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As the source of data acquisition, sensors provide basic data support for crop planting decision management and play a foundational role in developing smart planting. Accurate, stable, and deployable on-site sensors make intelligent monitoring of various planting scenarios possible. Recent breakthroughs in plant advanced sensors and the rapid development of intelligent manufacturing and artificial intelligence (AI) have driven sensors towards miniaturization, intelligence, and multi-modality. This review outlines the key technologies in developing new advanced sensors, such as micro-nano technology, flexible electronics technology, and micro-electromechanical system technology. The latest technological frontiers and development trends in sensor principles, fabrication processes, and performance parameters in soil and different segmented crop scenarios are systematically expounded. Finally, future opportunities, challenges, and prospects are discussed. We anticipate that introducing advanced technologies like nanotechnology and AI will rapidly and radically revolutionize the accuracy and intelligence of agricultural sensors, leading to new levels of innovation.




Keywords: smart planting, sensors, nanotechnology, wearable plant sensors, intelligent monitoring, multimodal sensors




1 Introduction

With the widespread application of modern information technology in the agricultural sector, crop cultivation methods are gradually transitioning from traditional to smart farming (Karunathilake et al., 2023). This transition offers favorable conditions to meet the demands of food security and sustainable agricultural development in the new era (Yang X. et al., 2021; Jararweh et al., 2023). Sensors act as the “senses” of smart agriculture and serve as the medium for information acquisition (Paul et al., 2022; Soussi et al., 2024). In the realm of smart farming, crop sensors, and soil sensors form the critical foundation for data acquisition and intelligent decision-making management. They play a pivotal role in the real-time monitoring of crop growth conditions on internal factors, such as biochemical information in tissues or cells (Bakhori et al., 2013), health characteristics (Bayrakdar, 2019), and growth rates (Kim et al., 2019), as well as external environmental factors that affect plant growth, including soil moisture (Aiello et al., 2018; Boada et al., 2018) and nutrient status (Guerrero et al., 2021). For instance, Grell et al. (2021) developed and used novel, low-cost point-of-use (PoU) NH4+ sensors for soil fertilization management. Each sensor costing less than $0.10. It enables real-time detection of NH4+ content in soil, with a detection limit of 3 ± 1 ppm. The researchers demonstrated that point-of-use measurements of NH4+, combined with soil conductivity, pH, weather and timing data, allow instantaneous prediction of levels of NO3− in soil. By using this type of sensor, famers can forecast the impact of climate on fertilization planning and to tune timing for crop requirements, reducing overfertilization while improving crop yields. Lew et al. (2020) developed a nanosensor based on single-walled carbon nanotubes (SWNTs) for real-time detection of hydrogen peroxide (H2O2) induced by plant wounds. This sensor demonstrates high sensitivity (≈ 8 nm ppm-1) and utility and can be interfaced with portable, cost-effective electronic devices, enabling real-time monitoring of plant health in the field. Based on multimodal crop and soil information gathered by sensors in smart farming, farmers can monitor, analyze, and even predict crop growth and yield in real-time. This enables targeted and precise input of agricultural resources, such as water, fertilizers, and pesticides, leading to refined crop management, intelligent operations, and scientific decision-making. Ultimately, this approach enhances cultivation efficiency and promotes the sustainable development of agriculture (Idoje et al., 2021).

In recent years, driven by innovations in micro-nano sensing technology (Liu et al., 2020), flexible electronics (Rim et al., 2016), biotechnology (He et al., 2014), and other fields, the development of smart planting sensors has ushered in new opportunities. More and more new theories, technologies, and materials have been developed and applied in the agricultural sensor field, with new advanced sensors continuously emerging (Bock et al., 2020; Shaw and Honeychurch, 2022). The development of new advanced sensors for crop planting involves multiple disciplines such as crop physiology, electronics, materials science, and computer science, with distinct multidisciplinary integration characteristics (Ojha et al., 2015; Cao X. et al., 2023). For example, advanced technologies such as micro-nano technology and flexible electronics empower agricultural sensors, promoting the development of a batch of wearable crop life information sensors. These sensors have flexible adhesion and can be installed on the irregular surfaces of crop tissues for in-situ, real-time, continuous precise monitoring (Mao et al., 2023); the development of wireless network sensing technology provides strong support for remote monitoring and early warning and control of agricultural environments (such as nutrients, temperature, humidity, moisture content, pH value, heavy metals, etc.) (Yin et al., 2021); the combination of artificial intelligence, machine learning, and hyperspectral sensing technology offers new ideas for crop disease monitoring (Terentev et al., 2022), growth monitoring (Lin et al., 2019), yield estimation (Jin et al., 2020), and quick detection of agricultural product quality (Li Y. et al., 2022).

Currently, some excellent review articles on advanced agricultural sensors focus on specific aspects of sensing methods and technologies, such as wearable technology (Lee et al., 2021; Qu et al., 2021b), nanotechnology (Lombi et al., 2019), and non-invasive technology (Ang and Lew, 2022; Presti et al., 2023). However, there is still a lack of comprehensive reviews specifically targeting various new advanced sensors in the segmented field of crop planting. Moreover, with the rapid daily advancements in new principles, processes, and methods of new advanced sensors for smart planting, new collection methods, and new sensors for specific information in various segmented scenarios of smart planting have made new progress. Hence, it is necessary to overview and comparatively analyze the progress of new advanced sensors for smart planting in recent years to clarify the challenges that need to be overcome in this field.

This review focuses on the application scenarios of crops and soil involved in smart planting, summarizing the latest frontier advances in new advanced sensors for crop planting. It first introduces the key technologies to be applied in manufacturing advanced sensors such as micro-nano technology, flexible electronics, and MEMS technology. Next, it focuses on the latest research progress and technological frontiers of sensors in the field of crop planting in recent years. More specifically, it details new advanced sensors aimed at detecting nutrients (N, P, K), hormones (e.g., salicylic acid, ethylene) moisture, diseases, and crop growth deformation, as well as new advanced multimodal sensors designed to detect crop habitats (e.g., microclimate and soil). As shown in the crop planting key factor monitoring system framework in Figure 1, these monitoring objects are the key factors determining crop productivity and agricultural product quality during the crop planting process. We also conduct a comparative analysis of the sensing principles, fabrication processes, performance parameters, and representative applications of various latest sensors.




Figure 1 | Architecture diagram of an advanced sensor system for smart planting (By Figdraw).



The reference literature for this review was primarily compiled utilizing the Web of Science database. The search was focused on significant advancements in crop sensor technology over recent years, with particular attention given to developments in the past five years, and especially the last three years. Additionally, seminal works from over five years ago that continue to influence current research were included. Specific keywords related to advanced crop sensors were employed to ensure a comprehensive search. The selection criteria were mainly based on the novelty and significance of the advancements presented in the papers. The collected literature was further filtered by examining the scientific theories and the relevance of the research to our review objectives. The papers were then scrutinized to extract critical elements such as objectives, methods, results, and any remaining challenges or unraised issues. A thorough synthesis of the findings and comparisons of parameters were performed to present a cohesive overview of the current landscape in crop sensor technology. By applying these criteria, it was aimed to ensure that our review reflects a balanced and comprehensive perspective on recent advancements in the field.

In this review, section 2 discusses the key technologies used in manufacturing advanced sensors. Section 3 delves into the latest advancements in sensor applications for crop planting. Section 4 presents a comparative analysis of multimodal sensors. Finally, in section 5, the challenges faced by crop sensors are analyzed and discussed, and the future prospects are envisioned, such as multimodal sensing, intelligent data analysis within sensors, and artificial intelligence sensors, providing valuable insights for guiding the development of new advanced sensors for crops in the future. We believe this comprehensive review will offer a new perspective to observe and design agricultural sensors to enhance productivity.




2 Advanced sensing technology

The application environments (water, air, and soil) and monitoring objects (plants and animals) of agricultural sensors are diverse and complex, characterized by high temporal variability. Therefore, agricultural sensors with high environmental adaptability, high reliability, high precision, and low cost are key to realizing intelligent perception of crop information (Shaikh et al., 2022; Musa et al., 2024). Advancements in sensor technology have facilitated the monitoring of crop conditions. Currently, with the development of various emerging technologies such as micro-nano sensing technology, flexible electronics technology, micro-electro-mechanical systems (MEMS) technology, agricultural sensors have driven significant progress in high-precision monitoring, flexible wearable monitoring, and multi-parameter integrated monitoring. These emerging technologies play a pivotal role in facilitating the construction of advanced agricultural sensors.



2.1 Micro-nano sensing technology

Micro-nano sensing technology integrates nanomaterials and nanoprocesses with traditional sensing technologies to achieve high-precision recognition and monitoring of small signals, making it one of the key technologies in advanced sensor manufacturing (Luo et al., 2018; Lew et al., 2020). Traditional sensing technologies have proven effective in perceiving plant phenotypic information at macroscopic scales, such as canopy information, chlorophyll and nitrogen content, leaf area index, and incidence of diseases and pests. However, capturing critical information about plant responses to environmental stresses and changes in internal physiological signals at the micro-nano scale remains a challenge (Zhang Q. et al., 2022). Therefore, incorporating micro-nano technology into the design of sensors is expected to enhance the detection range, sensitivity, selectivity, and response speed of agricultural sensors, thereby aiding in the intuitive understanding of plants’ physiological states and their dynamic responses to environmental changes (Giraldo et al., 2019). In recent years, micro-nano manufacturing technology has continued to advance, driving more sophisticated sensor designs and performance improvements. As shown in Figure 2, the fabrication process of micro-nano sensors includes modification and assembly of nano particle probes (Figure 2A), printable electronics and transfer printing techniques (Figure 2B), nanomaterials-DNA composite assembly (Figure 2C), and film coating of interfinger electrodes (Figure 2D). Each type of sensor exhibits various advantages in terms of sensing mechanism, specificity, resolution, response speed, and manufacturing cost.




Figure 2 | Example diagram of sensors developed based on micro nano sensing technology. (A) Schematic illustration of gold nanoparticle-based lateral flow biosensor for identification of plant pathogens (Zhan et al., 2018). (B) Schematic diagram of manufacturing and application demonstration of a multifunctional stretchable sensor on a leaf (Zhao et al., 2019). (C) Nanomaterials coated in DNA can be utilized as delivery systems of gene cassettes and plasmids to nuclear, chloroplast and mitochondrion genomes (Giraldo et al., 2019). (D) Schematic diagram of the preparation of the encapsulated humidity sensor by using film coating of interfinger electrodes (Huang et al., 2023).



Nanotechnology offers unique advantages in designing and preparing intelligent plant sensors. First, nanomaterials exhibit surface size effects, providing high sensitivity and precision when used as sensitive materials (Wang et al., 2004; Qian et al., 2015). Biosensors based on micro-nano sensing technology offer higher measurement precision and sensitivity (Nissler et al., 2022), with detection limits reaching ppm and even ppb levels (Lupan et al., 2016). These sensors can achieve high temporal and spatial resolution for monitoring agricultural production environments and physiological parameters of plants and animal (Zhang et al., 2021). Under safe and controlled conditions, nanomaterials can be embedded into plants to monitor internal signaling molecules in real-time through the fluorescence signal. Nanomaterials can also serve as DNA scaffolds, overcoming plant cell barriers to provide gene-encoded biosensors for crop research (Yang et al., 2014; Dai et al., 2019). Nanotechnology also facilitates the design of plant wearable sensors. For instance, the integration of graphene-based sensor arrays with flexible silver nanowire electrodes onto a stretchable substrate facilitates the fabrication of a chemical resistive sensor array that can adhere to leaf surfaces. This array enables real-time identification of volatile organic compounds (VOCs), allowing for non-invasive early diagnosis of plant diseases (Li Z. et al., 2021). The aforementioned nanotechnology-based methods offer a powerful sensing tool to help us achieve precise, intelligent, and sustainable agriculture.




2.2 Flexible electronics technology

Flexible electronics technology is an emerging electronics technology that integrates electronic devices onto flexible/stretchable substrates. Its advent addresses the poor compatibility issue between traditional rigid sensors and measurement points (Qu et al., 2021b). Flexible electronic devices provide a new approach to the development of in-situ monitoring sensors for crop information. Advanced agricultural sensors developed using flexible electronics technology exhibit excellent stretchability and high biocompatibility (Figure 3A). They conform well to the surface of crops and adapt to the stretching and deformation of tissues and organs (Zhao et al., 2020). Currently, plant flexible sensors can monitor various types of information in growing crops, such as electrical signals (Luo et al., 2021), volatile chemicals (Li Z. et al., 2021), health status (Li et al., 2019), moisture content (Oren et al., 2017), growth rate (Tang et al., 2019), as well as microclimate conditions like surface temperature, humidity, and illumination (Nassar et al., 2018).




Figure 3 | Example diagram of flexible sensor. (A) Schematic diagram of the fabrication process of sensors based on All-MXene Printed RF resonators using screen printing technology (Li et al., 2023). (B) Schematic of the fabrication process of the laser-induced graphene (LIG) humidity sensor (Liu et al., 2023). (C) Overview of the preparation of semi-embedded flexible multifunctional sensor for monitoring plant microclimate (Qu et al., 2024a). (D) The figure shows a one-step large-scale manufacturing method for a flexible wearable humidity sensor based on laser-induced graphene (Lan et al., 2020).



Flexible sensors are typically fabricated using techniques such as lithography, printing, roll-to-roll manufacturing processes, and laser direct writing (Gong et al., 2022). Photolithography represents one of the key technologies in the fabrication of flexible electronic devices, owing to its advantage in precisely defining and preparing microelectronic devices at a small scale (Cui et al., 2024). Bathaei et al. (2023) employed photolithographic processes to pattern metal layers onto flexible and stretchable substrates, including polylactic acid (PLA) and polyglycerol sebacate (PGS). Within a footprint of 1 square centimeter, they achieved the fabrication of up to 1600 devices, which can be integrated into various biodegradable passive electrical components, mechanical sensors, and chemical sensors. In the fabrication of micro/nano patterns, common printing techniques encompass soft lithography, nanoimprint lithography, screen printing, inkjet printing, and direct ink writing (DIW) 3D printing. Each technique boasts its unique merits and application scenarios (Yan et al., 2024). For instance, soft lithography achieves pattern transfer through the integration of stamps and self-assembled monolayers (Qin et al., 2010). By designing various stamps or templates, the fabrication of intricate patterns can be readily accomplished, rendering this technique suitable for patterning large areas and complex surfaces. Laser direct writing technology employs a laser beam to perform variable-dose exposure of the photoresist material on the substrate surface, resulting in the formation of the desired relief profile on the resist layer after development. This method offers advantages such as straightforward fabrication process and low cost, with manufacturing precision achievable at the sub-micrometer level (Figure 3B). Screen printing, a traditional printing method, employs various inks to directly print onto curved substrates (Figure 3C), characterized by its simplicity in principle and low cost (Meder et al., 2021). DIW 3D printing, an extrusion-based additive manufacturing approach, exhibits a high degree of complementarity with the production of soft, stretchable, and shape-retaining biophysical sensors for wearable applications, offering a high level of freedom for rapid prototyping of micro/nanostructures (Tay et al., 2023). In recent years, the laser direct writing technology has made remarkable progress and achieved widespread applications in the field of agricultural flexible electronics, driven by the increasing demand for miniaturization and flexibility of electronic devices (Coelho et al., 2022). Lan et al. (2020) fabricated a humidity sensor utilizing laser-induced graphene (LIG) interdigital electrodes (LIG-IDEs) on polyimide (PI) films (Figure 3D). The porous LIG served as the flexible electrode, while graphene oxide (GO) acted as the humidity-sensing material. This one-step fabrication process significantly facilitates large-scale production for practical applications. Li M. et al. (2021) using a direct laser writing instrument, simple and disposable LIPG (Laser-Induced Porous Graphene) electrodes were fabricated on PI (Polyimide) films, exhibiting satisfactory stability and flexibility. Subsequently, these electrodes were integrated with a portable micro-potentiostat equipped with Bluetooth wireless communication capabilities, a tablet computer, to develop a wireless smart flexible micro-sensor. The sensor demonstrated a wide linear range extending from 0.5 to 500 μM, a low limit of detection (LOD) of 0.16 μM, and a sensitivity of 10.99 μA μM-1.

The materials used for fabrication mainly fall into three categories: substrate materials, sensing materials, and encapsulation materials (Nan et al., 2022). Substrate materials support the functional circuits of flexible sensors and generally have good stretchability and bendability. Commonly used substrate materials include polydimethylsiloxane (PDMS), Eco-flex, polyimide (PI), and biodegradable materials. Sensing materials are the core of flexible sensors and determine their performance and characteristics. They are generally composed of conductive or semiconductor materials and are processed into functional films using methods such as spin coating (Oren et al., 2017), sputter deposition (Zhao et al., 2019), and chemical vapor deposition (Kim et al., 2019). Encapsulation of flexible wearable sensors is crucial (Li et al., 2020; Nguyen et al., 2021). The selection of encapsulation materials is dependent upon the specific application scenario. The materials must possess the requisite properties, such as waterproof, light-transmissive, breathable, or electromagnetic shielding properties, to ensure the realization of sensor functions and maintain performance stability in complex environments.




2.3 Micro-electro-mechanical systems/nano-electro-mechanical systems

Micro/Nano Electro-Mechanical Systems (MEMS/NEMS) represent the integration of electronic and mechanical components at the micrometer and nanometer scales (Sun et al., 2018). As an advanced microfabrication technology, MEMS/NEMS can achieve processing accuracy at the micrometer or even nanometer scale, thereby enabling the batch and integrated production of nanoscale sensor devices. Compared to traditional manufacturing processes, agricultural sensors manufactured using MEMS/NEMS technology demonstrate higher sensitivity, shorter response times, smaller size, and lower power consumption. These advantages give them significant potential in high-throughput diagnostics of crop life information in agriculture. For example, MEMS/NEMS-based acoustic sensors can locate insect flight paths in two dimensions, enabling effective pesticide application and crop protection. Various MEMS devices have already permeated various agricultural fields, providing new solutions for soil property monitoring (Thomas et al., 2021), crop physiological index monitoring (Miner et al., 2017), livestock disease diagnosis (Fu et al., 2020), and intelligent agricultural machinery control (Si et al., 2019), driving agricultural sensors towards array-based, integrated, and intelligent development (Li D. et al., 2021). Notably, although MEMS/NEMS have been employed in several applications within the agricultural sector, their utilization in agriculture, especially in crop cultivation, remains relatively limited compared to other industries. However, due to the demand for improving agricultural processes and the widespread use of the Internet of Things (IoT) in the future, it is anticipated that there will be a high demand for small-sized, low-cost, low-power consumption, and easily mass-produced devices (Singh and Singh, 2020). Hence, ample opportunities exist for further advancements. Furthermore, the transition from rigid substrates in MEMS/NEMS to flexible substrates, which is intended to enhance the flexibility of deployment and compatibility of interfaces on crop plants, represents a significant trend in the development of the next generation of multifunctional crop sensors.

The advancement of sensing technology has given birth to a large number of advanced sensors of various categories. Through the integration and innovation of these technologies, agricultural sensors have not only witnessed improvements in performance but also experienced significant expansion in their application scope and depth. For instance, the integration of micro-nano sensing technology with flexible electronics has led to the development of high-performance wearable sensors. The successful amalgamation of wireless sensor networks with MEMS technology and self-powered technology enables smaller, lower-power sensor nodes to communicate with each other, facilitating their use in farmlands with extensive cultivation areas and difficult-to-access wiring. Furthermore, modern information technologies such as artificial intelligence, coupled with cloud platforms, offer efficient management and analytical tools for handling complex and vast agricultural-related information. This interdisciplinary technological convergence provides new directions and opportunities for sensor development, propelling the progress of smart sensors in various aspects, including crop information monitoring, environmental monitoring, and multi-modal information monitoring.





3 Smart sensors for monitoring crop information

The growth of crops is a highly dynamic process that is sensitive to changes in external conditions such as the growing environment and pest infestations. It also involves internal signals of hormone, moisture, and nutrient fluctuations, forming a complex interplay among these factors (Schans and Arntzen, 1991). To mitigate crop yield losses caused by various biotic and abiotic stresses, it is essential to select appropriate measurement tools that can promptly and dynamically acquire crop growth information, diagnose crop health status, and provide decision support for timely regulation (Lee et al., 2023). Technologies such as nano-sensors, flexible electronics, microneedle technology, and spectroscopy are currently being effectively employed in the development of crop sensors, leading to substantial advancements in sensor accuracy and stability. These innovations provide researchers with robust tools for non-invasive monitoring of crop health, precise tracking and prediction of crop diseases, and revealing physiological and biochemical processes in crops. Supplementary Figure S1 shows bibliometric analysis of different kinds of crop sensors published over the past decade using the Web of Science database. Table 1 summarizes the sensitive materials used in several types of crop sensors and compares key parameters like measurement accuracy and monitoring range.


Table 1 | Crop sensors.





3.1 Crop hormone sensors

Upon plant stress exposure, plant hormones function as pivotal signaling molecules, crucial for modulating plant metabolism and eliciting immune reactions (Meena et al., 2017; Waadt et al., 2022). Dynamic perception of endogenous hormone information in crops is crucial for the timely monitoring of crop growth status. The concentration of plant hormones within plants is very low and fluctuates with the state of the plant (Coatsworth et al., 2023). Thus, developing crop hormone sensors with high sensitivity, low detection limits, and good specificity is a significant challenge.

Many nanomaterials with unique physicochemical properties have been designed for crop hormone sensing, playing a significant role in improving the sensitivity, detection limit (LOD), linear detection range, response time, and reproducibility of electrochemical sensors. Wu et al. (2022) developed a miniature indole-3-acetic acid (IAA) sensor using a three-dimensional nanonetwork sensitive layer constructed by synergizing core-shell structured Au@Cu2O nanoparticles and nitrogen-doped carbon nanotubes. This IAA micro-sensor has a detection range of 1 to 10,000 ng/mL with ultra-low detection limits ranging from 10.8 to 57.8 pg/mL within a pH range of 4 to 8, suitable for real-time detection of IAA in living plants (Figure 4A). Furthermore, the realization of real-time monitoring necessitates the development of an intelligent analysis system capable of automatically acquiring and processing electrochemical data. The research team has devised an online intelligent analysis system grounded on the ANN (Artificial Neural Network) model, which encompasses reusable microsensors, a portable electrochemical workstation, a host computer, and an online cloud platform. This analytical system is capable of automatically interpreting raw data from electrochemical spectra and converting them into concentration information of IAA (Indole-3-Acetic Acid), thereby enabling intelligent processing and visualization of IAA information. Shi et al. (2024) developed a ratiometric fluorescent probe based on silk-derived carbon quantum dots@curcumin@iron metal-organic frameworks (SCQDs@Cur@Fe-MOFs), achieving sensitive detection of salicylic acid in rice with a detection limit as low as 0.14 μmol/L (Figure 4B). Li et al. (2023) fabricated a wireless wearable ethylene sensor based on a screen-printed MXene radio frequency resonator (Figure 4C). By introducing MXene@PdNPs to further modify the sensing element, the sensor achieved a more sensitive ethylene response and lower detection limits at room temperature, enabling in situ and continuous monitoring of ethylene content with a detection limit of approximately 0.084 ppm, and an operating range of 0.5 ~ 20 ppm. Notably, the flexible resonator, comprising a radio frequency antenna and a gas sensor, eliminates the need for intricate hardware and battery connections to each sensor, thereby facilitating information perception and wireless readout. The MXene-based platform has been successfully mounted on living plant organs, specifically four representative climacteric fruits, to monitor ethylene emissions in situ. This signifies the enormous potential of printed MXene electronics in the scalable manufacturing of wearable smart sensing devices for plants. However, high temperatures and humidity accelerate the degradation of sensitive materials, reducing the operational lifespan of sensors, limiting their application in harsh field environments. Future exploration of advanced packaging technologies for sensors could further enhance sensor stability. Currently, there remains a significant challenge and a vast knowledge gap in understanding the real-time dynamics of plants’ defensive responses under environmental stresses. An integrated wearable sensor suite tailored for crops has the potential to emerge as a pivotal tool in plant stress physiology research.




Figure 4 | Crop hormone sensors. (A) An implantable microsensor system with the N-CNTs/Au@Cu2O/CFM electrode (Wu et al., 2022). (B) Detection performance of biomass-based fluorescent probes (Shi et al., 2024). (C) Mxene-based wireless sensor for ethylene monitoring (Li et al., 2023). (D) Interdigitated electrode-based microneedle sensor (Bukhamsin et al., 2022).



Traditional techniques for measuring hormone levels generally require destruction of large amounts of tissue to obtain necessary extracts, making it challenging to monitor crops in the field in real-time and sustainably. Therefore, it is necessary to develop highly sensitive, non-invasive sensing technologies to realize the potential of precision agriculture. Bukhamsin et al. (2022) proposed a wearable microneedle sensor for in-situ monitoring of salicylic acid (SA) in crops. The research team prepared microneedles with a height of approximately 240 μm on interdigital electrodes (Figure 4D) and functionalized the microneedle electrodes with a salicylic acid-selective magnetic molecularly imprinted polymer, achieving in-situ monitoring of salicylic acid in crops with a detection limit of 2.74 μM and a detection range up to 150 μM. Wang et al. (2021) proposed an abscisic acid (ABA) sensor based on Au@SnO-vertical graphene microneedle arrays, selecting vertical graphene (VG) films as an electrocatalyst and carrier for other catalysts, with Au@SnO2 nanoparticles as selective active sites for ABA. This sensor offers advantages such as small sensing volume, wide pH range, and low ABA detection limit (between 0.002 to 0.005 μM), enabling in-situ ABA detection in crops. It is worth noting that microneedles, as tools for extracting sensing substances, are susceptible to biological contamination. Continuous exploration of efficient antifouling strategies is needed to prevent the passivation of coating surfaces, thereby achieving long-term, accurate monitoring of crop hormones.

An intriguing and challenging area of applied research is the integration of microneedle sensing functions with microneedle drug delivery capabilities to develop a unified crop microneedle biosystem. This system would not only facilitate accurate monitoring of internal signaling molecules but also enable automated, precise delivery of agrochemicals based on monitoring results. Such advancements could significantly enhance precision agriculture practices and offer new tools for plant research and crop trait design, opening new avenues for applications in plant science and agriculture (Paul et al., 2019; Cao Y. et al., 2023).




3.2 Crop nutrient sensors

As the basis for crop growth and development, nutrients play an important role in maintaining normal physiological metabolism and improving yield and quality. Nutrient elements such as nitrogen, phosphorus, potassium, and zinc are closely related to crop growth, and the lack of any element may cause abnormal plant growth (Zhang et al., 2013). Traditional crop nutrient diagnosis requires destructive sampling in the field and biochemical analysis in the laboratory, consuming significant manpower and time. In recent years, biosensor technology and hyperspectral technology have rapidly developed as non-destructive means for crop growth monitoring. Biosensor technology offers unique precision advantages in monitoring the tissue or cellular level of crops. Currently, directly visualizing the spatiotemporal distribution of nitrogen nutrients within crops at the cellular level remains a major challenge. Sensors based on genetically encoded fluorescent proteins are powerful tools for studying dynamic nutrient distribution in crops, allowing minimally invasive monitoring of in-situ nutrient levels (Sadoine et al., 2023). Liu et al. (2022) developed the genetically encoded fluorescent nitrate sensor mCitrine-NLP7(NIN-LIKE PROTEIN 7), which specifically monitors the single-cell nitrate signal throughout seedlings. Chen et al. (2022) reported genetically encoded fluorescent biosensor NitraMeter3.0. This biosensor can real-time monitor NO3− concentration at the cellular level, visualizing the spatiotemporal changes of NO3− during the crop lifecycle. Lilay et al. (2021) proposed a zinc sensor based on the transcription factors bZIP19 and bZIP23, identifying the precise molecular mechanism of Zn sensing and transcriptional coordination in plants. Siqueira et al. (2020) used real-time fluorescence sensing technology, changes in nitrogen (N) and potassium (K) in crop canopies were detected during the early growth stages of maize (before the V6 growth stage). Giust et al. (2018) developed a portable sensor based on graphene oxide and upconversion nanoparticles (GO/UCNP), which evaluates the specific mRNA content of membrane transport proteins (ZIP) related to crop zinc (Zn) deficiency by monitoring different light output intensities, thus achieving early zinc deficiency assessment in crops. This sensor not only has good portability but also can be directly applied to the detection of RNA extracts, eliminating the extra steps required for reverse transcription or DNA amplification in RT-PCR.




3.3 Crop moisture sensors

Water plays a crucial role in the growth and development of crops. Drought stress-induced physiological changes in crops include restricted cell division and elongation, stomatal closure, reduced photosynthesis, and reduced yield (Melandri et al., 2020). Globally, drought stress causes more yield losses than any other singular biological or abiotic factor (Bhandari et al., 2023). The demand for high-performance moisture sensing in smart irrigation systems is rapidly increasing. However, achieving non-invasive, real-time, and precise tracking and monitoring of plant water status remains a significant challenge.

Crop flexible sensors can be attached to the crop surface to achieve rapid and accurate crop moisture sensing in a non-invasive manner. The sensing methods of crop water flexible sensors developed so far include plant stem pulse sensing, runoff heat transfer sensing, leaf water transpiration sensing, etc. Each of these methods has shown its own advantages. Inspired by adaptive coiling plant tendrils, Zhang et al. (2022) developed an integrated crop wearable system (IPWS) based on an adaptive winding strain (AWS) sensor (Figure 5A). The IPWS can monitor the expansion and shrink of plant stem wirelessly and reflect the growth and water state of tomato in real time. With the serpentine-patterned laser-induced graphene, the AWS sensor exhibits excellent resistance to temperature interference with a temperature resistance coefficient of 0.17/°C. The IPWS comprises three modules: the AWS sensor, the flexible printed circuit, and the smartphone APP display interface, which collectively enable the wireless transmission of resistance variation data to a smartphone for recording purposes. Chai et al. (2021) reported the first flexible plant stem flow wearable sensor (Figure 5B). The primary sensing components are two aligned temperature sensors with a positive temperature coefficient (PTC) thermistor in the middle. When there is a sap flow in the stem, an anisotropic temperature distribution occurs, which can be monitored by the two temperature sensors, thereby allowing the analysis of the sap flow rate. This sensor is ultra-thin, soft, and stretchable, with a thickness of only 0.01 mm, featuring excellent water/air/light permeability. It can continuously and non-invasively monitor the dynamic transmission and distribution process of water within herbaceous plants in real time without affecting plant growth. To demonstrate the application ability of the sensor in the farmland, the watermelon stem sap flow was continuously measured for 18 hours in the farmland, and the data was transmitted through a wireless control system developed for remote control and data acquisition. Remote control (on/off), wireless data acquisition, and graphical display of sensors are achieved through a customized smartphone application. The sensors can be successfully used in small herbaceous plants in a continuous and non-destructive manner, providing experimental support for the practical application. Different from the above monitoring methods, Li et al. (2022) developed a wearable crop leaf moisture sensor based on flexible graphene oxide (GO) (Figure 5C), achieving real-time on-site sensing of plant transpiration. By deploying multiple sensors on different leaves of the plant or different parts of the same leaf, the internal water transport within the plant can be dynamically monitored. Combined with a photosynthesis monitoring system, the responses and synergistic effects of crop net photosynthetic rate and transpiration under different light environments could be revealed. Because the sensors are installed on the lower surface of the leaf, it does not interfere with the physiological functions of the plant. The sensor provides a new technical method to carry out quantitative monitoring of crop water in the entire life cycle and build smart irrigation systems. Impedimetric wearable sensors are also a promising strategy for determining leave water because they can afford on-site and nondestructive quantification of cellular water. The sensor has a sensitivity of 7945 Ω/%RH, an operating range of 11 ~ 95% RH, and a response time of 20.3s. Barbosa et al. (2022) developed high-adhesion impedance-based wearable sensors for monitoring leaf water content (LWC), allowing for the long-term monitoring of LWC in soybean leaves (Figure 5D). Stand-alone Ni structures (SANS) were fabricated through photolithography and electroplating steps, composed of two pads interconnected by serpentine lines to form a stretchable structure, further promoted for high adhesion to the leaf using typical adhesive tapes. This wearable sensing electrode showed strong adhesion to the underlying furry leaf surfaces without delaminating or cracking upon bending. The sensor has a sensitivity of 27.0 kΩ %-1, an operating range of 0-70% and 70-90% LWC, and a response time of 2 s. There are many other new monitoring methods that can perform non-destructive monitoring of crop moisture. For example, Yin et al. (2021) deployed a wearable leaf VPD sensor. This device used a flexible polyimide sheet as the substrate, measuring relative humidity (RH) with laser-induced graphene (LIG) sheets and temperature with gold (Au)-based thin-film thermistors. Results showed that patterned LIG responded swiftly to RH changes caused by transpiration, and combined with integrated thermistors, it enabled continuous monitoring of VPD on leaves for over 2 weeks. Moreover, the wearable VPD sensors have been deployed in farmland. The sensor can differentiate transpiration between fertilized and unfertilized corn plants. It was found that fertilized plants release more water vapor into the air due to their higher levels of photosynthesis and transpiration. Graphene-based capacitive humidity sensors have also demonstrated rapid responses to RH changes (Zhao et al., 2020). Recently, Cecilia et al. (2022) developed a non-invasive online crop leaf moisture sensor based on the attenuation of photons passing through the leaf, the signals recorded by the sensor showed good consistency with destructive measurements across all species, enabling continuous and reliable monitoring of leaf moisture conditions.




Figure 5 | Crop moisture sensors. (A) adaptive winding strain sensor for plant pulse monitoring (Zhang C. et al., 2022). (B) Ultra-thin wearable flexible sensors for in-situ monitoring of water transport in crops (Chai et al., 2021). (C) Wearable crop moisture sensor based on nano-graphene oxide (Li D. et al., 2022). (D) Impedimetric flexible wearable sensors for on-site sensing of the water loss in plant leaves (Barbosa et al., 2022).






3.4 Crop disease monitoring sensors

Plant diseases have a significant impact on the quality and yield of plants, and if not detected early and controlled in time, they can cause substantial losses. Direct losses caused by pathogens account for about 10% to 15% of global agricultural productivity (Mohammad-Razdari et al., 2022). Traditional detection of plant pathogens, bacteria, viruses, etc., mainly relies on microbiological or PCR-based techniques (Schena et al., 2008; Khiyami et al., 2014), which require relatively large amounts of target substances and depend on multiple detections to accurately identify different plant pathogens. Therefore, they lack portability, are time-consuming, and require professional personnel. Methods such as thermal imaging, hyperspectral technology, and fluorescence imaging detect pathogens by analyzing their impact on plants, such as changes in plant morphology, transpiration rate, and temperature. However, these methods have high equipment costs and lack precision and convenience (Fang and Ramasamy, 2015; Martinelli et al., 2015). In recent years, new sensing technologies such as electronic noses, wearable sensors and “electronic eyes” have attracted increasing attention in the field of crop disease monitoring due to their high sensitivity and portability. Electronic nose systems can detect characteristic volatile organic compounds (VOCs) released by crop tissues and are used for crop health diagnostics. Rapid analysis of characteristic VOCs, as a potential non-invasive technique, can be used for early diagnosis of crop diseases (Li et al., 2019). Li et al. (2021a) developed a VOC sensor that can be installed on leaves for real-time fingerprint identification of plant volatile organic compounds. This invisible sensor patch integrates graphene-based sensing material arrays and flexible silver nanowire electrodes on a stretchable substrate, accurately detecting and classifying 13 key plant volatile VOCs with a classification accuracy of over 97% and detection limits as low as low ppm or sub-ppm levels. This allows for early diagnosis of tomato late blight infection (within 4 days after inoculation) and abiotic stress such as mechanical damage (within 1 hour). Nanosensors, with their high sensitivity and precision, have become an important new tool for crop disease assessment. Nanoscale electronic noses also have the ability to sensitively distinguish between plants infected with different pathogens. Greenshields et al. (2016) used a nanoscale electronic nose to detect strawberries infected with Aspergillus niger, Rhizopus, and uninfected strawberries. The use of nanotechnology combined with biosensors to prepare bionanosensors can significantly shorten detection times, indicating the presence of crop diseases (Kwak et al., 2017). Freitas et al. (2019) proposed a low-cost, rapid magnetic immunoassay method for ultra-sensitive detection of the coat protein (CP-CTV) of the citrus tristeza virus. The constructed immunosensor showed good linearity, with a wide linear concentration range of 1.95-10.0 × 10^3 fg mL-1 and an ultra-low detection limit of 0.3 fg mL-1. In addition, optical sensing methods such as colorimetry, fluorescence, and surface plasmon resonance (SPR) can also monitor plant health and will not be elaborated further here. It should be noted that, considering the common shortcomings of existing technologies, advancements in nanomaterials and new biomarkers will provide superior performance solutions for plant health monitoring.




3.5 Crop growth sensors

Crop growth is a highly dynamic process with daily micro-variations. Accurately monitoring these daily micro-variations is the foundation for timely and precise water and fertilizer operations, and even for understanding crop growth mechanisms, which is crucial for ensuring optimal yield and sustainable resource utilization (Wuyts et al., 2015; Cosgrove, 2018). High-sensitivity and high-resolution detection tools for monitoring micro-deformation in crop growth pose significant challenges. In recent years, flexible and stretchable sensors have garnered significant attention, researchers have developed various flexible wearable sensors by combining wearable technology with advanced functional materials such as nanomaterials and conductive hydrogels. For instance, Tang et al. (2019) utilized the synergistic enhancement between graphite and carbon nanotube films to prepare a flexible, stretchable (strain rate of 150%) carbon nanotube/graphite resistive strain sensor by depositing graphite and carbon nanotube conductive ink on disposable latex glove sheets. This successfully monitored crop growth from nanometers to centimeters, revealing rhythmic growth patterns in Solanum melongena L. (eggplant) and Cucurbita pepo (zucchini) fruits. This carbon-based sensor boasts low manufacturing costs and high sensitivity. However, the stretchability of carbon based sensors may be limited as they are prone to fracture under high levels of tension. The various sizes and shapes of different plant organs present challenges for the design and manufacture of wearable strain sensors. 3D printing technology, with its flexible manufacturing processes, allows easy alteration of the size and shape of the sensor band, making it applicable in strain sensor manufacturing. Lee et al. (2022) have developed a liquid polymer/metal salt-based stretchable strain sensor based on polyethylene glycol (PEG) and silver nitrate composites using 3D printing technology. The researchers used this sensor to monitor the shape and size changes of citrus and passion fruit continuously for one week, demonstrating excellent stability, extensibility (strain rate of 30%), and linear resistance change coefficient (R2>0.99). Borode et al. (2023) developed and applied a new low-cost polyaniline (PANI)-based strain sensor to monitor plant growth. This sensor was made by in-situ chemical polymerization of aniline on an elastic band substrate via dip-coating. PANI nanoparticles adhered to the substrate fibers and their gaps, giving the sensor good conductivity, and it was successfully applied to monitor the growth of sunflowers and soybeans. Continuous monitoring of crop deformation requires strain sensors to have fatigue resistance and high stability; otherwise, the monitoring results may be distorted or require frequent calibration, causing inconvenience in practical applications. Wang L. et al. (2023) developed a new conductive hydrogel strain sensor based on a high-viscosity polyvinyl alcohol (PVA) solution and conductive activated carbon (AC). This sensor was formed by uniformly dispersing conductive activated carbon (AC) in a high-viscosity polyvinyl alcohol (PVA) solution to create a continuous conductive network and was simply prepared through freeze-thaw cycles. The prepared strain sensor exhibited low hysteresis (<1.5%), fatigue resistance (fatigue threshold of 40.87 J m-2), high working range (0 ~ 350%), and long-term sensing stability under mechanical cycles, monitoring plant growth for 14 days. Long-term automatic monitoring of sensors also requires a sustainable power supply. Energy supply for electronic devices in complex agricultural natural environments is a challenging task. Hsu et al. (2021) designed and developed a self-powered multifunctional wearable sensor for crop growth with a GF of 4.5/4.58 and an operating range of 0% to 200%. The sensor not only has excellent stretchability (650%) and mechanical stress strength (1050 Kpa), making it suitable for plant wearable sensors for plant growth but also can collect clean energy from dynamic sources such as wind and rain and store the energy.





4 Multimodal sensors for monitoring crop habitat information



4.1 Microclimate sensors

The complex relationship between the microenvironment in which crops grow and their yield underscores the importance of real-time and multi-parameter monitoring of the environment (Hackenberger et al., 2018). While traditional crop environmental sensors have been constrained to measuring a single ecological parameter, advancements in the miniaturization and integration of sensors in recent years have made multi-parameter monitoring a feasible reality. Zhao et al. (2019) developed a multifunctional stretchable leaf-mounted sensor. This sensor, with dimensions of 13,000 × 8,800 × 30 μm and a weight of only 17 mg, incorporates several heterogeneous sensing elements made of metals, carbon nanotube matrices, and silicon, enabling the detection of temperature, moisture, light intensity, and strain in leaves. They attached sensors to corn leaves for preliminary outdoor experiments, demonstrating the sensors’ versatile monitoring capabilities under real-world conditions. Additionally, the sensor can operate in networks with a node-to-node distance of at least 200 meters, which is ideal for open-field environments in precision agriculture applications. Lu et al. (2020) used stacked ZnIn2S4 (ZIS) nanosheets as the sensing medium and integrated humidity, light, and temperature sensors on a flexible PI substrate (50 μm thick), designing a highly integrated multimodal flexible sensor system that realizes the monitoring of microenvironments and crop health status (Figure 6A). The multimodal flexible sensor device was connected to a data logger which was interfaced with a laptop computer. Users could directly observe the sensing results on the laptop. Hossain and Tabassum (2023) pioneered a wearable physicochemical sensor kit “PlantFit” (Figure 6B) using low-cost and roll-to-roll screen printing technology, designed to simultaneously measure two key plant hormones, salicylic acid and ethylene, as well as the vapor pressure deficit and radial growth of the stem in living plants. The sensor can record environmental temperature and humidity data, along with data on salicylic acid content, ethylene content, and stem diameter changes in bell peppers continuously for 40 days. Qu et al. (2024a) applied a unique semi-embedded design method and biocompatible materials to fabricate a semi-embedded flexible printed circuit film (E-FPCF) connecting microchips to various heterogeneous sensing elements, developing an ultra-thin sensor with a conductive layer thickness of only 7 microns (Figures 6C, D). By connecting the micro-chip to various heterogeneous sensing elements, parallel, multiple, and continuous monitoring of plant surface temperature and humidity is possible. Real-time display and storage of microclimate data can be accomplished through mobile applications. Lee et al. (2023) integrated a multifunctional wearable crop sensor (Figure 6E) with a machine learning model. By using an algorithmic model to analyze and process multi-channel real-time sensor data, they achieved continuous monitoring of crop volatile organic compounds (VOCs) and microenvironmental temperature and humidity, and quantitatively detected Tomato spotted wilt virus on the fourth day post-inoculation. This provided useful insights for researching intelligent and automated crop growth microenvironment sensing systems.




Figure 6 | Crop growth microclimate sensors. (A) The image on the left shows the multimodal flexible sensor device mounted on the underside of the leaf, and the image on the right shows the monitoring results (Lu et al., 2020). (B) The optical image of hybrid multifunctional physicochemical sensor suite installed on a cabbage plant (Hossain and Tabassum, 2023). (C, D). Semi-embedded flexible multifunctional sensor for on-site continuous monitoring of plant microclimate (Qu et al., 2024a). (E) Overview of the multimodal wearable sensor for continuous plant physiology monitoring (Lee et al., 2023).



In multimodal sensors, the presence of multiple stimuli can lead to cross-interference effects, impacting the sensor’s accuracy in detecting specific targets. The complexity of interface parameters imposes higher demands on the functionality of sensing materials and the richness of sensing mechanisms. Therefore, several challenges deserve attention in future sensor design and development: first, exploring strategies for decoupling sensing mechanisms (such as through different sensing materials, sensor layouts, and signal processing methods); second, implementing temperature drift compensation to ensure thermal stability of the system; and third, developing appropriate module encapsulation to minimize interference from environmental factors (such as gases and humidity), while not affecting and potentially improving the inherent performance and cyclic stability of the module.




4.2 Soil sensors

Soil is a crucial production factor for crop cultivation. The quality of soil is primarily determined by parameters such as soil moisture content, soil nutrient content, soil pH, and soil pollutants (Yin et al., 2021). In pursuit of a comprehensive and precise evaluation of soil’s physical properties, chemical composition, and biological activities, researchers have relentlessly explored and innovated by integrating diverse sensors and technological approaches to conduct omnidirectional and multi-faceted monitoring of soil conditions. Table 2 systematically showcases the sensing mechanisms, measurement accuracies, and measurement ranges of current mainstream soil sensors. Each of these sensors possesses unique strengths, enabling them to precisely capture various critical information within the soil. When integrated into a multimodal monitoring system, these sensors collaborate seamlessly, jointly mapping out a detailed soil health profile that offers agricultural producers unprecedented decision-making insights.


Table 2 | Soil sensors.



Within multimodal sensors, the concurrent monitoring and processing of multiple, disparate physical quantities or signals are indispensable, yet these signals are prone to mutual interference or coupling. Hence, the decoupling mechanism is indeed of paramount significance. Yang et al. (2023) have showcased a proof-of-concept demonstration for a multi-parameter decoupled sensor. They developed a high-performance multi-parameter sensor based on vanadium oxide (VOX)-doped laser-induced graphene (LIG) foam to completely decouple nitrogen oxides (NOX) and temperature (Figure 7A). The encapsulation of the sensor with a soft membrane further allows for temperature sensing without being affected by NOX. The unencapsulated sensor operated at elevated temperature removes the influences of relative humidity and temperature variations for accurate NOX measurements (Figure 7B). The heterojunction formed at the LIG/VOX interface endows the sensor with an enhanced response to NOX and an ultralow limit of detection of 3 ppb (theoretical estimate of 451 ppt) at room temperature. Concurrently, the sensor is capable of accurately detecting temperature over a wide linear range of 10 - 110°C. Integrating sensors with data processing and wireless transmission modules can further establish a remote environmental monitoring system that detects NOx and temperatures. Yue et al. (2024) developed a high-performance biochar nano-enzyme sensor array based on the principle of different effects of pesticides on the peroxidase-like activity of biochar. The research outcomes demonstrate that the five pesticides significantly suppress the peroxidase-mimetic activity of SP-BC, CH-BC, and EP-BC to varying degrees, presenting a solid basis for the realization of multimodal monitoring strategies. This sensor successfully distinguished and detected five pesticides in soil at concentrations ranging from 1 to 500 μM.




Figure 7 | Soil sensors. (A) Principle and structure of vanadium oxide-doped Laser-Induced graphene multi-parameter sensor (Yang et al., 2023). (B) Application of the encapsulated VOX-doped LIG sensor (yellow shaded region) and the unencapsulated one operated at 50°C from self-heating to completely decouple NO2 gas and temperature. Encapsulated sensors can accurately detect temperature changes (Yang et al., 2023). (C) The DPHP sensor that simultaneously measures soil thermal properties, water content and matric potential (Kojima et al., 2021a). (D) TDT - based sensor for simultaneously measuring soil water content, electrical conductivity, temperature, and matric potential (Kojima et al., 2023b).



The dual-probe heat pulse (DPHP) sensor has been extensively employed for the determination of soil thermal properties. Integrating DPHP with other technologies represents an effective approach to achieving multi-parameter monitoring of soil properties. Kojima et al. (2021a) proposed a novel sensor based on the DPHP technique. The sensor features a heating wire that concurrently supplies thermal energy to both the soil and the sensor porous medium (Figure 7C). This sensor has been successfully employed to measure soil thermal properties, soil water content (ψ), and soil water matric potential (θ). The effective range of ψ measurements was -1000 to -2.5 m of water, and the accuracy of the ψ measurements was particularly good in the range of -350 to -2.5 m of water. Kojima et al. (2023b) proposed a novel sensor based on time domain transmissiometry (TDT), which can simultaneously measure soil water content (θ), matrix potential (ψ), electrical conductivity (σb), and temperature (Figure 7D). Laboratory tests have demonstrated that this sensor exhibits low temperature dependence and long service life, enabling the simultaneous determination of θ and ψ, thereby providing vital information for in-situ soil water retention curves.

The emergence of multimodal data monitoring has empowered agricultural managers to concurrently capture and analyze information from diverse sources, fostering a deeper comprehension of both the inherent mechanisms and external manifestations of agricultural systems. However, in practical agricultural production, the deployment of multimodal sensors encounters several challenges. Firstly, compatibility issues arise from differences among sensors, particularly in terms of electrode types, physical interfaces, and communication protocols. These differences hinder the level of integration and miniaturization that can be achieved with multimodal sensors. Secondly, the decoupling of multi-parameters presents a significant challenge. For instance, a single sensing material may be sensitive to both temperature and humidity, potentially leading to interferences or coupling effects between these parameters. Accurate decoupling of these parameters is essential to obtain precise crop growth information, which is a critical issue to address when implementing integrated multi-sensor systems. Furthermore, the dynamic variability of agricultural environments can affect sensor measurements through various objective factors. In order to ensure that the collected data accurately reflects the growth status of crops, it is necessary to adopt adaptive compensation technology to adjust sensor parameters and measurement algorithms in real time according to environmental changes.





5 Challenges, future perspectives and summary

In recent years, the development of agricultural sensors has been significantly advanced by numerous technologies, leading to the continuous emergence of novel sensor designs. However, a substantial portion of related research remains in its infancy. Sensors encounter numerous challenges regarding stability, multi-functional integration, and cost-effective manufacturing, thereby hindering their adaptability to the demanding working conditions of large-scale agricultural fields. Although research progress has been made in agricultural smart sensors and they have shown great potential, compared with the industrial and medical fields, the application of smart sensors for plant monitoring is lagging behind and requires technological improvements. Existing smart sensor systems for plants need to overcome some obstacles. This section will describe the challenges that need to be overcome at present and the promising development directions for the future.



5.1 Challenges



5.1.1 Robustness and long-term monitoring stability of sensors

At present, most studies are conducted in controlled environments such as laboratories and greenhouses, where sensors are fixed to plant leaf organs with adhesive tape or directly implanted into stems for short-term monitoring. The harsh and complex environment of agricultural planting scenarios, such as cold and heat, strong light, humidity, and storms, requires sensors to have long-term stability under extreme conditions. However, harsh environments may lead to melting of coating materials, changes in the internal stress structure of sensing layer materials, and drift of sensing signals in the sensing materials during long-term monitoring. In addition, the physiological effects of plants and environmental changes may also cause the adhesive tape to fail, resulting in loosening of the combination of sensors and monitoring points. To overcome this technical challenge, it is necessary to develop new materials to ensure the sensing stability of sensor materials in such harsh environments. In addition, it is necessary to ensure the strong adhesion and high biocompatibility of sensors with plant monitoring points, while maintaining minimal invasiveness. There are several ideas that may overcome the above challenges. First, develop wearable sensing devices that can be directly and firmly printed on plant organs, such as on the lower epidermis of plant leaves and stems, without affecting the normal physiological processes of photosynthesis and transpiration in plants. Secondly, the packaging of sensors is crucial, and further research is needed in the future to develop highly sealed materials and protective covers to minimize or eliminate the impact of external environments on sensors. In addition, it is necessary to study intelligent decoupling algorithms that can decouple the effects of environmental changes or plant physiological processes on sensor output changes, and optimize the self-calibration mechanism of sensors, to achieve high stability even in the constantly changing climate environment of farmland.




5.1.2 Environmental impact and toxicity of new sensing materials

Considering the emerging sensors such as nanosensors and wearable devices are applied to some new materials like nanoparticles, two-dimensional nanomaterials, fluorescent quantum dots, biomaterials, and so on, it is a challenge that must be overcome to clarify and reduce or even eliminate the potential adverse effects of sensor materials on crop plants and the environment. Before large-scale deployment of these sensors, it is necessary to study the physiological and biochemical impacts and toxicity of these materials on crops in more detail, and also to assess their penetration, absorption, distribution, and fate in plant organs, ensuring that the deployment of these sensors does not affect plant vitality nor cause environmental and agricultural product pollution while maximizing volatilization potential. Not only is it necessary to assess whether the concentration of materials is hazardous, but also to evaluate factors such as the size, surface area, surface charge, morphology, surface chemistry, and aggregation of materials, all of which are related to their toxicity levels (Paramo et al., 2020). At present, there have been many studies on the toxicity of nanomaterials to plants, but most are studies of short-term effects, and research on the long-term impact on the complex ecological system of agriculture is still relatively lacking. Therefore, a large amount of research and empirical work still needs to be carried out, and relevant safety standards and regulations need to be developed. Only by overcoming these challenges can the large-scale successful application of new sensor materials in agriculture be possibly realized.




5.1.3 Cost-effectiveness and user affordability of high-performance sensors

At present, the high cost of some raw materials and the cost of the production process have adversely affected the commercial application of high-performance sensors. In order to promote the large-scale application of sensors in agriculture, more attention should be paid to reducing the overall cost of sensors, such as developing mass-produced, low-cost preparation processes, and improving their durability in harsh agricultural environments to reduce replacement and maintenance costs. In addition, further research can be conducted on the integration of self-powered technology and low-power wireless sensor network technology. This integration will enable sensors to operate independently of external power sources, thereby further reducing operating and maintenance costs. Given the vastness and diversity of agricultural applications, the standardization and modular design of agricultural sensors is of crucial importance. This approach will facilitate the reduction of sensor production costs and enhance their cost-effectiveness in practical agricultural applications. Developing sensors with excellent versatility and adaptability, alongside the establishment of standardized interfaces and communication protocols, will facilitate their seamless integration into existing agricultural management systems, enabling more intelligent monitoring and decision support. For instance, when integrated with intelligent devices such as drones and robots, sensors can be utilized for various purposes, including crop monitoring, pest and disease early warning, and soil management, thereby enhancing their scalability in agricultural applications. To achieve this, standardized communication protocols and interoperability among different sensor types and systems are indispensable.





5.2 Future perspectives

Through a comprehensive review, we believe that the future development of new advanced sensors for intelligent farming mainly relies on the following aspects:



5.2.1 Innovative multi-modal sensor arrays for enhanced monitoring and parameter decoupling

Sensors are extensions of human senses, and human perception systems can simultaneously sense and process different types of information in a very small perception field and complex environments. This also means that ideal agricultural sensors will consist of sensor arrays with multiplexing functions, capable of monitoring various biomarkers or parameters in the agricultural environment to evaluate agricultural production conditions from a more objective and comprehensive perspective. With the integration of advanced manufacturing technologies such as MEMS, micro-nano fabrication, and 3D printing in the agricultural sensor field, innovative development of light, thin, compact, and integrated multi-modal, arrayed advanced agricultural sensors will become a research hotspot. However, when multiple target input signals are present simultaneously, cross-interference may reduce monitoring accuracy (Yang et al., 2022). How to reduce signal crosstalk and cross-sensitivity characteristics between multiple parameters remains a challenge for current multi-modal sensors. In the future, with materials that have different response times to different input stimuli; employing different sensing mechanisms (e.g., current and resistance); exploring multi-modal sensing array unit layouts with decoupling properties, efficient multi-modal signal decoupling can be promoted to construct truly multi-modal sensors.




5.2.2 Advanced sensor edge computing for efficient data analytics

With the rapid development of smart agriculture, the number of agricultural sensor nodes is continuously increasing at a high rate. It is necessary to move some computing tasks from cloud computing centers to edge devices to reduce the redundant data transmission between sensor terminals and computing units, thereby reducing the energy consumption of the sensing system. Sensor edge computing provides new possibilities for improving the efficiency of sensing systems (Ullo and Sinha, 2020; Zhou and Chai, 2020). In the traditional sensing-computing architecture, sensors and computing units are placed separately, and data conversion-based transmission leads to inefficient transmission and high latency. In the sensor edge computing architecture, the distance between sensors and computing units is greatly reduced, and by processing data at the sensing end, redundant data transmission is minimized, improving the overall performance of the sensing system. For agricultural scenarios requiring the deployment of large-scale low-power wireless sensor networks, edge computing sensors are expected to play an important role in time-sensitive applications. Therefore, developing deep learning models with relatively low computational requirements that can be used at sensor edge nodes is crucial.




5.2.3 Artificial intelligence (AI)-driven advanced sensor development and intelligent application

First, applying artificial intelligence technology assists in the development of specific, highly sensitive sensing materials, significantly shortening the research and development cycle. Artificial intelligence and machine learning can serve as powerful auxiliary tools, predicting and screening the physical and chemical properties and key parameters of advanced sensing materials from large datasets, thus accelerating the discovery and validation efficiency of new materials, and providing new possibilities for the development of high-performance sensing materials. Secondly, applying artificial intelligence technology to construct intelligent systems that integrate multiple sensors. In actual agricultural production, it often requires the deployment of many heterogeneous sensors, resulting in messy data with poor inter-data flow. With the help of artificial intelligence technology, multi-level, multi-space information complementarity and optimized combination processing of various sensors can be achieved. Efficient screening, processing, and analysis of massive data, realizing visual data collection and precise analysis, is key to building future intelligent agricultural monitoring systems. Moreover, with the rapid advancement of smart agriculture, the integration of big data from ultra-sensitive sensors and artificial intelligence technologies such as machine learning will significantly drive the development of next-generation intelligent sensing systems (Zhu et al., 2020). Concurrently, as interactions between humans and machines increase, the fusion of Virtual Reality (VR) or Augmented Reality (AR) technologies with sensors is becoming a trend, resulting in comprehensive interactive systems within three-dimensional spaces. These interactive systems, enhanced by artificial intelligence sensors, will offer farmers more immersive scenario experiences.





5.3 Summary

As the primary means of obtaining crop planting data, crop sensors have infiltrated various application scenarios in intelligent agriculture. To meet the growing demand for data monitoring in intelligent agriculture, new sensing materials, manufacturing processes, and integrated components are continuously being developed, and the accuracy and reliability of sensors are constantly improving. This review systematically examines the major advancements in sensors for crop cultivation and their applications in intelligent agriculture. We summarize the key technologies of advanced sensors in smart farming: micro-nano sensing technology, flexible electronics, micro-electro-mechanical systems (MEMS) technology, hyperspectral sensing technology, and wireless sensor network technology. We also systematically summarize the application status and frontier progress of new advanced crop sensors like crop hormone sensors, crop nutrient sensors, crop moisture sensors, and crop growth sensors. We provide the material design, sensing mechanisms, and performance parameters of these sensors and discuss the pros and cons of each type. Meanwhile, we have introduced the latest research progress of multimodal sensors. This review provides key knowledge and a better understanding of the new development of advanced sensors for crop cultivation, revealing the challenges and trends of future smart agriculture research. It aims to inspire grasping the development trend of sensor technology in intelligent farming and selecting scientific and technological breakthrough points.






Author contributions

FZ: Formal analysis, Investigation, Visualization, Writing – original draft, Data curation, Methodology, Software. DL: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Writing – review & editing, Supervision, Validation, Resources, Writing – original draft. GL: Project administration, Supervision, Writing – review & editing, Conceptualization, Funding acquisition, Investigation, Resources. SX: Investigation, Methodology, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by Scientific and technological innovation project of the Chinese Academy of Agricultural Sciences (CAAS-ASTIP-2024-AII-01), National Key Research and Development Program of China project (No. 2022YFD1600603).




Acknowledgments

The authors would like to acknowledge the support provided by Agricultural Information Institute of Chinese Academy of Agricultural Sciences.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1490801/full#supplementary-material




References

 Aiello, G., Giovino, I., Vallone, M., Catania, P., and Argento, A. (2018). A decision support system based on multisensor data fusion for sustainable greenhouse management. J. Clean. Prod. 172, 4057–4065. doi: 10.1016/j.jclepro.2017.02.197

 Aliyana, A. K., Ganguly, P., Beniwal, A., Kumar, S. K. N., and Dahiya, R. (2022). Disposable ph sensor on paper using screen-printed graphene-carbon ink modified zinc oxide nanoparticles. IEEE Sens. J. 22, 21049–21056. doi: 10.1109/JSEN.2022.3206212

 Alsadun, N., Surya, S., Patle, K., Palaparthy, V. S., Shekhah, O., Salama, K. N., et al. (2023). Institution of metal-organic frameworks as a highly sensitive and selective layer in-field integrated soil-moisture capacitive sensor. ACS Appl. Mater. Interfaces 15, 6202–6208. doi: 10.1021/acsami.2c20141

 Ang, M. C., and Lew, T. T. S. (2022). Non-destructive technologies for plant health diagnosis. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.884454

 Bakhori, N. M., Yusof, N. A., Abdullah, A. H., and Hussein, M. Z. (2013). Development of a fluorescence resonance energy transfer (fret)- based dna biosensor for detection of synthetic oligonucleotide of ganoderma boninense. Biosensors-Basel 3, 419–428. doi: 10.3390/bios3040419

 Barbosa, J. A., Freitas, V. M. S., Vidotto, L. H. B., Schleder, G. R., de Oliveira, R. A. G., Rocha, J. F. D., et al. (2022). Biocompatible wearable electrodes on leaves toward the on-site monitoring of water loss from plants. ACS Appl. Mater. Interfaces 14, 22989–23001. doi: 10.1021/acsami.2c02943

 Bathaei, M. J., Singh, R., Mirzajani, H., Istif, E., Akhtar, M. J., Abbasiasl, T., et al. (2023). Photolithography-based microfabrication of biodegradable flexible and stretchable sensors. Adv. Mater. 35, 2207081. doi: 10.1002/adma.202207081

 Baumbauer, C. L., Goodrich, P. J., Payne, M. E., Anthony, T., Beckstoffer, C., Toor, A., et al. (2022). Printed potentiometric nitrate sensors for use in soil. Sensors 22, 4095. doi: 10.3390/s22114095

 Bayrakdar, M. E. (2019). A smart insect pest detection technique with qualified underground wireless sensor nodes for precision agriculture. IEEE Sens. J. 19, 10892–10897. doi: 10.1109/JSEN.2019.2931816

 Beniwal, A., Ganguly, P., Aliyana, A. K., Khandelwal, G., and Dahiya, R. (2023). Screen-printed graphene-carbon ink based disposable humidity sensor with wireless communication. Sens. Actuator B-Chem. 374, 132731. doi: 10.1016/j.snb.2022.132731

 Bhandari, U., Gajurel, A., Khadka, B., Thapa, I., Chand, I., Bhatta, D., et al. (2023). Morpho-physiological and biochemical response of rice (oryza sativa l.) To drought stress: a review. Heliyon 9, e13744. doi: 10.1016/j.heliyon.2023.e13744

 Boada, M., Lazaro, A., Villarino, R., and Girbau, D. (2018). Battery-less soil moisture measurement system based on a nfc device with energy harvesting capability. IEEE Sens. J. 18, 5541–5549. doi: 10.1109/JSEN.2018.2837388

 Bock, C. H., Barbedo, J. G. A., Ponte, E. M. D., Bohnenkamp, D., and Mahlein, A. (2020). From visual estimates to fully automated sensor-based measurements of plant disease severity: status and challenges for improving accuracy. Phytopathol. Res. 2, 1–30. doi: 10.1186/s42483-020-00049-8

 Boonyaves, K., Ang, M. C., Park, M., Cui, J., Khong, D. T., Singh, G. P., et al. (2023). Near-infrared fluorescent carbon nanotube sensors for the plant hormone family gibberellins. Nano Lett. 23, 916–924. doi: 10.1021/acs.nanolett.2c04128

 Borode, T., Wang, D., and Prasad, A. (2023). Polyaniline-based sensor for real-time plant growth monitoring. Sens. Actuator a-Phys. 355, 114319. doi: 10.1016/j.sna.2023.114319

 Bukhamsin, A., Lahcen, A. A., De Oliveira Filho, J., Shetty, S., Blilou, I., Kosel, J., et al. (2022). Minimally-invasive, real-time, non-destructive, species-independent phytohormone biosensor for precision farming. Biosens. Bioelectron. 214, 114515. doi: 10.1016/j.bios.2022.114515

 Cao, X., Xiong, Y., Sun, J., Xie, X., Sun, Q., and Wang, Z. L. (2023). Multidiscipline applications of triboelectric nanogenerators for the intelligent era of internet of things. Nano-Micro Lett. 15, 14. doi: 10.1007/s40820-022-00981-8

 Cao, Y., Koh, S. S., Han, Y., Tan, J. J., Kim, D., Chua, N., et al. (2023). Drug delivery in plants using silk microneedles. Adv. Mater. 35, 202205794. doi: 10.1002/adma.202205794

 Cecilia, B., Francesca, A., Dalila, P., Carlo, S., Antonella, G., Francesco, F., et al. (2022). On-line monitoring of plant water status: validation of a novel sensor based on photon attenuation of radiation through the leaf. Sci. Total Environ. 817, 152881. doi: 10.1016/j.scitotenv.2021.152881

 Chai, Y., Chen, C., Luo, X., Zhan, S., Kim, J., Luo, J., et al. (2021). Cohabiting plant-wearable sensor in situ monitors water transport in plant. Adv. Sci. 8, 202003642. doi: 10.1002/advs.202003642

 Chen, Y., Cartwright, H. N., and Ho, C. (2022). In vivo visualization of nitrate dynamics using a genetically encoded fluorescent biosensor. Sci. Adv. 8, eabq4915. doi: 10.1126/sciadv.abq4915

 Coatsworth, P., Gonzalez-Macia, L., Collins, A. S. P., Bozkurt, T., and Gueder, F. (2023). Continuous monitoring of chemical signals in plants under stress. Nat. Rev. Chem. 7, 7–25. doi: 10.1038/s41570-022-00443-0

 Coelho, S., Baek, J., Walsh, J., Gooding, J. J., and Gaus, K. (2022). Direct-laser writing for subnanometer focusing and single-molecule imaging. Nat. Commun. 13, 647. doi: 10.1038/s41467-022-28219-6

 Cosgrove, D. J. (2018). Diffuse growth of plant cell walls. Plant Physiol. 176, 16–27. doi: 10.1104/pp.17.01541

 Cui, S., Sun, K., Liao, Z., Zhou, Q., Jin, L., Jin, C., et al. (2024). Flexible nanoimprint lithography enables high-throughput manufacturing of bioinspired microstructures on warped substrates for efficient iii-nitride optoelectronic devices. Sci. Bull. 69, 2080–2088. doi: 10.1016/j.scib.2024.04.030

 Dai, Y., Furst, A., and Liu, C. C. (2019). Strand displacement strategies for biosensor applications. Trends. Biotechnol. 37, 1367–1382. doi: 10.1016/j.tibtech.2019.10.001

 Eleney, C. M., Alves, S., and Crudden, D. M. (2020). Novel determination of cd and zn in soil extract by sequential application of bismuth and gallium thin films at a modified screen-printed carbon electrode. Anal. Chim. Acta 1137, 94–102. doi: 10.1016/j.aca.2020.08.056

 Fan, Y., Wang, X., Qian, X., Dixit, A., Herman, B., Lei, Y., et al. (2022). Enhancing the understanding of soil nitrogen fate using a 3d-electrospray sensor roll casted with a thin-layer hydrogel. Environ. Sci. Technol. 56, 4905–4914. doi: 10.1021/acs.est.1c05661

 Fang, Y., and Ramasamy, R. P. (2015). Current and prospective methods for plant disease detection. Biosensors-Basel 5, 537–561. doi: 10.3390/bios5030537

 Freitas, T. A., Proenca, C. A., Baldo, T. A., Materon, E. M., Wong, A., Magnani, R. F., et al. (2019). Ultrasensitive immunoassay for detection of citrus tristeza virus in citrus sample using disposable microfluidic electrochemical device. Talanta 205, 120110. doi: 10.1016/j.talanta.2019.07.005

 Fu, Y., Li, W., Dai, B., Zheng, L., Zhang, Z., Qi, D., et al. (2020). Diagnosis of mixed infections with swine viruses using an integrated microfluidic platform. Sens. Actuator B-Chem. 312, 128005. doi: 10.1016/j.snb.2020.128005

 Giraldo, J. P., Wu, H., Newkirk, G. M., and Kruss, S. (2019). Nanobiotechnology approaches for engineering smart plant sensors. Nat. Nanotechnol. 14, 541–553. doi: 10.1038/s41565-019-0470-6

 Giust, D., Lucio, M. I., El-Sagheer, A. H., Brown, T., Williams, L. E., Muskens, O. L., et al. (2018). Graphene oxide-upconversion nanoparticle based portable sensors for assessing nutritional deficiencies in crops. ACS Nano 12, 6273–6279. doi: 10.1021/acsnano.8b03261

 Gong, X., Huang, K., Wu, Y., and Zhang, X. (2022). Recent progress on screen-printed flexible sensors for human health monitoring. Sens. Actuator a-Phys. 345, 113821. doi: 10.1016/j.sna.2022.113821

 Greenshields, M. W. C. C., Cunha, B. B., Coville, N. J., Pimentel, I. C., Zawadneak, M. A. C., Dobrovolski, S., et al. (2016). Fungi active microbial metabolism detection of rhizopus sp. And aspergillus sp. Section nigri on strawberry using a set of chemical sensors based on carbon nanostructures. Chemosensors 4, 19. doi: 10.3390/chemosensors4030019

 Grell, M., Barandun, G., Asfour, T., Kasimatis, M., Collins, A. S. P., Wang, J., et al. (2021). Point-of-use sensors and machine learning enable low-cost determination of soil nitrogen. Nat. Food 2, 981. doi: 10.1038/s43016-021-00416-4

 Guerrero, A., De Neve, S., and Mouazen, A. M. (2021). Current sensor technologies for in situ and on-line measurement of soil nitrogen for variable rate fertilization: a review. Adv. Agron. 168, 1–38. doi: 10.1016/bs.agron.2021.02.001

 Hackenberger, D. K., Palijan, G., Loncaric, Z., Glavas, O. J., and Hackenberger, B. K. (2018). Influence of soil temperature and moisture on biochemical biomarkers in earthworm and microbial activity after exposure to propiconazole and chlorantraniliprole. Ecotoxicol. Environ. Saf. 148, 480–489. doi: 10.1016/j.ecoenv.2017.10.072

 He, J., Zhao, X., Laroche, A., Lu, Z., Liu, H., and Li, Z. (2014). Genotyping-by-sequencing (gbs), an ultimate marker-assisted selection (mas) tool to accelerate plant breeding. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00484

 Hossain, N. I., and Tabassum, S. (2023). A hybrid multifunctional physicochemical sensor suite for continuous monitoring of crop health. Sci. Rep. 13, 9848. doi: 10.1038/s41598-023-37041-z

 Hsu, H. H., Zhang, X., Xu, K., Wang, Y., Wang, Q., Luo, G., et al. (2021). Self-powered and plant-wearable hydrogel as led power supply and sensor for promoting and monitoring plant growth in smart farming. Chem. Eng. J. 422, 129499. doi: 10.1016/j.cej.2021.129499

 Huang, Y., Zeng, Z., Liang, T., Li, J., Liao, Z., Li, J., et al. (2023). An encapsulation strategy of graphene humidity sensor for enhanced anti-interference ability. Sens. Actuator B-Chem. 396, 134517. doi: 10.1016/j.snb.2023.134517

 Idoje, G., Dagiuklas, T., and Iqbal, M. (2021). Survey for smart farming technologies: challenges and issues. Comput. Electr. Eng. 92, 107104. doi: 10.1016/j.compeleceng.2021.107104

 Jararweh, Y., Fatima, S., Jarrah, M., and AlZu’Bi, S. (2023). Smart and sustainable agriculture: fundamentals, enabling technologies, and future directions. Comput. Electr. Eng. 110, 108799. doi: 10.1016/j.compeleceng.2023.108799

 Jin, X., Li, Z., Feng, H., Ren, Z., and Li, S. (2020). Deep neural network algorithm for estimating maize biomass based on simulated sentinel 2a vegetation indices and leaf area index. Crop J. 8, 87–97. doi: 10.1016/j.cj.2019.06.005

 Karunathilake, E. M. B. M., Le, A. T., Heo, S., Chung, Y. S., and Mansoor, S. (2023). The path to smart farming: innovations and opportunities in precision agriculture. Agriculture-Basel 13, 1593. doi: 10.3390/agriculture13081593

 Khiyami, M. A., Almoammar, H., Awad, Y. M., Alghuthaymi, M. A., and Abd-Elsalam, K. A. (2014). Plant pathogen nanodiagnostic techniques: forthcoming changes? Biotechnol. Biotechnol. Equip. 28, 775–785. doi: 10.1080/13102818.2014.960739

 Kim, J. J., Allison, L. K., and Andrew, T. L. (2019). Vapor-printed polymer electrodes for long-term, on-demand health monitoring. Sci. Adv. 5, eaaw0463. doi: 10.1126/sciadv.aaw0463

 Kojima, Y., Kawashima, T., Noborio, K., Kamiya, K., and Horton, R. (2021a). A dual-probe heat pulse-based sensor that simultaneously determines soil thermal properties, soil water content and soil water matric potential. Comput. Electron. Agric. 188, 106331. doi: 10.1016/j.compag.2021.106331

 Kojima, Y., Matsuoka, M., Ariki, T., and Yoshioka, T. (2023b). Time domain transmissiometry-based sensor for simultaneously measuring soil water content, electrical conductivity, temperature, and matric potential. Sensors 23, 2340. doi: 10.3390/s23042340

 Kwak, S., Wong, M. H., Lew, T. T. S., Bisker, G., Lee, M. A., Kaplan, A., et al. (2017). Nanosensor technology applied to living plant systems. Annu. Rev. Analytical Chem. 10, 113–140. doi: 10.1146/annurev-anchem-061516-045310

 Lan, L., Le, X., Dong, H., Xie, J., Ying, Y., and Ping, J. (2020). One-step and large-scale fabrication of flexible and wearable humidity sensor based on laser-induced graphene for real-time tracking of plant transpiration at bio-interface. Biosens. Bioelectron. 165, 112360. doi: 10.1016/j.bios.2020.112360

 Lee, G., Hossain, O., Jamalzadegan, S., Liu, Y., Wang, H., Saville, A. C., et al. (2023). Abaxial leaf surface-mounted multimodal wearable sensor for continuous plant physiology monitoring. Sci. Adv. 9, eade2232. doi: 10.1126/sciadv.ade2232

 Lee, G., Wei, Q., and Zhu, Y. (2021). Emerging wearable sensors for plant health monitoring. Adv. Funct. Mater. 31, 2106475. doi: 10.1002/adfm.202106475

 Lee, H. J., Joyce, R., and Lee, J. (2022). Liquid polymer/metallic salt-based stretchable strain sensor to evaluate fruit growth. ACS Appl. Mater. Interfaces 14, 5983–5994. doi: 10.1021/acsami.1c21376

 Lew, T., Koman, V. B., Silmore, K. S., Seo, J. S., Gordiichuk, P., Kwak, S.-Y., et al. (2020). Real-time detection of wound-induced h 2 o 2 signalling waves in plants with optical nanosensors. Nat. Plants 6, 404. doi: 10.1038/s41477-020-0632-4

 Li, D., Chen, H., Liu, C., Fan, K., and Wang, G. (2021). A review on mems/nems-based biosensor. Acta Electronica Sin. 49, 1228–1236. doi: 10.12263/DZXB.20200266

 Li, D., Li, G., Li, J., and Xu, S. (2022). Wearable crop sensor based on nano-graphene oxide for noninvasive real-time monitoring of plant water. Membranes 12, 358. doi: 10.3390/membranes12040358

 Li, Z., Liu, Y., Hossain, O., Paul, R., Yao, S., Wu, S., et al. (2021). Real-time monitoring of plant stresses via chemiresistive profiling of leaf volatiles by a wearable sensor. Matter 4, 2553. doi: 10.1016/j.matt.2021.06.009

 Li, Y., Ma, B., Li, C., and Yu, G. (2022). Accurate prediction of soluble solid content in dried hami jujube using swir hyperspectral imaging with comparative analysis of models. Comput. Electron. Agric. 193, 106655. doi: 10.1016/j.compag.2021.106655

 Li, Z., Paul, R., Tis, T. B., Saville, A. C., Hansel, J. C., Yu, T., et al. (2019). Non-invasive plant disease diagnostics enabled by smartphone-based fingerprinting of leaf volatiles. Nat. Plants 5, 856–866. doi: 10.1038/s41477-019-0476-y

 Li, X., Sun, R., Pan, J., Shi, Z., Lv, J., An, Z., et al. (2023). All-mxene-printed rf resonators as wireless plant wearable sensors for in situ ethylene detection. Small 19, 2207889. doi: 10.1002/smll.202207889

 Li, Z., Zhang, S., Chen, Y., Ling, H., Zhao, L., Luo, G., et al. (2020c). Gelatin methacryloyl-based tactile sensors for medical wearables. Adv. Funct. Mater. 30, 2003601. doi: 10.1002/adfm.202003601

 Li, M., Zhou, P., Wang, X., Wen, Y., Xu, L., Hu, J., et al. (2021). Development of a simple disposable laser-induced porous graphene flexible electrode for portable wireless intelligent votammetric nanosensing of salicylic acid in agro-products. Comput. Electron. Agric. 191, 106502. doi: 10.1016/j.compag.2021.106502

 Lilay, G. H., Persson, D. P., Castro, P. H., Liao, F., Alexander, R. D., Aarts, M. G. M., et al. (2021). Arabidopsis bzip19 and bzip23 act as zinc sensors to control plant zinc status. Nat. Plants 7, 137–143. doi: 10.1038/s41477-021-00856-7

 Lin, L., He, Y., Xiao, Z., Zhao, K., Dong, T., and Nie, P. (2019). Rapid-detection sensor for rice grain moisture based on nir spectroscopy. Appl. Sci.-Basel 9, 1654. doi: 10.3390/app9081654

 Liu, S., Chen, R., Chen, R., Jiang, C., Zhang, C., Chen, D., et al. (2023). Facile and cost-effective fabrication of highly sensitive, fast-response flexible humidity sensors enabled by laser-induced graphene. ACS Appl. Mater. Interfaces 15, 57327–57337. doi: 10.1021/acsami.3c12392

 Liu, Y., Li, X., Chen, J., and Yuan, C. (2020). Micro/nano electrode array sensors: advances in fabrication and emerging applications in bioanalysis. Front. Chem. 8, 573865. doi: 10.3389/fchem.2020.573865

 Liu, K., Liu, M., Lin, Z., Wang, Z., Chen, B., Liu, C., et al. (2022). Nin-like protein 7 transcription factor is a plant nitrate sensor. Science 377, 1419. doi: 10.1126/science.add1104

 Liu, L., Lu, Y., Zhong, W., Meng, L., and Deng, H. (2020). On-line monitoring of repeated copper pollutions using sediment microbial fuel cell based sensors in the field environment. Sci. Total Environ. 748. doi: 10.1016/j.scitotenv.2020.141544

 Lombi, E., Donner, E., Dusinska, M., and Wickson, F. (2019). A one health approach to managing the applications and implications of nanotechnologies in agriculture. Nat. Nanotechnol. 14, 523–531. doi: 10.1038/s41565-019-0460-8

 Lu, Y., Xu, K., Zhang, L., Deguchi, M., Shishido, H., Arie, T., et al. (2020). Multimodal plant healthcare flexible sensor system. ACS Nano 14, 10966–10975. doi: 10.1021/acsnano.0c03757

 Ludena-Choez, J., Choquehuanca-Zevallos, J. J., Yasmany-Juarez, A., Mayhua-Lopez, E., Zea, J., Talavera-Nunez, M. E., et al. (2022). Capacitance sensitivity study of interdigital capacitive sensor based on graphene for monitoring nitrates concentrations. Comput. Electron. Agric. 202, 107361. doi: 10.1016/j.compag.2022.107361

 Luo, Y., Li, W., Lin, Q., Zhang, F., He, K., Yang, D., et al. (2021). A morphable ionic electrode based on thermogel for non-invasive hairy plant electrophysiology. Adv. Mater. 33, 2007848. doi: 10.1002/adma.202007848

 Luo, X., Zhang, W., Han, Y., Chen, X., Zhu, L., Tang, W., et al. (2018). N,s co-doped carbon dots based fluorescent “ on-off-on “ sensor for determination of ascorbic acid in common fruits. Food Chem. 258, 214–221. doi: 10.1016/j.foodchem.2018.03.032

 Lupan, O., Cretu, V., Postica, V., Ahmadi, M., Cuenya, B. R., Chow, L., et al. (2016). Silver-doped zinc oxide single nanowire multifunctional nanosensor with a significant enhancement in response. Sens. Actuator B-Chem. 223, 893–903. doi: 10.1016/j.snb.2015.10.002

 Mao, A., Huang, E., Wang, X., and Liu, K. (2023). Deep learning-based animal activity recognition with wearable sensors: overview, challenges, and future directions. Comput. Electron. Agric. 211, 108043. doi: 10.1016/j.compag.2023.108043

 Martinelli, F., Scalenghe, R., Davino, S., Panno, S., Scuderi, G., Ruisi, P., et al. (2015). Advanced methods of plant disease detection. A review. Agron. Sustain. Dev. 35, 1–25. doi: 10.1007/s13593-014-0246-1

 Mccole, M., Bradley, M., Mccaul, M., and Mccrudden, D. (2023). A low-cost portable system for on-site detection of soil ph and potassium levels using 3d printed sensors. Results Eng. 20, 101564. doi: 10.1016/j.rineng.2023.101564

 Meder, F., Saar, S., Taccola, S., Filippeschi, C., Mattoli, V., and Mazzolai, B. (2021). Ultraconformable, self-adhering surface electrodes for measuring electrical signals in plants. Adv. Mater. Technol. 6, 2001182. doi: 10.1002/admt.202001182

 Meena, K. K., Sorty, A. M., Bitla, U. M., Choudhary, K., Gupta, P., Pareek, A., et al. (2017). Abiotic stress responses and microbe-mediated mitigation in plants: the omics strategies. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00172

 Melandri, G., AbdElgawad, H., Riewe, D., Hageman, J. A., Asard, H., Beemster, G. T. S., et al. (2020). Biomarkers for grain yield stability in rice under drought stress. J. Exp. Bot. 71, 669–683. doi: 10.1093/jxb/erz221

 Miner, G. L., Ham, J. M., and Kluitenberg, G. J. (2017). A heat-pulse method for measuring sap flow in corn and sunflower using 3d-printed sensor bodies and low-cost electronics. Agric. For. Meteorol. 246, 86–97. doi: 10.1016/j.agrformet.2017.06.012

 Mohammad-Razdari, A., Rousseau, D., Bakhshipour, A., Taylor, S., Poveda, J., and Kiani, H. (2022). Recent advances in e-monitoring of plant diseases. Biosensors Bioelectronics 201, 113953. doi: 10.1016/j.bios.2021.113953

 Musa, P., Sugeru, H., and Wibowo, E. P. (2024). Wireless sensor networks for precision agriculture: a review of npk sensor implementations. Sensors 24, 51. doi: 10.3390/s24010051

 Nair, N., Akshaya, A., and Joseph, J. (2022). An in-situ soil ph sensor with solid electrodes. IEEE Sens. Lett. 6, 1–4. doi: 10.1109/LSENS.2022.3194200

 Nan, X., Wang, X., Kang, T., Zhang, J., Dong, L., Dong, J., et al. (2022). Review of flexible wearable sensor devices for biomedical application. Micromachines 13, 1395. doi: 10.3390/mi13091395

 Nassar, J. M., Khan, S. M., Villalva, D. R., Nour, M. M., Almuslem, A. S., and Hussain, M. M. (2018). Compliant plant wearables for localized microclimate and plant growth monitoring. NPJ Flex. Electron. 2, 24. doi: 10.1038/s41528-018-0039-8

 Nguyen, T., Chu, M., Tu, R., and Khine, M. (2021). The effect of encapsulation on crack-based wrinkled thin film soft strain sensors. Materials 14, 364. doi: 10.3390/ma14020364

 Nissler, R., Mueller, A. T., Dohrman, F., Kurth, L., Li, H., Cosio, E. G., et al. (2022). Detection and imaging of the plant pathogen response by near-infrared fluorescent polyphenol sensors. Angew. Chem. Int. Ed. Engl. 61, e202108373. doi: 10.1002/anie.202108373

 Ojha, T., Misra, S., and Raghuwanshi, N. S. (2015). Wireless sensor networks for agriculture: the state-of-the-art in practice and future challenges. Comput. Electron. Agric. 118, 66–84. doi: 10.1016/j.compag.2015.08.011

 Oren, S., Ceylon, H., Schnable, P. S., and Dong, L. (2017). High-resolution patterning and transferring of graphene-based nanomaterials onto tape toward roll-to-roll production of tape-based wearable sensors. Adv. Mater. Technol. 2, 1700223. doi: 10.1002/admt.201700223

 Paramo, L. A., Feregrino-Pérez, A. A., Guevara, R., Mendoza, S., and Esquivel, K. (2020). Nanoparticles in agroindustry: applications, toxicity, challenges, and trends. Nanomaterials 10, 1654. doi: 10.3390/nano10091654

 Paul, K., Chatterjee, S. S., Pai, P., Varshney, A., Juikar, S., Prasad, V., et al. (2022). Viable smart sensors and their application in data driven agriculture. Comput. Electron. Agric. 198, 107096. doi: 10.1016/j.compag.2022.107096

 Paul, R., Saville, A. C., Hansel, J. C., Ye, Y., Ball, C., Williams, A., et al. (2019). Extraction of plant dna by microneedle patch for rapid detection of plant diseases. ACS Nano 13, 6540–6549. doi: 10.1021/acsnano.9b00193

 Presti, D. L., Di Tocco, J., Massaroni, C., Cimini, S., De Gara, L., Singh, S., et al. (2023). Current understanding, challenges and perspective on portable systems applied to plant monitoring and precision agriculture. Biosens. Bioelectron. 222, 115005. doi: 10.1016/j.bios.2022.115005

 Qian, Z. S., Shan, X. Y., Chai, L. J., Chen, J. R., and Peng, H. (2015). A fluorescent nanosensor based on graphene quantum dots-aptamer probe and graphene oxide platform for detection of lead (ii) ion. Biosens. Bioelectron. 68, 225–231. doi: 10.1016/j.bios.2014.12.057

 Qin, D., Xia, Y., and Whitesides, G. M. (2010). Soft lithography for micro- and nanoscale patterning. Nat. Protoc. 5, 491–502. doi: 10.1038/nprot.2009.234

 Qu, C., Sun, W., Hu, D., Yang, C., Zhao, T., Wang, X., et al. (2024a). Semi-embedded flexible multifunctional sensor for on-site continuous monitoring of plant microclimate. Comput. Electron. Agric. 216, 108521. doi: 10.1016/j.compag.2023.108521

 Qu, C., Sun, X., Sun, W., Cao, L., Wang, X., and He, Z. (2021b). Flexible wearables for plants. Small 17, 2104482. doi: 10.1002/smll.202104482

 Ramesh, M., Kharbanda, D. K., Kumar, S., Kumar, D., Khanna, P. K., and Suri, N. (2023). Potentiometric testing of soil by printed nobel metal thick film electrode. J. Electrochem. Soc. 170, 017508. doi: 10.1149/1945-7111/acb5c8

 Rim, Y. S., Bae, S., Chen, H., De Marco, N., and Yang, Y. (2016). Recent progress in materials and devices toward printable and flexible sensors. Adv. Mater. 28, 4415–4440. doi: 10.1002/adma.201505118

 Sadoine, M., De Michele, R., Zupunski, M., Grossmann, G., and Castro-Rodriguez, V. (2023). Monitoring nutrients in plants with genetically encoded sensors: achievements and perspectives. Plant Physiol. 193, 195–216. doi: 10.1093/plphys/kiad337

 Schans, J., and Arntzen, F. K. (1991). Photosynthesis, transpiration and plant growth characters of different potato cultivars at various densities of globodera pallida. Netherlands J. Plant Pathol. 97, 297–310. doi: 10.1007/BF01974225

 Schena, L., Duncan, J. M., and Cooke, D. E. L. (2008). Development and application of a pcr-based ‘molecular tool box’ for the identification of phytophthora species damaging forests and natural ecosystems. Plant Pathol. 57, 64–75. doi: 10.1111/j.1365-3059.2007.01689.x

 Shaikh, F. K., Karim, S., Zeadally, S., and Nebhen, J. (2022). Recent trends in internet-of-things-enabled sensor technologies for smart agriculture. IEEE Internet Things J. 9, 23583–23598. doi: 10.1109/JIOT.2022.3210154

 Shaw, D. S., and Honeychurch, K. C. (2022). Nanosensor applications in plant science. Biosensors-Basel 12, 675. doi: 10.3390/bios12090675

 Shi, Y., Li, W., Hu, X., Zhang, X., Huang, X., Li, Z., et al. (2024). A novel sustainable biomass-based fluorescent probe for sensitive detection of salicylic acid in rice. Food Chem. 434, 137260. doi: 10.1016/j.foodchem.2023.137260

 Shojaei, T. R., Salleh, M. A. M., Sijam, K., Rahim, R. A., Mohsenifar, A., Safarnejad, R., et al. (2016). Detection of citrus tristeza virus by using fluorescence resonance energy transfer-based biosensor. Spectroc. Acta Pt. A-Molec. Biomolec. Spectr. 169, 216–222. doi: 10.1016/j.saa.2016.06.052

 Si, J., Niu, Y., Lu, J., and Zhang, H. (2019). High-precision estimation of steering angle of agricultural tractors using gps and low-accuracy mems. IEEE Trans. Veh. Technol. 68, 11738–11745. doi: 10.1109/TVT.2019.2949298

 Siddiqui, M. S., and Aslam, M. (2023). Three-dimensional conductometric network based on reduced graphene oxide for soil ph sensors. ACS Appl. Nano Mater. 6, 17376–17386. doi: 10.1021/acsanm.3c02033

 Siddiqui, M. S., Mandal, A., Kalita, H., and Aslam, M. (2022). Highly sensitive few-layer mos 2 nanosheets as a stable soil moisture and humidity sensor. Sens. Actuator B-Chem. 365, 131930. doi: 10.1016/j.snb.2022.131930

 Singh, N., and Singh, A. N. (2020). Odysseys of agriculture sensors: current challenges and forthcoming prospects. Comput. Electron. Agric. 171, 105328. doi: 10.1016/j.compag.2020.105328

 Siqueira, R., Longchamps, L., Dahal, S., and Khosla, R. (2020). Use of fluorescence sensing to detect nitrogen and potassium variability in maize. Remote Sens. 12, 1758. doi: 10.3390/rs12111752

 Soussi, A., Zero, E., Sacile, R., Trinchero, D., and Fossa, M. (2024). Smart sensors and smart data for precision agriculture: a review. Sensors 24, 2647. doi: 10.3390/s24082647

 Sun, Y., Dong, Y., Gao, R., Chu, Y., Zhang, M., Qian, X., et al. (2018). Wearable pulse wave monitoring system based on mems sensors. Micromachines 9, 90. doi: 10.3390/mi9020090

 Tang, W., Yan, T., Wang, F., Yang, J., Wu, J., Wang, J., et al. (2019). Rapid fabrication of wearable carbon nanotube/graphite strain sensor for real-time monitoring of plant growth. Carbon 147, 295–302. doi: 10.1016/j.carbon.2019.03.002

 Tay, R. Y., Song, Y., Yao, D. R., and Gao, W. (2023). Direct-ink-writing 3d-printed bioelectronics. Mater. Today 71, 135–151. doi: 10.1016/j.mattod.2023.09.006

 Terentev, A., Dolzhenko, V., Fedotov, A., and Eremenko, D. (2022). Current state of hyperspectral remote sensing for early plant disease detection: a review. Sensors 22, 757. doi: 10.3390/s22030757

 Thomas, F., Petzold, R., Becker, C., and Werban, U. (2021). Application of low-cost mems spectrometers for forest topsoil properties prediction. Sensors 21, 3927. doi: 10.3390/s21113927

 Ullo, S. L., and Sinha, G. R. (2020). Advances in smart environment monitoring systems using iot and sensors. Sensors 20, 3113. doi: 10.3390/s20113113

 Waadt, R., Seller, C. A., Hsu, P., Takahashi, Y., Munemasa, S., and Schroeder, J. (2022). Plant hormone regulation of abiotic stress responses. Nat. Rev. Mol. Cell Biol. 23, 680–694. doi: 10.1038/s41580-022-00479-6

 Wang, X. D., Summers, C. J., and Wang, Z. L. (2004). Large-scale hexagonal-patterned growth of aligned zno nanorods for nano-optoelectronics and nanosensor arrays. Nano Lett. 4, 423–426. doi: 10.1021/nl035102c

 Wang, Z., Xue, L., Li, M., Li, C., Li, P., and Li, H. (2021). Au@sno2-vertical graphene-based microneedle sensor for in-situ determination of abscisic acid in plants. Mater. Sci. Eng. C-Mater. Biol. Appl. 127, 112237. doi: 10.1016/j.msec.2021.112237

 Wang, L., Zhang, Z., Cao, J., Zheng, W., Zhao, Q., et al. (2023). Low hysteresis and fatigue-resistant polyvinyl alcohol/activated charcoal hydrogel strain sensor for long-term stable plant growth monitoring. Polymers 15, 90. doi: 10.3390/polym15010090

 Wu, B., Xu, H., Shi, Y., Zhou, H., Li, Y., Deng, H., et al. (2022). Online monitoring of indole-3-acetic acid in living plants based on nitrogen-doped carbon nanotubes/core-shell au@cu2o nanoparticles/carbon fiber electrochemical microsensor. ACS Sustain. Chem. Eng. 10, 13465–13475. doi: 10.1021/acssuschemeng.2c04222

 Wuyts, N., Dhondt, S., and Inze, D. (2015). Measurement of plant growth in view of an integrative analysis of regulatory networks. Curr. Opin. Plant Biol. 25, 90–97. doi: 10.1016/j.pbi.2015.05.002

 Xu, Z., Chen, J., Liu, Y., Wang, X., and Shi, Q. (2022). Multi-emission fluorescent sensor array based on carbon dots and lanthanide for detection of heavy metal ions under stepwise prediction strategy. Chem. Eng. J. 441, 135690. doi: 10.1016/j.cej.2022.135690

 Yan, B., Zhang, F., Wang, M., Zhang, Y., and Fu, S. (2024). Flexible wearable sensors for crop monitoring: a review. Front. Plant Sci. 15, 1406074. doi: 10.3389/fpls.2024.1406074

 Yang, X., Shu, L., Chen, J., Ferrag, M. A., Wu, J., et al. (2021). A survey on smart agriculture: development modes, technologies, and security and privacy challenges. Ieee-Caa J. Automatica Sin. 8, 273–302. doi: 10.1109/JAS.2020.1003536

 Yang, L., Yan, J., Meng, C., Dutta, A., Chen, X., Xue, Y., et al. (2023). Vanadium oxide-doped laser-induced graphene multi-parameter sensor to decouple soil nitrogen loss and temperature. Adv. Mater. 35, 2210322. doi: 10.1002/adma.202210322

 Yang, W., Zhang, H., Li, M., Wang, Z., Zhou, J., Wang, S., et al. (2014). Early diagnosis of blast fungus, magnaporthe oryzae, in rice plant by using an ultra-sensitive electrically magnetic-controllable electrochemical biosensor. Anal. Chim. Acta 850, 85–91. doi: 10.1016/j.aca.2014.08.040

 Yang, R., Zhang, W., Tiwari, N., Yan, H., Li, T., and Cheng, H. (2022). Multimodal sensors with decoupled sensing mechanisms. Adv. Sci. 9, 2202470. doi: 10.1002/advs.202202470

 Yin, H., Cao, Y., Marelli, B., Zeng, X., Mason, A. J., and Cao, C. (2021). Soil sensors and plant wearables for smart and precision agriculture. Adv. Mater. 33, 2007764. doi: 10.1002/adma.202007764

 Yin, S., Ibrahim, H., Schnable, P. S., Castellano, M. J., and Dong, L. (2021). A field-deployable, wearable leaf sensor for continuous monitoring of vapor-pressure deficit. Adv. Mater. Technol. 6, 2001246. doi: 10.1002/admt.202001246

 Yue, N., Wu, J., Qi, W., and Su, R. (2024). Algae-derived biochar nanozyme array for discrimination and detection of multiple pesticides in soil, water and food. Food Chem. 438, 137946. doi: 10.1016/j.foodchem.2023.137946

 Zhan, F., Wang, T., Iradukunda, L., and Zhan, J. (2018). A gold nanoparticle - based lateral flow biosensor for sensitive visual detection of the potato late blight pathogen, phytophthora infestans. Anal. Chim. Acta 1036, 153–161. doi: 10.1016/j.aca.2018.06.083

 Zhang, X., Liu, F., He, Y., and Gong, X. (2013). Detecting macronutrients content and distribution in oilseed rape leaves based on hyperspectral imaging. Biosyst. Eng. 115, 56–65. doi: 10.1016/j.biosystemseng.2013.02.007

 Zhang, Q., Ying, Y., and Ping, J. (2022). Recent advances in plant nanoscience. Adv. Sci. 9, 2103414. doi: 10.1002/advs.202103414

 Zhang, B., Zhang, S., Li, W., Gao, Q., Zhao, D., Wang, Z. L., et al. (2021). Self-powered sensing for smart agriculture by electromagnetic-triboelectric hybrid generator. ACS Nano 15, 20278–20286. doi: 10.1021/acsnano.1c08417

 Zhang, C., Zhang, C., Wu, X., Ping, J., and Ying, Y. (2022). An integrated and robust plant pulse monitoring system based on biomimetic wearable sensor. NPJ Flex. Electron. 6, 43. doi: 10.1038/s41528-022-00177-5

 Zhao, Y., Gao, S., Zhu, J., Li, J., Xu, H., Xu, K., et al. (2019). Multifunctional stretchable sensors for continuous monitoring of long-term leaf physiology and microclimate. ACS Omega 4, 9522–9530. doi: 10.1021/acsomega.9b01035

 Zhao, F., He, J., Li, X., Bai, Y., Ying, Y., and Ping, J. (2020). Smart plant-wearable biosensor for in-situ pesticide analysis. Biosens. Bioelectron. 170, 112636. doi: 10.1016/j.bios.2020.112636

 Zhao, Y., Yang, X., Pan, P., Liu, J., Yang, Z., Wei, J., et al. (2020). All-printed flexible electrochemical sensor based on polyaniline electronic ink for copper (ii), lead (ii) and mercury (ii) ion determination. J. Electron. Mater. 49, 6695–6705. doi: 10.1007/s11664-020-08418-x

 Zhou, F., and Chai, Y. (2020). Near-sensor and in-sensor computing. Nat. Electron. 3, 664–671. doi: 10.1038/s41928-020-00501-9

 Zhu, J., Liu, X., Shi, Q., He, T., Sun, Z., Guo, X., et al. (2020). Development trends and perspectives of future sensors and mems/nems. Micromachines 11, 7. doi: 10.3390/mi11010007




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Zhang, Li, Li and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1490801-g002.jpg
A

Universal primer-added B

forward primer Reverse primer SOOOOOOCH
i A DO
0.6, 0.0°0.© 0000900 0. 003 —y
: SOCOOOOKH
Pathogen Exponential
genomic DNA amplification
NN Linear y
Universal primer amplification p
WONSONSNG NSNS\
SEBANS NI NH NN
AR AENGONTERTTN Leaf sensor
NSNS NANANAN
C T
W] Ppositive resutt A
C ,

] Negatve rosu

Flexib
cables

o

Control line Test line Sensing

ol

Absorbentpad Nitrocellulose membrane Conjugate pad Sample pad circuit
s Biotinylated capture AuNP-probe
£ Streptavidin é 2‘ probe Taad C ? 12

DNA-CNT D Dip-coating

RNONXA Gene cassette >10,000 genes ) . Unencapsulated humidity sensor
Aadwek orplasmid iiad i) Reduction of GO P v

N GO
Nucleus N
PEI or chitosan N '

gttt

5 LY A :

Gene delivery
_

Spray-coating GO Encapsulated humidity sensor

TR

40-60 genes AR
o ’l RN N

DNA-magnetic
nanoparticles






OEBPS/Images/fpls.2024.1490801_cover.jpg
& frontiers | Frontiers in Plant science

New horizons in smart plant sensors: key
technologies, applications, and prospects





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        New horizons in smart plant sensors: key technologies, applications, and prospects

      

        		

          1 Introduction

        



        		

          2 Advanced sensing technology

        

          		

            2.1 Micro-nano sensing technology

          



          		

            2.2 Flexible electronics technology

          



          		

            2.3 Micro-electro-mechanical systems/nano-electro-mechanical systems

          



        



        



        		

          3 Smart sensors for monitoring crop information

        

          		

            3.1 Crop hormone sensors

          



          		

            3.2 Crop nutrient sensors

          



          		

            3.3 Crop moisture sensors

          



          		

            3.4 Crop disease monitoring sensors

          



          		

            3.5 Crop growth sensors

          



        



        



        		

          4 Multimodal sensors for monitoring crop habitat information

        

          		

            4.1 Microclimate sensors

          



          		

            4.2 Soil sensors

          



        



        



        		

          5 Challenges, future perspectives and summary

        

          		

            5.1 Challenges

          

            		

              5.1.1 Robustness and long-term monitoring stability of sensors

            



            		

              5.1.2 Environmental impact and toxicity of new sensing materials

            



            		

              5.1.3 Cost-effectiveness and user affordability of high-performance sensors

            



          



          



          		

            5.2 Future perspectives

          

            		

              5.2.1 Innovative multi-modal sensor arrays for enhanced monitoring and parameter decoupling

            



            		

              5.2.2 Advanced sensor edge computing for efficient data analytics

            



            		

              5.2.3 Artificial intelligence (AI)-driven advanced sensor development and intelligent application

            



          



          



          		

            5.3 Summary

          



        



        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1490801-g004.jpg
L)
~

N7g~

o

v
v K
= > .%
-
I Au .
S

Implantable
micro-sensor

Portable
workstation

540 600
Wavelength (nm)

Plant wearable detection

“H‘ Ethylene

Wireless
sensor

Wireless transmission

l408 / l540

Y=0.0107X+1.5461
R?=0.9876

Y=0.1621X+0.3322

R*-0.9860

0 2 B

6

8 10

SA Concentration (uM)

50 100 150
SA Concentration (uM)

200






OEBPS/Images/table2.jpg
Application

Sensing Mechanisms/
Sensitive Materials

Measurement Accuracy

Working
Range

Reference

Soil Nutrient Sensors

Soil Moisture Sensors

Soil pH Sensors

Soil Heavy Metal Sensors

Potentiometric sensing/Thick film
electrodes for AuPt

Potentiometric sensing/
Polymeric membranes

Hydrogel-Coated potentiometric solid-state
ion-selective membrane

Impedance sensing/Graphene
interdigital electrodes

Capacitive sensing/Cr-Soc-MOF-1 coating
Capacitive sensing/MoS, Nanosheets

Resistive sensing/Graphene-carbon (G-C)
ink-based sensor

Potentiometric sensing/Ton
selective electrodes

Voltage sensing/antimony all-solid-
state electrodes

Graphene-carbon (G-C) modified zinc
oxide (ZnO)-based active layer

Current sensing/Graphene/L-Arginine

Current sensing/rGO/g-CN,

Voltage sensing/Polyaniline inks

Photoelectric sensor/QR-CDs/EDTA-Tb**

Microbial fuel cell (SMFC) sensor

LOD: 291 nM
Sensitivity:
-47 + 4.1 mV/dec

Sensitivity:
43.04 mV/dec

LOD: 1.71 ppm

Sensitivity:~450% on clayey soil
Sensing response (~43684%)

Sensitivity:
~12.4 QI%RH

Sensitivity:
-61.05 mV/pH

Sensitivity:
-38.2 mV/pH

Sensitivity:
5.27KQ/pH

Sensitivity: 97uS/pH

The LOD for both Cd and Zn
were 0.01 mg kg

The LOD of Cu®*, Pb**, and Hg**
were 55.4 pM, 22 pM, and 17.8
PM, respectively

Identify Cr*, Fe**, Cu®*, Fe®*,
Mn?*, Co®", Ni*" at 0.05uM

The LOD of Cu®* were 1 mg L™

1~10uM

0.05 ~ 100 mM

1 ~ 160 ppm

2 ~ 40% RH
11 ~ 96% RH

25 ~ 91.7%RH

3~11pH

3~8pH

2~8pH

3~10 pH

Cd: 20 ~ 450 mg/L
Zn: 20 ~ 1100 mg/L

Cu**: 0.2 ~ 1500 nM
Pb*": 0.2 ~ 100 nM
Hg": 0.1 ~ 10 nM

0.05 ~ 50 UM

12.5 ~ 400 mg/L

(Ramesh et al., 2023)

(Baumbauer et al., 2022)

(Fan et al,, 2022)

(Ludena-Choez et al., 2022)

(Alsadun et al., 2023)
(Siddiqui et al., 2022)

(Beniwal et al., 2023)

(Mccole et al., 2023)

(Nair et al, 2022)

(Aliyana et al., 2022)

(Siddiqui and Aslam, 2023)

(Eleney et al., 2020)

(Zhao et al., 2020)

(Xu et al., 2022)

(Liu et al., 2020)





OEBPS/Images/fpls-15-1490801-g006.jpg
o
o

[ JLEDlamp ON [_]LED lamp OFF B

Humidity of environment

Room RH (%) _
)]
o

I
g |
I
I
" néor

_ Exposed Lightintensity : :

=
£ I
S i
= I
» 2{,"‘ i
2 -~ i i
> S 30 Temperature of environment :
3 i
4 g 20 "

]
B T 10 : I
T — : @iStrain and,

¥ Water the plant Humidity on a leaf

] Z\'j'oo 4 Water the piz P Senfor :

T

x 50

s

K]

o

VOC sensors
(Au@AgNW:-ligands, MWCNT, sol-gel layer)

X Ambient
humidity sensor
. ’ (Nafion)
Leaf surface humidity sensor NS,

: (Nafion)

D=35mm !
| vy, :;-a.. n
: éﬁ,ftf-’;"’ : 00“?'0
1 { Ry \G‘C
: & o)

i | | Leaf temperature sensor 4e® )

D=55mm D=70mm : (Au@AgNW) C\‘O \Pg
! @
i Substrate

(PDMS)





OEBPS/Images/fpls-15-1490801-g003.jpg
OH OH O OH
SO R TR A\ S Gas-proof
8 Infrared laser

Il. Screen printing
= = = | =

E=rams e e ia————v ]

4

lll. Sensing film modification

AV  polyimide (PI1) — LIG

MXene@PdNPs

Wireless ethylene sensor Conductive silver paste ~ ——  Copper wire

|
Dispersant —p — ' —

'

Ultrasonic Ink
h

Silver nanoparticles

X
\\ Laser-induced
2.

Screen printing

— GO layers
’ ‘ S — LIG-IDE on PI
. \ : —PET substrate
Low temperature " . )
sintering Demoulding Spin coating





OEBPS/Images/fpls-15-1490801-g001.jpg
Sunlight Respiration

Hormone

Photosynthesis

00

Esrc
Disease

Environment

Transpiration

Types of Sensors

Crop Hormone Sensors

Crop Nutrient Sensors
Crop Moisture Sensors

Crop Disease Monitoring Sensors

Crop Environment Sensors

Crop Growth Sensors

E Soil Nutrient Sensors

B Soil Moisture Sensors
B Soil pH Sensors

m Soil Pollutant Sensors

Technological
innovations

i
|
!
i
!
|
* Micro-Nano Sensing Technology y& Flexible Electronics Technology :
|

|* MEMS / NEMS Technology Y& Hyperspectral Sensing Technology





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1490801-g005.jpg
; -

Remote monitoring using
wireless sensor networks

2.5E+05

— lower leaf

\ '
; I _ 2.0E405 oy Bl
I a
! ! 8 1.5e+05 .
l 5 6.5E+04
°
: 2 1.0E+05
| ' E
Stomatal exchange support 1 ik
! 5.0E+04
| I
| 0.0E+00
I 0 50 100 150 200
: : Time (min)
! |
]

Physiological water monitoring
within plant in real time

Impedance (2)

On-leaf deformation






OEBPS/Images/table1.jpg
Application

Sensitive
Materials

Detection Objects

Measurement
Accuracy

Working
Range

Response
Time

Reference

Crop
Hormone Monitoring

Crop Moisture Sensors

Crop
Environment Sensors

Crop
Disease Monitoring

Crop Growth Sensors

Au@Cu,0-
Gr-PDA

MXene@PdNPs

SWNT

Magnetic
molecularly
imprinted
polymers

Au@SnO,-
vertical graphene

Graphene oxide

Positive
temperature
coefficient
(PTC) thermistor

Ni films and
ecofriendly

pyrolyzed paper

Laser-induced
graphene (LIG)

Humidity:
Nafion
Temp:

Au@AgNWs

Humidity:
Fmwent/HEC/
PVPP
Temperature:
PEDOT:
PSS/GOPS

AuNP@rGO

DUFED/Ab,/CP/
Ab,/MB/HRP

GNP

GNP/QD

Graphite/
Carbon
nanotubes

PANI

PVA-
AC hydrogel

PAA-RGO-
PANT hydrogel

Indole acetic acid

Ethylene

Gibberellic acid

Salicylic acid

Abscisic acid

Corn leaf

Watermelon stemflow

Soy plants

Corn leaf

Humidity, temperature

Humidity, temperature

late blight

Citrus tristeza virus (CTV)

Phytophthora infestans

Citrus Tristeza virus

Fruit

Stalks

Stalks

Fruits

LOD: 0.00116uM
LOD: 0.084 ppm

GAy: 542 nM
GAy: 296 M

LOD:
2.74 UM

LOD:0.002 ~ 0.005 uM
Sensitivity:
7945 Q/%RH

Sensitivity:
5uL min™

Sensitivity:
270 kQ %"

Sensitivity:
0042, 0.104Q%"

/

Temp: 10.5478°C
Humidity: 11.321% RH

LOD: 0.17 to 3.9 ppm

LOD: 0.3 fg mL™"
LOD: 0.1 pg. pL!
LOD: 130 ng mL™"

GF was 48 at 50% strain
and reached 352 for
150% strain

GF was 3.8 at 10% strain

GF was 1.006 at 50%, 1.667
at 200%, and 2.193 at 350%

GF = 4.5/4.58

001
~ 100uM

05~
20 ppm

0~ 150 uM

0~ 20 and
50 ~ 150 uM

0.012 ~
495.2 uM

1=
95% RH
5~415uL

min

0~70% and
70~90%
Lwc

25~100%
RH

Temp:
20~60°C
Humidity:
0~100% RH
Temp: 10 ~
90°C
Humidity:
10 ~
90% RH

10 ~ 50 ppm

1.95 ~ 10.0 x
1043 fg mL™!

0.1 ~ 100 pg
uLt

0~1lpg
mL!

0~ 150%

0~ 100%

0 ~ 350%

0~ 200%

50s

5 min

15s

203s

30s

2s

<1 min

(Wu et al., 2022)

(Li et al., 2023)

(Boonyaves et al., 2023)

(Bukhamsin et al., 2022)

(Wang et al., 2021)

(Li D. et al,, 2022)

(Chai et al., 2021)

(Barbosa et al., 2022)

(Yin et al, 2021)

(Lee et al, 2023)

(Hossain and
Tabassum, 2023)

(Li Z. et al., 2021)

(Freitas et al, 2019)

(Zhan et al,, 2018)

(Shojaei et al., 2016)

(Tang et al., 2019)

(Borode et al., 2023)

(Wang L. et al., 2023)

(Hsu et al,, 2021)





OEBPS/Images/fpls-15-1490801-g007.jpg
26 mm

8 mm

VOy-doped LIG

V;Sg-doped Pluronic
F127-Resol thin films

2:0 @:N

Resistance heater

Stainless steel tubel

Epoxy box

T

Extension
wires

T (°C)
B ¢ e S 3ot wet Sk 40t Set set €ge

20°C

without 1 ppm

membrane : N02

With
membrane

D » 150 mm 77 mm

60 mm

Ceramic plate covered with

s : xtension wire
a stainless-steel shield plate P ”

Time domain transmissiometry guidelines Plastic case embedding a thermistor and a microcomputer





