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Abstract: Traditional agriculture has to face different climatic factors, resulting in unstable crop yields, whereas a plant factory is indoors, thus avoiding different natural disasters and insect pests. It is also available for bulk production in all-weather all year-round, guaranteeing crop quality. This study uses a wireless sensor network (WSN) architecture for multi-monitoring of a plant environment, aiming to improve its growing environment quality. In terms of monitoring environment, the sensor modules at the end device nodes are combined with Arduino for capturing the sensor values, which are transmitted by wireless signal transmission. The data of wireless signals are further transmitted by multiple end devices XBee to the coordinator XBee. The coordinator is in charge of collecting data, which are transferred via a Com port to the monitoring-end computer; the system interface classifies the sensing data and displays the sensor values on the screen; at the same time, the sense data are transferred to the Access database and stored. The sensor values are uploaded to a Cloud hard disk database MySQL, and real-time environment data can be seen on webpage. In terms of control, whenever an abnormal warning occurs as the environment sensing value exceeds the preset plant growing condition, the system interface displays a warning and transfers a wireless control signal via WSN to the control module of the terminal node. The electric apparatus is actuated when the control instruction is received to improve the environmental quality, until the abnormal warning stops, and the operation stops. There is an additional time setting function, whereby the user can set the sprinkling and lighting-up time in the system interface, so that at the present time, the program sends an instruction to the controller to activate the designated action. According to multiple experimental analyses, the combination of Arduino and XBee is applicable to different scenarios, such as an environmental monitoring system and an interaction with scenario, even robot making. Different wireless sensor applications can be constructed, so that the users can make further WSN technology development and innovations based on the results of this study.
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1  System Architecture and Hardware Architecture

This study uses WSN architecture and multiple sensors in a monitoring environment, and each sensor is combined with Arduino to capture a sensor value signal. In terms of signal transmission, several ZigBee nodes compose a WSN, using star topology structure. At the very start of sensor value transmission, the data must be transferred by several end devices XBee via wireless transmission to the coordinator XBee of the monitoring end. The signal received by the coordinator is transferred to the system interface of the monitoring end. All measured data are classified and displayed on the interface for the user, while the data are automatically stored in the Access database. The threshold is set according to the plant growing conditions, and whenever the sensor value exceeds the threshold, the XBee connected to the monitoring end transfers an instruction; i.e., a control signal to the Arduino control switch and to the end device XBee that must be actuated via the coordinator XBee, so that the control equipment is actuated according to the requirement of the control environment system, thus implementing automatic sensing environment monitoring. In addition, there are manual control and time setting switchgears, and the plant factory sensor values are adjusted and set according to the vegetable and fruit planted and the suitable environment for the vegetable and fruit; e.g., an appropriate range of temperature and humidity, nutrient and illuminance, as well as the requirements of different plants [1–3].

This system consists of five parts, as shown in Fig. 1. The sensing part consists of temperature and humidity sensor, soil moisture sensor, photoresistor, air quality sensor, and illuminance sensor, which are in charge of monitoring the whole plant growing environment. In terms of transmission equipment, XBee is in charge of all transmission signals and control commands. In terms of monitoring equipment, the system interface is in charge of receiving all data from the sensor nodes, which are classified and displayed on the screen, and in charge of sending control signal to the control terminal node to control action. In addition, the received data are stored in the Access database and MySQL database. The whole environmental monitoring architecture is described above, and each part has its own duty. With the overall monitoring wireless network built, the integration aims to monitor plant growth conditions and to provide the best comfortable environment for the plants, and the ultimate objective is to accelerate plant growth [4,5].
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Figure 1: Monitoring system research structure

The WSN XBee network topology is the star topology in this study, using multiple sensors to capture environmental data. Fig. 2 shows the temperature, humidity, PIR, and volume sense signal values measured by sensors, combined with the Arduino platform to capture and convert signals. The data are transmitted by the end device XBee node to the coordinator XBee, whereby the coordinator is connected to a computer, and the data are viewed through an interface program. In the future, users can receive instant information via a smartphone or tablet PC instead of a computer. The computer terminal uploads the collected data to the Cloud hard disk to store data, making it convenient for users to check in the future and other users can log into the Cloud hard disk to check the real-time data; the messages will be known without being on the scene, and the present situation can be known instantly [6–8].

Fig. 3 shows the plant environment monitoring system architecture in a sensing scenario. There is an additional function of the control system. Whenever the sensor value reaches the preset condition threshold, e.g., soil moisture deficiency, hyperpyrexia, or solar illumination deficiency, the monitoring end transmits signals to the sprinkler and plant light to actuate sprinkling and lighting, implementing monitoring environment and control so that the system can be further perfected. The data and messages can be received by a smartphone or tablet PC instantly in the future, and the data are uploaded to the Cloud hard disk as a database, facilitating subsequent reference. The Arduino unscrambles the signal to control the pin control relay switch, so that the electric appliance can work according to the environmental requirement; the control signal will not be sent until the value is lower than the threshold, and then the electric appliance is switched off [9,10].
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Figure 2: WSN architecture
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Figure 3: Plant care environment monitoring system

Fig. 4 shows the integrated sensing system flowchart. The signals are sent from the sensors, and the coordinator receives all signals. The signals are imported through the Com port and classified by the system interface; the values are displayed on the screen, and the values are stored in the Access database and online Cloud hard disk MySQL database. Afterwards, the system decides whether to execute the operation according to the plant factory’s setting for the plant environment. If the set value is exceeded, then the coordinator sends a signal to the control terminal to control the corresponding equipment. If it is not exceeded, then it returns to the original process and judges the next data. The overall automatic control process implements a complete monitoring of plant growth; the control method can be changed for different plants, so that this monitoring system is applicable to any plants, accelerating growth [11–14].

Fig. 5 introduces the hardware architecture. The sensor module is shown in Fig. 6, comprising illuminance sensor, photoresistor, air quality sensor, temperature and humidity sensor, and soil moisture sensor, which all monitor the whole plant growing environment. The illuminance sensor is in charge of detecting light intensity; the light can be adjusted to brighter or dimmer according to plant requirement. The photoresistor controls the light on/off according to brightness and darkness. The air quality sensor is sensitive to harmful gas and detects if there is harmful gas in the air.
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Figure 4: Integrated sensing monitoring system flowchart

When the harmful gas content in the air is too high, the fan is switched on automatically for automatic ventilation control. The harmful gas is thus discharged. Two experiments were conducted for lettuce seeds according to Osamu Tanaka. Two containers of lettuce seeds were used for Experiment 1. One container was filled with ground camphor tree leaves and sealed up. This container was full of the aroma of camphor tree leaves. The other container was filled with unground camphor tree leaves and sealed up. On the next day, the seed in the container without camphor tree aroma germinated, whereas the seed in the container with aroma did not germinate; even after several days passed, it did not germinate. An intense odor inhibited the germination. Smoke from a cigarette was used for Experiment 2. The results showed that the seed in the container with smoke from the cigarette germinated obviously later than the seed in the container without smoke from the cigarette. If the smoke from the cigarette was injected into the container continuously, then the seed would not germinate for days. The two experiments prove that the seeds can perceive smell and smoke from cigarette, which inhibit germination [15]. The temperature sensor detects the ambient temperature; when the temperature is too high, the sprayer and fan are actuated for cooling. When the humidity is too low, the sprayer is actuated to increase air humidity. The soil moisture sensor is inserted in the soil to detect the moisture content in soil. When the moisture content is low, the sprayer is controlled automatically to increase the moisture content, so as to prevent the plant from withering. Fig. 7 shows the light module, using white plant light and RGB light, which promote plant growth [16,17].
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Figure 5: Hardware architecture
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Figure 6: Sensing module
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Figure 7: Light module

Harun et al. proposed low-power agricultural applications of wireless sensor networks [18,19]. Nick Harris et al. proposed a distributed wireless sensor network plant monitoring application [20–22]. Qilong Han proposed a method of environmental quality monitoring [23]. Ezhilazhahi, Xianglian Meng, and Sridhar et al. proposed an environmental monitoring system using the Internet of Things and wireless sensing networks [24–26]. Haque and Sreelakshmi et al. proposed a plant monitoring system based on the Internet of Things [27,28].

2  Introduction to the System Sensing Module

DHT11 is a calibrated digital signal output compound temperature and humidity sensor. It has extremely high reliability and superior stability in digital module acquisition technologies and temperature and humidity sensing technology. The sensor contains an NTC temperature measuring element and resistive humidity measuring element, connected to an 8-bit monolithic chip. DHT11 has quick response, strong anti-interference, and very high performance-price ratio. Each DHT11 is calibrated in a very accurate humidity calibration room. The calibration coefficient is stored in OTP memory, and the sensor will call a calibration coefficient for detection signal processing. The single line serial output is used, so that the system integration is simple and rapid. For small volume, very low power consumption and extraordinary long-term stability, it can be the best choice for various applications even under harsh cases [29]. The plants in the gardens are groomed by people, and the soil moisture sensor is easy to use. The sensor is inserted in soil to read the data. With the assistance of a soil moisture sensor, the plant can remind you to water it. The air quality sensor TP-401A implements comprehensive monitoring of the air quality in a confined space. The TP-401A indoor air quality sensor is characterized by low power consumption, long life, low cost, compactness, and high sensitivity to low concentration harmful gas. It can monitor a wide range of harmful gases, such as CO, alcohol, diluent, toning lotion volatilized molecules, banana oil, cleaning solvent, insecticide, correction fluid, formaldehyde, acetone, etc. The sensor is unable to know the concentration of the target gas and specific data, but it is still applicable to simply numerical results. It can be used in air conditioning automatic ventilation control, indoor exhaust fan ventilation, ventilation control, automatic aroma machine, and air cleaner. The illuminance sensor BH1750FVI is a digital illumination intensity sensor integrated circuit for a two-line serial bus port. This integrated circuit can adjust the brightness of an LCD screen or keyboard background light according to the collected light intensity data. BH1750FVI has a spectral sensitivity characteristic approximating visual sensitivity, as it can detect a wide range of light intensity variation (1lx-65535lx) with its high resolution and low power consumption, but it is slightly affected by infrared, as the least error is ±20% [30].

3  Program Interfaces

This experiment uses the coordinator XBee connected to the monitoring end to receive the end device XBee data. The sensor is combined with Arduino to obtain real-time environment data, temperature, humidity, soil moisture, air quality and illuminance, which are displayed on the interface program [31].

Fig. 8 shows the system interface real-time data menu. The left side of the menu shows the environmental sensing data. The sensor values are displayed instantly, and the temperature, humidity, soil moisture, air quality, photoresistor value, and illuminance sensor are displayed from top to bottom. There are two status lights indicating real-time soil moisture and current status of light brightness. The first status light from top to bottom represents the soil moisture, the red light is displayed whenever the soil moisture is insufficient, and the moisture deficiency is described in words. If the moisture is sufficient, then the green light is displayed, and the moisture sufficiency is described in words [32,33].

The other light represents the light brightness. If the light intensity is sufficient, then the green light is displayed to represent sufficient light brightness, and thus supplemental lighting is not needed. If the light intensity is insufficient, then the brightness insufficiency is displayed, and supplemental lighting is needed. The time is set in the upper right corner of the menu, which is applicable to setting the time for actuation. If the sprinkler starting time is set as 3 p.m. today, then the sprinkling function will be actuated immediately at 3 p.m., or the lighting actuation time can be set as 3 p.m., and the setting can be changed for actuating any devices. There are three switching modes available, which are auto mode, manual mode and continuous on mode, clicked as the user requires. The fan is turned on manually on the right of the menu. The LED lamp has red light, blue light, and green light available. The lower part of the menu displays the real-time environment chart, displaying current temperature and humidity; X-axis represents current time, and Y-axis represents temperature and humidity. The system interface real-time data menu enables the user to use the automatic monitoring system to check various environmental sensing data, so as to know the current environmental condition, to switch over to automatic, manual or continuous on mode, and to freely set the time for activation and program duration starting time [34,35]. Fig. 8 shows that the program has a menu capture function. As long as the Capture Menu button is pressed, the program captures the current menu immediately, which is converted into an image file and stored in the specified folder. The Cloud hard disk is logged in via a mobile phone to check the latest environmental value menu in the MySQL database [36,37].
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Figure 8: System interface real-time data menu

4  Plant Growth Rate Experiment

Fig. 9 shows the photos taken before automatic monitoring on August 23, 2018. Our team uses 3 comparison methods:

a)    Potted plants are placed in acrylic plant boxes (indoors) (experimental group)

b)    Potted plants without additional equipment (indoors) (control group)

c)    Potted plants without additional equipment (on the outdoor balcony)

Compare these three conditions and measure them all day. The system compares the temperature and humidity data for obvious changes, and the environmental values are sampled every half an hour. The experimental results found that the outdoor temperature and humidity changed with the change of the intensity of sunlight. The temperature was the highest at noon. There was no sunlight indoors, and there was no significant change in environmental data under the monitoring of automated equipment. In contrast, the control group, the temperature, and the experiment the group comparison appears slightly higher. The data results show that if potted plants are outdoors, the temperature is too high to be harmful to the plants. Frequent watering is required to avoid soil dryness and plant wilting. There is little change under the indoor automation control, and indoor soil moisture is not easy to evaporate.
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Figure 9: Potted plant A as the experimental group (automatic monitoring) and potted plant B as the control group (natural growth)

Figs. 10 and 11 show the indoor and outdoor experiments. In the all-day sunlight and indoor polymethacrylate box experiment and indoor control group, in the case without sunlight, the daylong environmental data temperature and humidity chart are compared to check if there is a significant difference. The experimental results show that the temperature and humidity vary with the sunlight intensity outdoors, and the maximum temperature occurs at noon. The interior is free of sunlight, and with automated equipment monitoring there is no apparent change in environmental data. The control group has a little higher temperature than the experimental group.
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Figure 10: Outdoor and indoor all-day temperature data
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Figure 11: Outdoor and indoor all-day humidity data

The experimental group irradiated by sunlight on an outdoor balcony for one day is shown in Fig. 12, whereby the soil moisture variation is observed and sampled every half-hour. We take data of the conditions with a sprinkling function and without a sprinkler. The weather is fine on the measurement day, and the plant is placed in the sunlight. It is observed that the values for the case with an automatic sprinkler remain above 600, and the soil remains moist. In the case without a watering device, as the soil moisture evaporates, the plant dries up gradually with time. The control group is not irradiated by sunlight, but the plant absorbs water, and due to evapotranspiration, the moisture is lost gradually with time.
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Figure 12: Difference between experimental potted plant soil moisture with and without automatic sprinkling

Fig. 13 shows the sensors on the plant, including soil moisture, air quality, photoresistor, and air temperature and humidity. The environment sensors’ received values are combined with the Arduino to export environmental data, transmitted by end device XBee to the coordinator XBee. The sensed environmental data are sent to the monitoring end, and the system interface displays the environmental data. The soil moisture sensor is inserted in the soil to detect soil moisture and monitor the soil water content in order to decide whether or not to activate the sprinkler. The air quality sensor specializes in monitoring the indoor air quality comprehensively and for detecting if there is any harmful gas or not. If harmful gas is detected, the sensor responds numerically, and the fan is actuated to improve the air quality. The photoresistor sensor induces ambient light. When the light is insufficient, the plant light is turned on to illuminate the plant. When the illumination is sufficient for the plant, the plant light is turned off to avoid strong light harming the plant. The temperature and humidity sensor detect the ambient temperature and humidity. When the temperature is too high, the sprinkler is actuated to spray water, and the fan is switched on to reduce current temperature. If the humidity is too low, the sprinkler is activated to increase air humidity, so as to keep the plant moist and to reduce moisture evapotranspiration.
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Figure 13: Sensors for the experimental group

Fig. 14 shows the photo taken on September 16, 2018. The automatic control experiment lasted 20 days. It is observed that potted plant A has apparently grown compared with B, and the growth rate of potted plant B is obviously lower. It is proved that the plant can receive good care under automatic monitoring, and the growth rate is much higher than the control group.
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Figure 14: Experimental group and control group after the experiment

Our research uses the method of direct observation, direct observation from historical growth photos. Based on the photos of growth, the research team checked the appearance of potted plants A and potted plants B. Through direct observation and records, the growth of potted plants A is much better than potted plants B. Please refer to Tab. 1.

Table 1: Measurement records of pot A and pot B
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5  Experiment on Red Beans in Different Lights

There are three necessary conditions for germination. First, there must be moisture or else dry seeds will not germinate. Second, the appropriate temperature varies with the plants. The indoor temperature is usually about 25°C dues to air conditioning, meeting the germination condition of general plants. The last condition is the air. The seeds breathe like animals do. The seeds breathe slightly in a dry condition, but once there is moisture, more air is needed for germination. Certainly, a general indoor space must have air. However, sunlight is not a necessity, because some plants can germinate without sunlight. The red bean is the best example, as it can germinate without sunlight, and so illumination is not a necessary condition, but light can affect its growth rate. Fig. 15 shows the red beans are tested in different lights. The red bean seeds are irradiated by green light, red light, blue light, and white light, respectively. Under the general indoor condition at the same temperature, humidity, and moisture, the growth rate of 12 red beans of each group in different lights is observed. As shown in Fig. 16, 60 red beans of 5 groups are tested in different lights. Four groups are tested in different lights, and Group 5 is tested for germination without light. It is observed on Day 2 that the seeds absorb water and expand. The red beans germinate successively from Day 3, but not so obvious. The red bean hull cracks, 9 beans in blue light germinate, 11 beans in green light germinate, 9 beans in white light germinate, 7 beans in red light germinate, and 5 beans in the shadow germinate. All of the red beans in blue light germinate on Day 4 and grow faster than the other groups. The germination numbers in green light and white light are identical with the last day, while the number in red light is larger than the last day by 2; 9 beans have germinated, while that of the group without light increased by 4, and 9 germinated. On Day 5, all of the beans in green light and white light germinate like those in blue light; the red beans in blue light are still leading, followed by green light, and then white light and red light, while the last one is the group without light. On Day 6 the roots of red beans in blue light grow longer and longer, followed by the green light, white, light and red light, which are juxtaposed to the group without light. On Day 7 the stems and leaves of a part of red beans in blue light have grown out much earlier than the other groups. On Day 8 the leaves of most red beans in blue light have come out, 5 seeds in green light have leaves, 1 seed in red light has leaves, and the white light group and group without light have no leaves. On Day 9 the seeds of the blue light group have sprouted many stems and leaves, and the growth of the green light group is approximate to the blue light group. Four seeds in red light and white light have sprouted stems and leaves, approximately juxtaposed, the group without light is the slowest. As shown in Fig. 17, the last record is made on Day 10, when the growth of red beans of the blue light group is much earlier than that in the other lights, and the growth is vigorous; they are followed by green light, and then the red light and white light are equivalent to each other; the group without light has the slowest growth, and the stem and leaf are not observed until Day 10.

As shown in Tab. 2, this experiment records the germination number and the numbers of stems and leaves sprouted of the red bean groups in different lights from Day 1 to Day 10. According to the seed to germination growing process, the blue light has the most significant effect on the growth rate of red bean seeds, and then the green light; the red light and white light are juxtaposed; and the last one is the group without lighting, as it has a stem and leaf on the last day. This proves that the light influences the growth rate of plants and validates that a part of plants can germinate with three major elements, which are temperature, moisture, and air. In addition, the blue light grows the root, improves the photosynthesis of leaves, and thickens the stems. Cheng (2005) mentioned that the author learned from a visit to the U.S. Space Center that sunlight could be replaced by lighting to grow plants as food supply in outer space in the future. The author tested different lights and found that the mung bean sprout had the best phototropism for blue light, and the plant would not grow excessively. In addition, in agravic space, using blue light to irradiate the stem of a plant could give the plant good photosynthesis for normal growth, and the plant could be induced to grow in a designed direction using the blue phototropism of plants, so as to take full advantage of the useful room of a space capsule. The two references proved the influence of light on plants, in which appropriate light is very helpful to plant growth.
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Figure 15: Using four different lights to test growth rate of red beans
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Figure 16: There are 60 red beans of 5 groups for the experiment
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Figure 17: Various groups of red beans on Day 10; the red beans of the blue light group take a large lead over the other groups, and the difference is very obvious

Table 2: Growth rates with different light sources
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As shown in Fig. 18, Arduino is used as experimental substrate to build and integrate an environmental monitoring system. The sensing part comprises temperature and humidity sensor, soil moisture sensor, air quality sensor, illuminance sensor, and photoresistor. These sensors monitor one item respectively. When the temperature is too high, the sprayer and fan are actuated for sprinkling and aeration cooling to reduce the temperature to a level suitable for plant growth. When the air humidity is insufficient, the sprayer is switched on to increase the air humidity to avoid insufficient air humidity resulting in insufficient plant moisture. When the soil moisture is insufficient, the sprayer is activated to moisten the soil to avoid the potted plant losing soil moisture. When the air quality is poor, the fan is turned on to extract the polluted air to avoid the air affecting the plant growth. When the illuminance is insufficient, the plant light is turned on to increase the plant growth rate. The RGB lamps provide different plants with a color light, increasing the growth rate. On the contrary, a wrong light will inhibit the growth rate.
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Figure 18: Implementation results

6  Transmission Distance and Packet Reliability Experiment

Sean Dieter Tebje Kelly proposed that the reliability of a system is calculated from the correct information content received by a sensor, the number of lost packets, and the total number of packets from the end device to coordinator. The literature has not proposed the reliability transmission distance. According to the distance of a plant monitoring system, the experimental reliability transmission distances are 3 m, 10 m, and 20 m in this study, and the packet is transmitted once per second, where the reliability is rounded to two decimal places. About one days’ worth of experimental results are shown in Tab. 3. The longer the transmission distance is, the lower is the packet reliability. However, the reliability is relatively high within 20 m.
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Table 3: Reliability of packets received according to distance
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7  Use Extension Theory for Judgment

This study uses extension theory to analyze the environmental data to judge the current situation and to make a corresponding response. As shown in Fig. 19, the input values are sunshine 7 hours, temperature 47°C, humidity 50%, and soil moisture 600. The analysis result shows that when the temperature exceeds a normal range, the excess beyond the normal temperature range is displayed. Fig. 20 shows sunshine 7 hours, temperature 35°C, humidity 50%, and soil moisture 600. The correlation grade analysis result shows a high temperature, and so the corresponding method is to activate a sprayer for cooling and to turn on the fan for ventilation.

[image: images]

Figure 19: Extension analysis result shows temperature exceeds range
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Figure 20: Extension analysis result shows temperature is high; cooling is required

8  Conclusion

The purpose of this system research is to develop a corresponding plant, only need to understand the plant growth environment, so that the monitoring system can be modified. Generally, common plants can use this system to maintain good growth and increase the growth rate of plants. The proposed method makes plant growth a concrete manifestation of a good environment by modifying various parameters. In other words, the environment that meets the rapid growth of plants is believed to be an environment that makes people feel comfortable. In this study, our laboratory uses common potted plants, and the temperature and humidity are also in line with the normal environment. There is constant temperature air-conditioning inside, and there is sunlight outside. Therefore, finding the best growth pattern for plants will be easy to achieve.

In the first experiment of this study, the test potted plant A under automatic control monitoring obviously grows faster than the naturally grown potted plant B in several days of observation, proving that the automatic monitoring system contributes to plant growth. In the second experiment, the growth of red beans from seed to germination is observed in different color lights. The results for 10 days show that the blue light has the greatest effect on accelerating the growth of red bean seeds, the green light takes second place, and the red light is slightly different from white light. The group without lighting has the lowest growth rate. In the third experiment, a sound sensor is used to make a simple interaction with the polymethacrylate plant box. A sound sensor is blown, and as long as the LED lamp on the Arduino board gives out light, the plant box actuates lighting and the sprayer. The sound sensor is blown again, and the LED lamp lights up, and then the plant box is closed. This simple interaction makes life more interesting. The fourth research result shows that the longer the experimental XBee wireless transmission distance is, the lower is the reliability. The reliability is higher than 95% within 20 m.

The fifth research goal is to use extension theory to analyze current conditions. The best required method is found rapidly by extension theory analysis, contributing to plant growth. The ultimate objective of the whole monitoring system is to modify the system according to any conditions as long as the growing environment of any plant is known. Therefore, the system is applicable to any plants, whereby plant growth remains good, and the plant growth rate can be enhanced.
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