ‘Kent’, ‘Haden’ and ‘Keitt’ mango trees.
Preliminary tests were carried out with ‘Haden’ fruits (Figure 2a). The final tests
were carried out with ‘Keitt’ mangoes, at different maturity stages. The botanical
name for the stem attachment of the mango fruit is called pedicel and continues

with the peduncle (Figure 2b).

Figure 2. Keitt mango (a) fruits hanging from the tree, (b) showing pedicel.

In two different experiments acid was applied to the fruit pedicel to evaluate
whether the fruit fell after some time. In the first experiment, three different acids
were applied to “Haden” fruit pedicels directly. In the second experiment a blend
with nitric acid was applied to fruits of the "Keitt" variety. In both experiments, 90
fruits were randomly selected from 10 different trees at heights ranging between
1 and 1.5 m from the floor. AC and nitric acid were mixed to provide a material
that could be pasted to the fruit petiole-peduncle. This nano-structured material
will be named AC (activated carbon) blend or AC paste throughout this paper. A

brush applied the prepared solution to each fruit pedicel.

The mango harvesting system used a net fixed to the tree trunk. Net installation
covered the area beneath the tree canopy and was secured with wood-based
supports. These meshes prevent that mango fruits hit the ground, reducing

damage by impacts.
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4.2.1 Nitric acid (HNOs), phosphoric acid (H3PO4) and hydrochloric acid
(HCL) application at the pedicel-peduncle

The idea of applying acid to the pedicel-peduncle area was to detach the fruits in
the minimum possible time. In the first experiment, three different acids were
applied to the fruit pedicel-peduncle to induce detachment. The acids used were
55 % nitric acid (HNOs), 85 % phosphoric acid (H3PO4) and 28 % hydrochloric
acid (HCL). A dropper for punctual application applied phosphoric acid to 10
mango hanging fruits (Figure 3a). Afterwards, nitric acid was applied to the pedicel
of 45 Haden mango hanging fruits with a hair nano atomizer; drops were formed,
rolled down, ending over the fruit surface (Figure 3b). The effectiveness and
damage caused to surrounding leaves, fruit peduncle, pedicel and fruit peel were
evaluated. The main damages were caused due to the application method (Figure
3). The phosphoric and hydrochloric acid were applied, and the drops and acid
runoff are shown in Figure 3c. The acid drops burnt-out the mango peel and never

detached the fruit. Fruit and leaves damage are shown in Figure 3d and 3e.

Figure 3. Fruit (a) with phosphoric acid applied at the fruit-pedicel, (b) drops of
nitric acid after being atomized at the pedicel, (c) runoff of hydrochloric acid on
the surface of the fruit, d) fruit with severe damage caused by the atomization and
runoff of nitric acid.
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Activated carbon powder was used to obtain a more consistent material that could
avoid acid rollout after application. Blend preparation took place 15 minutes
before application and consisted of 4 g of coconut activated carbon powder mixed
with 4, 5 or 6 ml of 55 % nitric acid (Figure 4a). These variable-consistency AC
blends were named light, medium and dense, respectively. AC powder and acid
were weighted with a scale (ADIR, 10501, Mexico). The activated carbon was
deposited in a laboratory sample jar, and then 4 to 6 ml of 55 % nitric acid was
added depending on the final blend required, Figure 4b [19]. It was mixed with a
plastic stirrer until a homogeneous blend was obtained and then the container
was sealed until its application time. The AC blend (acid-composite) could last
even for one day before its application, and during its preparation an exothermic
reaction took place. It was mixed with a plastic stirrer until a homogeneous mixture
was obtained and then the container was sealed. The container was shaken for 5
seconds using the applicator device before application. Three groups consisting
of 30 “Keitt” mango fruits each were selected randomly. Each selected fruit was
numbered from 1 to 90, forming three independent groups. Each blend was
applied evenly to 30 fruits at the pedicel-peduncle with a 15 cm long painting
brush. The acid-composite covered a cross section of 1 cm, one cm above the
pedicel abscission zone (Figure 4b). The application began at 9 am, ending 20

minutes later for each group.

Figure 4. AC blend (a) preparation, and (b) application to the fruit pedicel.
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In an additional experiment, the AC blend temperature during preparation was
monitored with digital sensors (Maxim Integrated, DS18B20, San Jose, CA, USA.
Three sensors recorded the temperature (Figure 5a) every 10 seconds for each
AC blend type using a homemade datalogger based in the ESP32 microcontroller
(Espressif Systems, DevKit V1, Shanghai, China). The test was performed under

a constant ambient temperature of 25 °C (Figure 5). AC blends applied over the

sensors are shown in Figure 5b.

N/

Digital sensors

a) b)

Figure 5. Temperature measurement a) before and b) after applying the three
different AC blends to the sensors.

4.2.2 Mango fruit and pedicel-peduncle measurements

Each pedicel-peduncle diameter from a hanging mango fruit was measured with
a digital micrometer (Mitutoyo, QuantuMike, Naucalpan de Juarez, Mexico) before
the AC paste was applied. After the blend was applied, the time until the fruit fell
was acquired. An infrared camera (FlirC5, Teledyne FLIR, Wilsonville, OR, USA)
was used to measure the temperature at the pedicel once the AC blend was
applied. The digital camera presents 5 MP meanwhile the IR presents 160 x 120
infrared pixels and can measure temperatures between 0 and 100 °C. Once the

mango fruits were collected over the net, several measurements were obtained
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(Figure 6). Weight was measured with a digital scale (model BAREC-5A, Rhino,
Mexico City), while the percentage of fruits affected by latex and/or acid was
evaluated by visual inspection. Firmness was measured using an analogue
penetrometer (model GY-03, LUZEREN®, Mexico) equipped with an 8 mm
insertion tip. Total soluble solids given in °Brix were quantified with a portable
refractometer (model 300060, Sper Scientific Ltd., Scottsdale, AZ, USA). These

measurements were taken once the fruit fell from the tree.

Figure 6. "Keitt" mango fruits collected at the net after pedicel breakdown.

Pedicel-peduncle samples exposed to the reactive mixture were collected, as well
as those randomly selected control samples. The samples were immersed in a
solution composed of glycerin and alcohol in a ratio of two to one, to ensure their
preservation and transportation to the laboratory. Afterwards, in the laboratory
longitudinal histological sections were obtained with a sharp bistoury to observe
and compare the effects of the acid application. Pedicel-peduncle samples were
sampled on treated and control of approximately 2 cm each, which were fixed in
96 % ethanol:100 % glacial acetic acid (2:1; v:v) and processed in an automatic
tissue exchanger (Tissuematon Fisher) with 2-ethoxyethanol (cellosolve) and
xylene, then transfer to paraffin (55 °C) staying 72 hours inside a stove. The
paraffin pyramid was made according to Sass (1968) technique [20] in a rotary
microtome (model 820, American Optical, Vernon Hills, IL., USA); Longitudinal

cuts were made with a thickness of 10 um. The sliced sections were stained for
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30 min at room temperature in a mixture of equal volumes of 0.1 % aqueous
solutions of safranin and fast green, then washed in distilled water for 5 minutes
and washed in 2 changes of absolute alcohol for 2—3 min [21]. The stained
sections were then mounted on slides with coverslips by means of Haupt adhesive
and 10 % formalin [20]. Digital images were obtained and saved in JPEG format
with the aid of a Motic B3 Professional Series microscope, with the adaptation of

a Moticam 480 camera with a 16 mm adapter.

4.2.3 Data analysis

The data were analyzed using the RStudio software, version 4.2. Fruit weight,
stem diameter, soluble solids content (SSC) and firmness were subjected to the
Kruskal-Wallis test to determine statistically significant differences between
treatments [22-24]. A survival analysis was used to explore fruit cracking
difference time. It used the "survival" package and the non-parametric Kaplan-

Meier (product limit) estimator defined by Equation 1 [25-27].

so=T1(-3) 0

i:tjs<t
Where: $(t) is the Kaplan-Meier estimator, t; is the time at which the event occurs,
d; is the number of events that occurred at time t; and n; the number of events

after time t;.

Survival function comparison was carried out using Log-Rank tests. It evaluated
significant differences in the fruit detachment time after different blends were
applied. Additional hypothesis tests were carried out to evaluate the specific
influence of various parameters, such as soluble solids content (SSC), mango
fruit weight, stem diameter and fruit firmness, on fruit detachment success under

different acid-composite materials applied to the fruit pedicel.

All statistical tests were performed with a significance level a = 0.05, assuring

results robustness. In cases where p-value adjustments were made using the
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"Bonferroni" method, a corrected significance level was used (a=
0.05 /ncompamciones). This practice allows rigorous control over type | errors [28],

strengthening the validity and reliability of the results.

4.3 Results

Nitric acid was the only acid that detached the fruit during the first experiment and
it occurred after a period of 4 days. As severe damage was caused to peel of all
the fruits, a substance capable of fixing the acid to the peduncle had to be added.
Fruit damage was reduced, meanwhile acid performance improved due to the
punctual contact. Glycerin was used as an acid-binding agent to avoid acid
drainage, inducing fruit detachment after 24 hours, but peel damage was still
observed. The activated carbon AC blend produced less damage and fruit

separation occurred in a lower time of 7 hours.

4.3.1 AC blend

Toxic vapors are released during AC-blend preparation caused by an exothermic
reaction. After mixing the nitric acid with the activated carbon, the AC paste
temperature rises rapidly (Figure 7a). The light paste reaches the highest
temperature of 29.7 °C after one second, (Figure 7), being the ambient
temperature is 25 °C. Subsequently it drops after the first hour and stabilizes after
2 hours (Figure 7b). After application, the temperature peak occurs for the light,
medium and dense blends after 10, 20 and 40 seconds, respectively. The nano-
paste inside the bottle remains at a stable temperature, increasing when it is

shaken, even up to a day after being prepared.
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Figure 7. AC blend temperature (a) after preparation, and (b) during and after
application to the digital sensors.

Fruit surface temperature depends on fruit transpiration and vapor pressure deficit
(VPD) between the its surface and the air. High temperature reduces fruit acidity
and high sugar content with dry matter accumulation [29]. A sunny exposed fruit
in the outer-canopy will present a lower VPD than shaded fruits [30]. The ticker
cuticle layer in mangoes grown at the canopy surrounding, changed its cuticle
conductance. This explains why the mango tissue infrared temperature was
higher than 34.5 °C. The pedicel (Figure 8a) measured 32 °C, four degrees over
the AC paste temperature as solar irradiation heat the pedicel. The AC-blend
applied to the pedicel remains at its temperature, being lower than the fruit
temperature. The mango abscission and pedicel temperatures are shown in figure
8b and 8c, respectively. In figure 8c the temperature of the pedicel-peduncle is of

31°C once that is separated from the fruit.
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Figure 8. Thermal image a) after applying AC blend to the fruit pedicel, b) of the
detached fruit, and c) pedicel after fruit detachment.
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4.3.2 Pedicel

The fruits were detached between the pedicel and peduncle, above the mango
abscission zone, as observed in Figure 9a and 9f. The large periclinally-elongated
cells of the peduncle suffer deterioration when coming into direct contact with the
nanocomposite blend, resulting in notable damage to the internal tissues (Figure
9b and 9c). The damage ends with the supporting capacity of the fruit, causing
the pith rupture (Figure 9e) and the fruit detachment. The main indicator of
peduncle cell degradation is revealed when latex flows out from the lactiferous
channels. This latex can fall onto the fruit, taking the nitric acid over the peel,

Figure 9f. These events cause substantial fruit damage, Figure 9d.

f)

Figure 9. Pedicel rupture with AC blend a) made at the abscission zone, b) letting
conducting tissues, c) with bark cauterization after xylem and phloem destruction,
d) fruit surface burn-out due to acid runoff, e) stalk end after fruit detachment and
f) fruit showing acid and latex flow.

In the longitudinal histological cuts of the control pedicel-peduncle and those
treated with the AC blend (Figure 10), it is evident that damage is caused by the

nanocomposite solution, extending throughout the entire application region. The
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external peduncle tissue exhibit cut that reach the internal tissues in areas other
than the main cut and is attributed to the action of the mixture AC blend even after
the fruit has been detached. The tissue damage goes into the xylem layer, that
includes the layers having the laticifers that conduct the latex. In each of the four
images, the left section is the one fixed to the fruit and the letter. Only a few letters
were placed in figure 10, to show the different tissues and avoid data
agglomeration. In the upper-right image, the microphotography shows the effect
after applying a light AC paste, meanwhile in the lower-right a dense AC paste

damages more the pedicel.

Figure 10. Microphotography of untreated pedicel-peduncle to the left and of
treated pedicel-peduncle on the right. C: Cortex that contains from outside to
inside; epidermis (e), parenchyma (p), lactiferous channels (Ic), phloem (ph) and
cambium (ca). X: Xylem and pith, D: damage area that includes mainly the cortex
and part of the xylem, whare a large constriction is evident.

4.3.3 Firmness, TSS and weight measurements

The results obtained with the Kruskal-Wallis tests [22-24] revealed the absence
of significant differences between groups (Table 1). The presence of outliers in

mango weight did not affect the analysis given its robustness. Moomin (2021)
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reported an average of 6.56°Brix in ‘Keitt” mangoes at its physiological maturity
or early harvest stage [31], so our average total soluble solids, TSS is similar in
each of the three fruit groups. Firmness of many fruits exceeded the threshold of
11 kgecm2, agreeing with the findings discussed by Siller-Cepeda et al., 2009 [32].

Table 1. Statistical analysis of fruit weight, diameter, TSS and firmness, evaluated
by the Kruskal-Wallis test (P<0.05).

AC Blend Statistics Weight (g) Diameter TSS Firmness
(mm) (°Brix) (kgcm?)

Min 254.0 4.21 5.0 10.8
Light Mean 442.8 4.81 6.5 17.6

Max 1129.0 5.85 10.0 23.2

SD 209.77 0.34 0.96 3.55

Min 211.0 3.71 4.0 14.0
Medium Mean 344.8 4.79 6.6 17.9

Max 569.0 5.80 9.0 23.2

SD 100.11 0.52 1.59 3.0

Min 182.0 4.16 5.0 14.8
Dense Mean 388.5 4.73 6.5 19.2

Max 699.0 5.97 8.0 23.2

SD 118.24 0.40 0.82 2.02
Significance p-value 0.078 0.414 0.471 0.204

4.3.4 Fruit detachment

Fruit detachment was uniform, regardless of the AC paste used. However,
significant variations were observed in the time elapsed from blend application to
fall. Medium AC blend detached the fruit in an average time of 2 hours, meanwhile

the light blend detachment time had an average of 3 hours.

The dense AC blend required more time than the other two pastes to detach the
fruits from the branches. The fruits started falling after one hour and some of them
required up to 6 hours. Fruit damage caused by the latex fluid with the dense AC
blend was lower than with the other AC composites. Higher latex flow was

adsorbed at sunrise when there is greater sap flow due to high water content or
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turgor pressure [33]. The light paste caused maximum damage to the fruits
(Figure 11).
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Figure 11. Mango fruits affected by latex or paste contact with latex.

Figure 12a shows the Kaplan-Meier curves corresponding to the each of the three
pastes being applied [25-27]. The stepped lines in the graph represent the
probability of survival, interpreted as the possibility that some fruit remain hanging
at any moment after paste application. This graphical approach, based on the
non-parametric Kaplan-Meier estimator, offers a precise and dynamic
visualization of the detachment rate over time, allowing variations in the
effectiveness of treatments to be discerned and highlighting critical moments in
the fruit falling process. A probability of zero indicates that all fruits fall, meanwhile
a curve that descends quickly until a value of zero indicates that the AC blend
requires a shorter time to induce fruit detachment. This graphic behavior highlights

the effectiveness and speed between pastes.
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Figure 12. Survival analysis of the three blend treatments a) with Kaplan-Meier
curves, and b) hazard functions.

In addition to the Kaplan-Meier survival analysis, another valuable outlook
consists in interpreting the hazard function [25-27]. This function not only provides
an accurate representation of the instantaneous risk rate but is also explains the
dynamics of the process. It also provides an adequate approximation to the event
incidence rate [34]. The hazard function curves of the different AC pastes showed
a steep positive slope (Figure 12b), that indicated a rapid increasing hazard rate.
This pattern suggests that the medium AC blend is more effective than the others
paste. Risk functions also highlight critical points, where changes are more
pronounced. A peak on the graph indicates a high fruit detachment probability,
meanwhile a valley suggests a low probability. In the second hour after blend
application, a critical point for the three pastes was observed. In this period, the
greatest number of fruit detachment occurred. This detailed analysis with risk
functions contributes to identify key moments in the separation of the fruit from
the stalk. As well it helps to analyze each AC blend efficiency obtaining a

comparative evaluation.

4.3.5 Acid-activated carbon performance

The Log-Rank test was used to compare the treatment’s performance. The results
revealed that there are statistically significant differences between the three AC
blends used (p-value = 0.00001), indicating that at least a couple of them present
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significant differences in terms of fruit separation, Table 2. The application of the
Log-Rank test with p-value adjustment, by using the Bonferroni method allowed
us to identify statistically significant differences between the light and dense
treatments (p-value = 0.0036). Differences were also found between the medium
and dense treatments (p-value =0.000035). This was evidenced when comparing
the p-values obtained through the test with the corrected significance value
(a =0.05/3 =0.0167). However, no significant differences were observed
between the light and medium AC blends (p-value = 0.1648). The integration of
these results together with the graphical representation of survival supports that
the medium AC blend presents the lowest survival rate. Therefore, the medium

blend detaches fruit faster.

Effect of ripeness in AC blend fruit detachment

Fruits classified as ripe or unripe based on a TSS sorting criterion requires of
minimum acceptable value of 6.6 °Brix. This value is required to accept mango
fruits by packinghouses according to the Mexican standard [35] (NMX-FF-058-
SCFI-2006) and nearby 6.56 °Brix mentioned by Moomin et al. (2021) [31]. With

this classification threshold, we found that 47.8% of the total fruits were immature.

The general test, without considering a particular AC blend, revealed a p-value of
0.03. After adjusting the p-value with the Bonferroni method, a new p-value of
0.031 was obtained, that exceeds the corrected significance value
(0=0.052=0.025). This finding, together with the significant difference between
treatments, suggests exploring together the blend type and the fruit maturity
variable. With the Log-Rank test, a p-value = 0.003 was obtained, indicating that
in at least one blend, the maturity influenced detachment timing, so separate tests
were done. The results showed that fruit maturity stage does not have a significant
effect on fruit removal when light and medium paste were used. However, a
statistically significant difference was observed with the dense AC blend (p-value
= 0.032). The slope of immature fruits decreases rapidly, indicating that

detachment occurs in considerably less time (Figure 13). This pattern suggests
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that the dense AC blend presents a more pronounced impact on immature fruit

detachment than with light and medium paste material.
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Figure 13. Survival plots of maturity stage and AC blends applied together with p-
values obtained with the Log-Rank test.

Effect of firmness, diameter, and weight in AC blend fruit

detachment

The results of all the tests are summarized in Table 2. As mentioned earlier,
maturity stage is the variable that has the greatest influence in fruit detachment
under the different AC blend treatments. The second variable with greater impact
is weight, (Figure 14). Fruit weight was classified into three categories before its
analysis (Table 2). Weight showed a specific influence when the dense AC blend

was applied.
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Figure 14. Survival plots for weight and AC blends applied together with p-values
obtained with the Log-Rank test.

Table 2. Log-Rank test results with and without Bonferroni adjustment for
categorical and continuous variables.

Log-Rank with AC blend*

Variable EOQ;(* Log-Rank + Bonferroni®
an Light Medium Dense

Maturity 0.03  Mature vs Inmature®® — 0.031 0.34 0.97 0.032

<300 vs 300-500 — 1.0
Weight
- 0.2 <300 vs >500 — 1.0 0.77 0.5 0.047
g

300-500 vs >500 — 0.3
Pedicel <4vs4-5—-1.0
diameter 0.3 <4vs>5—-1.0 0.91 0.92 0.053
(mm) 4-5vs >5 — 0.43

<18 vs 18-20 — 0.32
Firmness

0.2 <18 vs >20 — 0.82 0.35 0.56 0.45

(kgem?)

18-20 vs >20 — 1.0

Significance value*a = 0.05, *Corrected value ¥ a = 0.05/3 =0.0167 and % a =
0.05/2 = 0.025

The peduncle diameter variable showed a significantly low p-value, but still above
the significance threshold. Pedicel diameter was positively correlated to fruit size

and can limit fruit transpiration and water movement if it is small [36]. However,
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accepting the hypothesis that there are no significant differences could result in a
type Il error. In an ideal scenario, where the blend is precisely applied in each
area, a larger diameter would require of more paste material. In this case the
treatment would be more effective. Fruit firmness had no statistically significant

differences for fruit detachment under the three blends.

4.4 Discussion

Physical-mechanical properties of the fruit-pedicel-peduncle system showed that
the resonance frequencies of green and ripe fruits could be used for selective
harvesting [37]. Fruits being harvested fall to the floor and affects its quality, as
bruises result from the impact [38]. In experiments with green mature “Carabao”
mango fruits in Philippines, 80% of the fruit that fell from a height of 5 m suffered
cracks and 20% resulted bruised [39]. Fruit impacts results in cell wall and
membrane rupture [40]. In our experiment the mesh avoided any crack or bruise.
Although companies develop automated and robotic harvester systems, they are
costly for small farmers and difficult to employ in places within hills and mountains.
Manual and robotic fruit manipulators have end-effectors or grippers to handle the
fruits carefully [41] but operate slowly. During harvest, almost half of the fruits to
be collected are at the right maturity level while the rest are either over-ripened or
under-ripe [42]. Mangoes collected at their right ripeness will have the best

nutritional content and quality, increasing its marketing price.

Mango have ducts called laticifers, which transport sap (latex). In the fruit
abscission zone these ducts are found within the fruit duct and at the pedicel-
peduncle, but do not interconnect between them [33]. A smaller amount of latex
ducts was found in the pedicel but larger in size [43-44]. Near the peel, canals
were thinner than those closer to the pulp. The acid sap (pH=4.3) under
considerable pressure, is released from the ducts causing mango peel damage
[45]. Peel sapburn injury reduces external fruit quality and can be controlled by
applying sodium hydroxide [46]. Pedicel retention after paste application and
injuring the tissue retained the latex in the fruit and avoid sap damage. From the
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90 fruits pasted with AC blend, only 23 showed sapburn symptoms. The acid-
composite applied to each fruit was not always the same and could affect
detachment results. Other possible benefit from the “chemical cauterization” could
be anthracnose incidence that has been found to decrease when latex is retained
at harvest [43], so with AC blend application may have another mango

postharvest benefit.

4.5 Conclusions

Seasonal labor is expensive and difficult to get when several orchards within a
nearby area, produce mango at the same time. An innovative fruit detachment
method used an emulsion produced by activated carbon and nitric acid which was
applied to the peduncle-pedicel of mango fruits hanging in the tree. The
application of this blend was more effective than when nitric, phosphoric, and
hydrochloric acids were applied alone. Activated carbon (AC), was mixed with
different amounts of nitric acid to provide three AC composite blends of different
viscosity, and named light, medium, and dense. The nanomaterial was applied
with a brush to the fruit peduncle-pedicel taking up to 4 hours before the mango
fruits felt to a net below the tree canopy. The medium blend was the most efficient
in releasing the fruit, taking a minimum time of 2 hours. Fruit maturity status
resulted in the most predominant factor on fruit separation when treatments with
different blend consistencies were used. The light emulsion provided the slowest
detachment performance causing staining of the fruit with latex and diminishing
mango quality. This medium blend could be an alternative for harvesting mango

fruit in the future in an automatically with the help of UAV's.

4.6 Future work

In future work it is necessary to apply the technique to an entire farm. Pruning
technologies have to be evaluated as well as vision Al (artificial intelligence) tools
in order to apply the AC blend automatically. The latter will include the use of

various techniques, including robots and drones.
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4.6.1 Canopy and fruit management

Mango trees have many different architectures according to their size and density.
Mango tree management requires of a better knowledge of its architecture and its
impact of on the growing units (GU) [47-48]. Plant architecture development given
by GUs and inflorescences are dependent on the environmental variables of
temperature, relative humidity and solar radiation. In dense mango canopies,
shading results in poor floral initiation [48]. Maybe 20% of fruit production is within
panicles located in the interior of the tree, making paste application difficult for
aerial vehicles. Therefore, special pruning and high-density orchards are required
for automatic detaching of mango fruits. Trees maintain a balance between leaves
and fruits when pruned letting an ideal sunlight penetration [49], where a flat
canopy can be optimal for drone use, to apply the AC blend. Fruit drop can be
reduced by applying the right amount of fertilizer, resulting in more fruits per
panicle [50]. Pollination and distance between trees present an important variable
for fruit production per panicle [51]. The quantity of terminal canopy per square
meter shows differences according on plant canopy position and plant side
interaction [51]. In both east and west tree sides, higher number of panicles were

found in the bottom and medium section of the canopy.

4.6.2 Technology for fruit detection

The AC blend has to be applied precisely to each mango hanging in the tree.
Machine vision technology (Figure 15) has been used every day more to quantify
fruit, vegetable and crop yields through Unmanned Aerial Vehicle (UAV), satellites
or ground equipment [53]. This technology can help to precisely detect the fruit
and its pedicel accurately with RGB cameras [53-55]. Imaging conditions within
an orchard are poorly controlled, so its quality is affected by the illumination
conditions [56]. CNN segmentation [57] networks and 3D-segmentation [58] are
capable of separating sections of any object class. Color can be used as a
criterion in 3D segmentation, but it is much slower than 2D segmentation.

Whichever platform is used, soil borne or UAV, images should be acquired and
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processed before applying the AC blend to the fruit pedicel-peduncles. In figure
15, the block diagram shows image acquisition from ground or aerial platforms,
so that after segmentation and peduncle detection, the AC blend can be

positioned precisely by contact or remotely.

BLEND
IMAGE ACQUISITION APPLICATION
SOIL
PLATFORM
SEGMENTATION REMOTE
AERIAL
PLATFORM PEDUNCLE
DETECTION CONTACT

Figure 15. Block diagram showing technologies that will be applied to automatize
the process.

4.7 Patents

A patent (MX/a/2024/004431) is being introduced to IMPI which is the Mexican
intellectual right office with name: “Método para inducir el desprendimiento de
frutos mediante aplicacion de una emulsién acida” [Method and composition to
induce the detachment of mango fruits from trees and other similar fruits].

Reference 19 acknowledges this patent.
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5 APENDICES

5.1 Apéndice 1. Induccion del desprendimiento del mango mediante

tratamiento quimico

Presentado en:

XI Congreso Internacional y XXV Congreso Nacional de Ciencias Agrondmicas
(CINCA 2023)

Introduccién

El mango es una fruta tropical que se recolecta tanto de forma manual como
mediante el empleo de herramientas tradicionales. La automatizacién de la
cosecha es un reto enorme que se ha convertido en una destacada area de
investigacion con grandes avances tecnolégicos en aprendizaje profundo y vision
artificial (Hua et al., 2023). En la actualidad, se encuentran disponibles robots
cosechadores con aplicaciones en diversas frutas como manzanas, duraznos,
uvas y otras. No obstante, en el caso de los mangos, la recoleccion automatizada
de frutos puede agravar los dafios causados por la quemadura ocasionada por
la savia, conocida como "latex del mango". El latex es una sustancia acida que
se libera al desprender el fruto del pedunculo, causando graves lesiones al entrar
en contacto con la cascara de este. Esta situacion disminuye su atractivo estético
y degrada la calidad del fruto, lo que resulta en importantes pérdidas econdmicas
(Barman et al., 2015).EIl propdsito principal de esta investigacion fue facilitar el

desprendimiento del fruto al aplicar acidos en la zona de abscision del pedunculo.

Materiales y métodos
El experimento se realizé en dos etapas, la primera en el mes de abril de 2023 y
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la segunda durante mayo de 2023. Ambas etapas se realizaron en un huerto
comercial de mango ubicado en Loma Bonita (17°25'47” N, -101°11’19” W, 17 m
s.n.m.), en el estado de Guerrero, México. En la huerta se tiene arboles de la
variedad Kent, Haden y Keitt, de los cuales se trabajé con frutos de mango
Haden. En cada etapa se seleccionaron 90 frutos de manera aleatoria y divididos
en 3 grupos con mismo numero de frutos. Para cada grupo se seleccionaron dos
frutos al cual se le instalaron médulos ESP-CAM a 1 m de distancia para toma

automatica de fotos cada hora (Figura 1A).
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Figura 1. A) Médulo ESP-CAM instalado en campo; Mangos Haden 2 horas
después de aplicarles el acido B) HNO3, C) H3PO4 y D) HCL.

En la primera etapa se aplico 1 ml de HNOs al 55%, 1 ml de HsPO4 al 85% y 1 ml
de HCL al 28% a cada grupo respectivamente (Figura 1A-D). Las aplicaciones se
llevaron a cabo utilizando un atomizador, manteniendo una distancia constante

de 2 cm entre la boquilla y el pedunculo del fruto.

En la segunda etapa se aplicé 0.5 ml de HNOs3, 0.5 g de una mezcla de 5 ml de
HNO3 con 10 g de vaselina y 0.5 g de la mezcla de 12 ml de HNOs con 5 g de
carbon activado a cada grupo respectivamente, la aplicacion se realizd con un

pincel y de forma manual.

En ambas etapas se registro el tiempo en ocurrir el desprendimiento del fruto y
el porcentaje de frutos que resultaron dafiados. Los datos se analizaron mediante

pruebas t de Student.

Resultados y discusion
En la primera etapa del experimento, se observé que con la aplicacion de HNO3
y H3POa4, ocurrio el desprendimiento del fruto (Cuadro 1). Sin embargo, la

aplicacién con atomizador produce escurrimiento del acido, lo cual produce
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dafos significativos en comparacion con los causados por el escurrimiento de
latex. Estos dafos resultan ser mas graves y no pueden ser mitigados mediante
los tratamientos utilizados para reducir los dafios causados por el latex, tal como

se describid en el estudio de Osuna (2018).

En la segunda etapa del experimento, los tratamientos mas efectivos fueron los
de la mezcla de HNOs con vaselina y con carbén activado, consiguiendo
desprendimientos del fruto en 20 y 5 horas respectivamente (Cuadro 1). La
aplicacion de HNOs puro, no mostré resultado alguno, debido a la evaporacion
del acido. La mezcla de carbdén activado con HNO3 destacé en comparacion al
resto al reducir el tiempo de desprendimiento a una media de 5 horas (p<0.01),
ademas obtuvo el menor porcentaje de frutos dafiados.

Tabla 1. Tiempo desprendimiento del fruto y porcentaje de frutos danados durante
la aplicacion de acidos durante la primera y segunda etapa del experimento.

Primera etapa | Segunda etapa
HNO3$ HsPO4 HCL HNO3 HNOs + HNO3z+ Carbén
Vaselina® activado®
Tiempo de
desprendimiento(h) 70£11 - >100 B - 203 51
Porcentaje de 100 100 100 O 80 50

danos (%)

$Valores de tiempo expresados son la media + desviacion estandar.

Conclusiones

La combinacion de HNOs con carbdn activado es una estrategia prometedora
para facilitar el desprendimiento del fruto de mango de manera rapida y con
menor dafo a los frutos. Estos hallazgos podrian tener importantes implicaciones
para la automatizacion de la cosecha de mangos y la reduccion de pérdidas

econoOmicas causadas por el dafo por latex del mango.
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5.2 Apéndice 2. Método y composicion para inducir el desprendimiento

de frutos de mango de los arboles y otros frutos similares

Instituto Mexicano de la Propiedad Industrial
Patente: Folio MX/a/2024/004431

RESUMEN

La presente invencion se refiere a un método para inducir el desprendimiento de
frutos de mango de los arboles y otros frutos similares para su cosecha
caracterizado por comprender aplicar uniformemente al pedunculo del fruto una
mezcla quimica definida por carbén activado en polvo y acido nitrico; en donde
dicha mezcla es una proporcion que va de desde 1:1 hasta 1:2 en gramos de
carbén activado en polvo por mL de acido nitrico; en donde dicho carbdn activado
en polvo tiene un tamarfo de particula de malla 100 a 400; la invencién también
provee un método para la cosecha de frutos de mango mediante aplicacion
puntual de una mezcla quimica, caracterizado por comprender las etapas de: a)
Preparar una mezcla quimica a base de carbon activado en polvo y acido nitrico,
b) Aplicar de la mezcla sobre y alrededor de la zona de abscisién en el pedunculo
de los frutos, y ¢) Recoleccion de frutos en una malla dispuesta por debajo de la
copa del arbol y encima de la superficie del suelo, una vez causado el

desprendimiento.
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5.3 Apéndice 3. Analisis de deteccion de tomates en ambiente de

invernadero mediante procesamiento de imagenes RGB

Presentado en:
Tercer Congreso Latinoamericano de Agricultura de Precision

(CLAP2024, Santo domingo, Republica Dominicana)

Resumen

La agricultura de precision se vincula estrechamente con la aplicacién de
tecnologias de la informacion y comunicacién, con el fin de llevar a cabo el
monitoreo remoto y automatizado de las condiciones de los cultivos en diversos
entornos de crecimiento. Su objetivo primordial es incrementar la productividad
agricola, disminuir los costos asociados y mejorar la calidad de los productos
obtenidos. Los drones emergen como una tecnologia revolucionaria en el ambito
agricola, particularmente en el monitoreo de extensas areas de cultivo que
abarcan cientos de hectareas. Esta innovacidén capacita a los agricultores para
tomar decisiones mas fundamentadas. A pesar de ello, es relevante sefialar que
la aplicacion de drones puede verse restringida en entornos confinados, como
ocurre en el caso de los invernaderos. Sin embargo, con la constante evoluciéon
tecnoldgica y el desarrollo de soluciones especificas, la incorporacion de drones
en entornos de invernadero podria simplificar diversas actividades, como la
deteccion y clasificacion de malezas, plantas, frutos, plagas y enfermedades. En
el presente estudio, se llevo a cabo la deteccion de frutos maduros, frutos verdes
y flores en un cultivo de tomate en invernadero, mediante el uso de imagenes
RGB capturadas con un dron. El dispositivo empleado fue un dron DJI Mini SE,
pilotado por un experto, que operd el equipo a una altura constante de 4 metros.
Las imagenes fueron etiquetadas en tres clases distintas, a saber, "flor", "maduro”
y "verde", utilizando la herramienta de anotacién "labellmg". La implementacién
del algoritmo de Ultralytics YOLOVS8 se realizd, entrenandolo con un conjunto de

datos que incluyd instancias con y sin aumentacion. Segun las métricas de
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evaluacion, se observo un rendimiento superior en la red entrenada con el
conjunto de datos con aumentacion. En este caso, la precision, sensibilidad y el
mAP alcanzaron valores del 85.5 %, 82.6 % y 90.6 % respectivamente. La clase
"flor" exhibié el rendimiento mas bajo, mientras que la clase "maduro” demostré
el rendimiento mas destacado. La conjuncion de un algoritmo como YOLOvV8 y la
perspectiva innovadora de utilizar drones en invernaderos revela un potencial

significativo para la agricultura en ambientes controlados.

Palabras clave: Agricultura de precision, drones, monitoreo, invernadero,
YOLOvV8
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