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A small-scale Nutrient Film Technique (NFT) hydroponic system requires
continuous monitoring because it strongly depends on nutrient solution flow, water
availability, and the stability of operational parameters. Manual monitoring is often
less effective because system disturbances may be detected too late by users. This
study aims to design, implement, and test an Internet of Things (loT)-based NFT
hydroponic monitoring and automatic nutrient dosing system prototype capable of
displaying data, storing monitoring history, providing warnings during abnormal
conditions, and automatically dosing nutrient solution based on sensor readings. The
method used is prototyping. The prototype integrates an NFT hydroponic system,
IoT devices, Firebase, a web dashboard, Telegram notifications, an automatic
nutrient dosing system, and supporting actuators. Test results show that the system
is able to read and transmit monitoring data, display information on the dashboard,
store historical data, and classify system conditions into normal, warning, and critical
statuses based on predetermined thresholds. The system also successfully provides
warnings through the dashboard, Telegram, and a local alarm when abnormal
conditions are detected. The automatic nutrient dosing system, implemented using
two G328 peristaltic pumps controlled via PID-based logic in response to TDS

sensor readings, was successfully integrated and functioned as intended.

Copyright © 2026. This is an open access article under the CC BY license.

1. INTRODUCTION

Hydroponics is a soil-less cultivation method in which
plants receive nutrients through water, making it suitable for
urban areas where land is limited [1]. Urban and indoor
farming commonly adopt hydroponics as a land-efficient
approach, often implemented in controlled environments to
achieve optimal growing conditions [2]. Among hydroponic
systems, the Nutrient Film Technique (NFT) is one of the
most popular and widely used types [3]. NFT works by
circulating a thin film of nutrient solution over the plant roots
[1]. For small-scale or household use, hydroponic systems,
including NFT, can be designed to accommodate home-
garden needs [4].

Although NFT is known for its recirculation approach,
maintaining plant performance depends heavily on nutrient
and microclimate control [5], [6]. Even under normal NFT

operation, deviations in several environmental parameters can
cause visible stress such as wilting, indicating that plant
condition can change and be measured during the cultivation
process [7]. The closed circulation system of NFT requires
continuous monitoring of key variables, so manual inspection
alone is insufficient to keep conditions stable [8].

Small-scale hydroponic systems are generally operated by
users without agronomic or technical expertise, particularly in
non-commercial settings [4]. Under such conditions,
monitoring of system parameters and plant status is often
performed manually and periodically, depending on the user's
time and attention [1]. This monitoring practice increases the
likelihood that deviations in system conditions or plant
responses o undetected in real time; consequently,
observable changes in plant condition may persist for some
time before corrective action is taken [9].
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The development of Internet of Things (10T) technology
enables real-time monitoring of cultivation conditions
through internet-connected sensors [10]. In small-scale
hydroponic systems, loT architectures typically integrate
environmental sensors such as pH, TDS, temperature, and
humidity sensors to observe system conditions and assist
users through data visualization [11]. Such systems
commonly provide warnings when deviations from
established conditions occur, allowing users to respond more
quickly than through manual observation [10].

Several studies have developed loT-based hydroponic
monitoring systems using ESP32 as the main microcontroller.
Some studies focus on monitoring several parameters with
cloud-based data visualization, such as Megantoro et al. [12],
Fakhri and Irawati [13], and Aureldo et al. [14], each
integrating pH, TDS, temperature, and humidity sensors with
Firebase as a real-time database and presenting results
through Android applications or web dashboards. Other
studies, such as Tagiyuddin et al. [15] and Ratna [16],
complement this monitoring with notification mechanisms
when parameters such as pH, nutrients, temperature, or water
level fall outside the normal range, although neither includes
actuators for automatic condition adjustment. Meanwhile,
Abu Sneineh and Shabaneh [17] and Hersydano et al. [18]
implement full automation features, in which the nutrient or
irrigation pump is controlled automatically based on pH and
TDS readings that exceed predetermined thresholds.

Although these systems have demonstrated effectiveness in
monitoring nutrient and environmental parameters, several
gaps remain, particularly in the application of small-scale
NFT hydroponic systems. Studies emphasizing visualization
and data storage, such as Megantoro et al. [12] and Aureldo
et al. [14], are not yet equipped with notifications or automatic
control for abnormal conditions. Conversely, studies that
include automation, such as Hersydano et al. [18], generally
do not monitor environmental variables such as air
temperature and humidity, nor do they provide historical data
or an integrated dashboard. A critical aspect of NFT
systems—continuity of nutrient-solution flow—is also rarely
an explicit monitoring focus in these studies. In addition, most
studies do not integrate actuators that directly respond to
nutrient sensor values, so correction of solution conditions,
such as additional nutrient dosing, still depends on manual
user action. Based on these gaps, there is an opportunity to
develop a system that integrates monitoring of NFT
operational conditions, warning notifications, historical data
logging, an integrated dashboard, and an automatic nutrient
dosing system as an actuator that directly responds to the
monitored nutrient sensor values.

This study is directed toward designing, implementing, and
testing an loT-based monitoring and automatic nutrient
dosing system for small-scale NFT hydroponics, using
Bokchoy as the cultivation object. The system integrates
sensors, an ESP32 microcontroller, Firebase, a web
dashboard, notifications, an automatic nutrient dosing system,
and supporting actuators to monitor system conditions,

provide warnings when abnormal conditions occur, and
automatically dose nutrients based on sensor readings.
Firebase is used as the data-communication medium between
the ESP32 and the dashboard, so sensor readings can be
displayed on the monitoring interface. The system mechanism
uses threshold-based rules to determine the status of the
monitored parameters. System effectiveness is assessed based
on the system's ability to read sensor data, transmit data from
the ESP32, display information and recommendations on the
dashboard, log monitoring history, detect and respond to
operational disturbances in the NFT hydroponic system, and
activate the automatic nutrient dosing system based on sensor
readings. The main contribution of this research lies in the
integration of two G328 peristaltic pumps for dosing nutrient
solutions A and B based on TDS values under PID control,
the monitoring of circulation-pump status using YF-S201 and
XKC-Y25-V sensors, and the provision of action
recommendations on the dashboard when sensor parameters
deviate from the optimal range.

1. METHOD
A. NFT Hydroponics and Bokchoy Cultivation
Hydroponics  offers  substantial advantages over
conventional soil-based cultivation, reducing water

consumption by up to 90% because water not absorbed by the
roots returns to the reservoir through recirculation [19], [20].
Nutrient solutions can be adjusted with high precision,
improving fertilization efficiency and yield consistency [21],
while an inert medium such as rockwool or cocopeat provides
mechanical root support while nutrients are supplied entirely
through a controlled solution [22]. Because the whole
growing environment can be controlled, hydroponic systems
achieve substantially higher nutrient-uptake efficiency than
soil-based agriculture [21], [23]; proper pH management
governs the availability of macro- and micronutrients, while
TDS provides an estimate of dissolved-solute concentration
that correlates with electrical conductivity (EC), and an
imbalance between the two can cause nutrient deficiency or
toxicity that affects growth performance [24], [25].
Hydroponics also reduces the risk of weeds, soil-borne pests,
and disease [26], making it an attractive option for urban
agriculture, particularly in space-constrained environments
[20].

Several hydroponic variants exist, including Deep Water
Culture, Wick System, Ebb and Flow, Drip System,
Aeroponics, and NFT [27], with NFT being one of the most
widely used methods for leafy vegetables such as basil [28].
In NFT, the nutrient solution flows as a thin film along the
growing channel, enabling roots to absorb nutrients while
obtaining adequate oxygen, resulting in a nutrient-efficient,
low-maintenance system with consistent performance as long
as the nutrient flow remains stable [29]. NFT systems can be
arranged horizontally or vertically [30]; horizontal channels
provide a stable, uniform flow with easier maintenance and a
lower risk of clogging but require more floor space [30], [6],
while vertical configurations maximize planting density per
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unit area but tend to show uneven nutrient distribution across
levels and greater dependence on pump reliability [31].
However, because NFT roots are exposed to only a very thin
nutrient film, system performance is highly sensitive to pump
failure, channel blockage, or a drop in solution level, which
can quickly cause root stress or system failure [32], [33]. On
the household scale, such failures are often not immediately
detected because manual inspection is periodic rather than
continuous, making NFT particularly suitable for
combination with sensor- and loT-based monitoring for early
detection of operational disturbances.

Bokchoy (Bok Choy, Brassica rapa L.) is a leafy vegetable
of the Brassicaceae family originating from China and now
widely cultivated in Indonesia because of its short growth
cycle and high economic value [34], [35]. It grows to a
compact height of 15-30 cm with oval, dark-green leaves and
thick, whitish or light-green petioles [36], reaching harvest in
about 30-40 days [37], [38]. Bokchoy grows well at 100
1,000 m above sea level with an air temperature of 15-30 °C
and relative humidity of 80-90% [36], [39]; nutrient
concentration is typically increased gradually up to around
1,000 ppm near harvest [40], and solution pH is generally
maintained between 6.0 and 7.0 to keep nutrients available for
growth [41], [39]. Beyond ease of cultivation, Bokchoy is
nutritionally valuable, containing approximately 1,555 IU of
vitamin A, 66 mg of vitamin C, and 225 mg of potassium per
100 g [42]. In this study, Bokchoy was used to represent
realistic NFT operating conditions; plant selection was not
intended to evaluate growth performance, productivity, or
harvest quality, since the research focus is directed at the
performance of the loT-based monitoring and early-
disturbance-detection system, with Bokchoy serving as a
functional validation medium rather than an object of
agronomic analysis.

B. Internet of Things Architecture

The Internet of Things (loT) is a technological paradigm
that integrates physical devices into the Internet, enabling
them to acquire data, communicate with one another, and
perform automatic control functions [43]. I0T devices are
equipped with sensors, actuators, and communication
modules that enable distributed monitoring and control
without direct human intervention [44], making 10T a key
enabling technology for real-time, data-driven decision-
making and improved operational efficiency [45], [44]. loT
architecture generally consists of three layers: the perception
layer, which acquires physical data from the environment
through sensors; the network layer, which forwards this data
through communication protocols such as Wi-Fi, Bluetooth,
or MQTT to a local server, cloud platform, or gateway; and
the application layer, which processes, stores, and interprets
the data before presenting it as visualization, notifications, or
automatic actions [43]. In this research, 10T supports
continuous monitoring and rule-based closed-loop control of
the NFT hydroponic system: sensor acquisition provides
feedback to activate the blower and buzzer based on
predefined thresholds, while the nutrient dosing pumps are

controlled through a PID algorithm that responds to TDS
sensor readings.
C. Research Object Overview

The object of this research is a small-scale NFT hydroponic
system integrated with an loT-based monitoring system. The
main components consist of a nutrient-solution reservoir, a
circulation pump, PVC-pipe NFT channels, and Bokchoy
plants as the cultivation object. The developed 10T system
reads operational parameters through sensors, transmits data
from the ESP32 to Firebase, displays data on a web
dashboard, stores monitoring history, and provides
notifications when abnormal conditions occur. The monitored
parameters include pH, TDS, water temperature, air
temperature, air humidity, water flow rate, and water level.
Using the YF-S201 flow sensor and the XKC-Y25-V water-
level sensor, the system also monitors the operational status
of the circulation pump and the success of nutrient flow
reaching the NFT channel. The dashboard not only displays
data and pump status but also provides recommended actions
when the pH or water temperature is too high. In addition, the
system is equipped with a buzzer, a blower, and nutrient
dosing pumps as actuators used to respond to certain
conditions in the NFT hydroponic system.

D. Research Stages

This study uses the prototyping method because the
research focuses on developing a prototype of an loT-based
NFT hydroponic system that involves the gradual integration
of hardware and software. The developed system not only
displays sensor data but also transmits data to Firebase,
displays information and recommended actions on the
dashboard, provides notifications, monitors pump operational
status, and activates actuators in the form of a blower, a
buzzer, and a nutrient dosing pump. Each of these
components requires repeated testing and refinement, such as
sensor-reading verification, adjustment of pH sensor
placement, use of the ADS1015 to improve analog-reading
stability, calibration of peristaltic-pump flow rate, and testing
of PID control based on nutrient-solution concentration. The
prototyping method is therefore appropriate because it allows
the system to be built, tested, evaluated, and refined
incrementally until the prototype functions according to the
research objectives [46]. Fig. 1 shows the stages of the
prototyping method adopted in this research.

Finalization of
Prototyping and
Implementation

Functional
Testing

Fig. 1. Prototyping Method [46]

1) Initial Analysis and Design

This stage identifies the system requirements based on the
characteristics of small-scale NFT hydroponics and the
research objectives. The analysis considers that the NFT
system requires a continuous flow of nutrient solution, water
availability in the channel, and monitoring of operational
parameters such as pH, TDS, water temperature, air
temperature, and air humidity. Based on the problem
formulation, the system also needs the ability to respond to

Initial Analysis
and Design

Building the Model Using
Rapid Prototyping
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nutrient-solution concentration through an automatic nutrient
dosing system. This stage produces an initial design of the
hydroponic physical structure, the loT hardware, the
dashboard, data communication, notifications, and actuators.
2) Building the Model Using Rapid Prototyping

The initial design is developed into a functionally testable
prototype using a rapid-prototyping approach, in which parts
of the system are built gradually, tested, and revised whenever
obstacles are found in the hardware, programming, data-
communication flow, or actuator logic. The prototype consists
of three main parts: the NFT hydroponic system, the loT
monitoring and warning system, and the automatic nutrient
dosing system.

3) Functional Testing

The initial design is developed into a functionally testable
prototype using a rapid-prototyping approach, in which parts
of the system are built gradually, tested, and revised whenever
obstacles are found in the hardware, programming, data-
communication flow, or actuator logic. The prototype consists
of three main parts: the NFT hydroponic system, the loT
monitoring and warning system, and the automatic nutrient
dosing system.

4) Finalization of Prototyping and Implementation

The initial design is developed into a functionally testable
prototype using a rapid-prototyping approach, in which parts
of the system are built gradually, tested, and revised whenever
obstacles are found in the hardware, programming, data-
communication flow, or actuator logic. The prototype consists
of three main parts: the NFT hydroponic system, the l1oT
monitoring and warning system, and the automatic nutrient
dosing system.
E. System Hardware and Software Components

The prototype integrates an ESP32 microcontroller as the
main data-processing and communication hub. ESP32 was
selected because of its integrated Wi-Fi connectivity, which
enables real-time data transmission without an additional
communication module [47], and its support for UART, 12C,
and SPI protocols, which simplifies integration with the
various sensors and actuators used [48]. The prototype uses a
DHT22 sensor for air temperature and humidity [49]; a
DS18B20 probe for water temperature [50]; a pH E-201 probe
with a PH4502C signal-conditioning module for pH; a
DFRobot SEN0244 sensor for Total Dissolved Solids (TDS)
[51]; a YF-S201 flow sensor for detecting the presence and
rate of water flow from the circulation pump; and a non-
contact XKC-Y25-V capacitive level sensor for detecting the
presence of liquid at the end of the NFT channel [52]. Because
the ESP32's internal analog-to-digital converter produced
unstable readings [53], an external ADS1015 ADC module
[54] was added to condition the pH and TDS analog signals
before converting them to digital values, which were
transmitted over 12C.

Actuators consist of a 12 VDC blower [55], a 5 VDC
buzzer, and two G328 peristaltic pumps [56] used to add
nutrient solutions A and B to the reservoir. All actuators are
switched through an 8-channel 5 VDC relay module [57],

since the ESP32 cannot directly drive higher-voltage or
higher-current loads. A 12 VDC/16.6 A power supply
provides power to the actuators, while an LM2596 step-down
converter [58] regulates the voltage supplied to the ESP32
expansion board.

On the software side, Firebase Realtime Database is used
as the real-time communication medium between the ESP32
and the web dashboard, supporting HTTP REST-API
communication with JSON as the data-exchange format [59]
and providing an API that is easy to integrate with mobile and
web applications without requiring a separate back-end server
[60]. The dashboard back end uses PHP, a server-side
scripting language embedded in HTML that enables dynamic
web development [61], [62], together with a MySQL
relational database managed through phpMyAdmin for
permanent storage of user data, plant data, and monitoring
history [61], [63], [64], [65]. JavaScript is used to
dynamically update the dashboard display and visualize
sensor data as charts and tables based on data received from
Firebase [66], [67], while CSS is used to improve the
readability and responsiveness of the interface [68], [69],
[70]. Telegram's Bot API [71], [72] is used to deliver
notifications whenever a monitored parameter exceeds its
threshold.

F. PID-Based Nutrient Dosing Control

The automatic nutrient dosing system uses Proportional—
Integral-Derivative (PID) control to determine the active
duration of the dosing pumps based on the difference between
the actual and target nutrient-solution concentration (TDS).
The proportional component produces a response
proportional to the current error; the integral component
accumulates error over time to eliminate steady-state offset
[73]; and the derivative component predicts the rate of change
of error to reduce overshoot and improve stability [74]. The
three components are combined as shown in Equation 1.

Equation 1. PID Equation

de (1)
u=K,-e+K;- edt+Kd-E

where Kp, Ki, and Kd are the tuning gains for each
component, and e is the error between the target and actual
TDS value [74]. In this study, the proportional gain was set to
Kp = 0.035, meaning that every 1 ppm of error contributes
approximately 0.035 mL to the dosing output, while Ki and
Kd were set to 0 to reduce the risk of overdosing, so that the
response is dominated by the proportional term. The PID
output, expressed as an estimated nutrient volume in
milliliters, is converted into an active duration for each pump
based on its calibrated flow rate, since Pump A and Pump B
were found to deliver different average flow rates, as
discussed in Section I11.
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I11. RESULT AND DISCUSSION

A. INITIAL DESIGN

The initial hydroponic design consists of four horizontally
arranged NFT channels made of 2.5-inch PVC pipe, each
containing seven planting holes spaced 3 inches apart. All
channels are connected to a common reservoir positioned
beneath the final channel outlet, with a submersible pump
maintaining closed-loop circulation of the nutrient solution.
The initial 10T system design is represented by a system
flowchart (Fig. 2) describing the interaction between the
sensors, the ESP32 microcontroller, the actuators, and the
user interface. The ESP32 captures continuous sensor
readings are processes the data to determine the operational
status of the NFT system. Normal conditions are logged in the
cloud database and displayed on the dashboard, while
abnormal conditions trigger an immediate actuator response,
such as the blower and buzzer, and send a notification via
Telegram.

Start
Sensor

ESP32 ]

Data
Processing

WIFi

)

Firebase

Alert and
Control Logic

[
Web p ] ¥ I
e - -
Supporting Telegram PID Nutrient
Dashboard Actuator Notification Control
+

User Peristaltic
Monitoring Pump Aand B

Nutrient
Addition

L

Fig. 2. System Flowchart.

The dashboard was designed through a series of wireframes
covering the login page, the admin login and panel, the main
dashboard for plant-data management, the plant-registration
form, the bulk-logging feature, the plant detail view, the
growth-log editing form, the real-time sensor dashboard, and
the historical data view with graph and table visualization.
These wireframes served as the reference for the subsequent
web-dashboard implementation.

B. Prototype Development and Hardware Integration

The hydroponic prototype (Figure 3) was assembled using
four stacked NFT channels made of 2.5-inch PVC pipe, with
the reservoir placed directly beneath the final channel outlet
so that the returning solution could be immediately reused;
the submersible pump was placed inside the reservoir to drive
the solution back into the NFT channels in a continuous
closed loop

Figure 3. Assembled NFT hydroponic prototype

All sensors and actuators were connected to the ESP32
through an expansion board. The DHT22 and DS18B20
sensors were positioned to capture representative air and
water conditions around the NFT channel, while the pH probe
was placed apart from the TDS and DS18B20 sensors to avoid
electromagnetic interference. During initial testing, the
DS18B20 sensor was not detected by the microcontroller
despite a correct physical connection; this was resolved by
adding a 4.7 kQ pull-up resistor on the One-Wire
communication line. Likewise, the raw analog pH and TDS
readings exhibited instability and drift when read directly
through the ESP32's internal ADC; both sensors were
therefore routed through the external ADS1015 module,
which substantially improved reading stability. The blower,
buzzer, and two G328 peristaltic pumps were each switched
through a dedicated channel of the 8-channel relay module,
remaining off by default and activating only when the relay
received a control signal from the corresponding ESP32
GPIO pin.

On the software side, the ESP32 was programmed in the
Arduino IDE to read sensor values, connect to Wi-Fi, transmit
data to Firebase, and execute the PID-based dosing logic and
the threshold-based actuator rules. Calibration of the two
peristaltic pumps, performed over ten trials of 4-second
activations each, found that Pump A delivered approximately
4.8 mL in 4 s (an average flow rate of 1.2 mL/s), while Pump
B delivered approximately 5.0 mL in 5.2 s (an average flow
rate of 0.96 mL/s). Because of this difference, the estimated
dosing volume produced by the PID controller was converted
into a different active duration for each pump according to its
own calibrated flow rate.

C. Sensor Verification and Testing

Table 1 summarizes the verification and functional-testing
results of the environmental and operational sensors.
Readings were logged via the Arduino IDE Serial Monitor at
1-minute intervals over a 10-minute period for each test
condition.

Table 1 Sensor Verification and Testing Summary

Test

Sensor Parameter Condition Result Status
. Normal
DHT22 Air ten:perature environ 329- Stabl
(°C) ment 33.0 e
. . Normal
Relative humidity . 65.3 - Stabl
DHT22 %) environ 663 e

ment
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Sensor Parameter Te_st_ Result Status
Condition
DS18B2 Water temperature (le\:]o\;ir:ganl 29.2 - Stabl
0 (°C) ment 29.3 e
Pump As
YF-S201 Flow rate (L/min) off / 0/105 expe
-10.7
Pump on cted
XKC- Liquid presence No flow  OFF/ ':;(S e
Y25-V (binary) /Flow  ON P
cted
4.06/
pH (E- Buffer 6.82/ .
201 + H readin 401/ 9.23 ::clgt]r
PH4502 P Y 6.86/  (avg. o
o) 918  dev.~ Y
0.05)
Tap
(523324 DS (ppm) water /- ~28/ oo
Salt ~1,078
4) e
water
Air Activate Suce
Blower Trigger response temp. > d (10/10 ess
33°C trials)
Status = Activate Succ
Buzzer Trigger response Critica; d (10/10 ess

trials)

The DHT22 sensor produced stable air-temperature
readings between 32.9 °C and 33 °C and relative-humidity
readings between 65.3% and 66.3%, with no invalid readings
or communication errors observed. The DS18B20 water-
temperature sensor likewise produced stable readings
between 29.2 °C and 29.3 °C. For the operational sensors, the
YF-S201 flow sensor correctly distinguished the pump-off
condition (0 L/min) from the pump-on condition, reading
between 10.5 and 10.7 L/min, while the XKC-Y25-V level
sensor correctly switched between the “no water detected”
and “water detected” states, confirming that the nutrient
solution reached the end of the NFT channel.

The pH sensor was calibrated using standard buffer
solutions of pH 4.01, 6.86, and 9.18. After calibration with the
ADS1015, the sensor produced average readings of 4.06,
6.82, and 9.23, corresponding to an average deviation of about
0.05 pH units from the reference values, indicating high
measurement accuracy. The TDS sensor was verified using
tap water and salt water, producing readings of approximately
28 ppm and 1,078 ppm, respectively, confirming the sensor's
ability to respond to changes in dissolved solids
concentration. The blower and buzzer actuators were each
tested over ten trigger cycles and responded correctly to their
respective threshold conditions—air temperature above 33 °C
for the blower, and a critical status for the buzzer—in all trials

D. PID-Based Nutrient Dosing Test

Table 2 presents the results of testing the peristaltic-pump
dosing system under PID control, using a 5-liter reservoir.

Table 2 PID-Based Nutrient Dosing Test Results

Initial PID Pump A Pump B TDS After
Cycle TDS I;;gf; E)E;; Output  Duration  Duration Mixing
(ppm) (mL) ©) () (ppm)
1 371 950 579 20.26 16.88 211 379
2 379 950 571 19.99 16.66 20.83 388

When the nutrient-solution concentration was below the
950 ppm target, the ESP32 activated dosing Pumps A and B

for a duration proportional to the PID output. In the first cycle,
an initial TDS of 371 ppm produced an error of 579 ppm and
a PID output of 20.26 mL, activating Pump A for 16.88 s and
Pump B for 21.1 s, after which the TDS increased to 379 ppm.
In the second cycle, an initial TDS of 379 ppm produced a
comparable PID output and pump activation, raising the TDS
to 388 ppm after mixing. These results confirm that the PID
control logic and the dosing actuators function correctly in
response to TDS errors, although the resulting increase in
concentration remains modest and is influenced by factors
such as reservoir volume, mixing time, and the stability of the
TDS sensor reading.

E. Dashboard, Notification, and System-Level Testing

The completed web dashboard (Figure 4) allows registered
users to log in, register new plants, record growth data
individually or in bulk, view detailed plant history, and export
monitoring history as a CSV file. A separate administrator
panel allows management of hydroponic setups and account
credentials. Login testing using an incorrect password or
incorrect administrator credentials correctly denied access,
confirming that the authentication mechanism functions as
intended.

===
5~ —e -4 @ < < <
5] A Y & ls @ 8
0.0 RENDAH  669.0 5.0 -127.0 30.8
B E—

818

Figure 4. Main web dashboard for sensor monitoring

The sensor dashboard updates from Firebase and displays
each parameter together with a recommended action
whenever a reading crosses its threshold. Historical data can
be viewed as a table or a chart over a selectable time range.
End-to-end integration testing confirmed that sensor values
read by the ESP32 via the Serial Monitor matched those
received by Firebase, with identical timestamps and readings,
verifying reliable ESP32-to-Firebase communication.

Telegram notifications were verified by checking sensor
values every minute against the configured thresholds. For
high-priority operational sensors, flow rate and water level,
an alert is repeated every 5 minutes while the abnormal
condition persists; for other sensors, such as TDS, pH, water
temperature, air temperature, and humidity, alerts are
repeated at a lower frequency of every 30 minutes. The buzzer
sounds for 30 seconds every 10 minutes while a critical
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condition persists, and the blower remains active as long as
the air temperature stays above 33 °C.
F. Final Prototype and Success Indicators

The prototype was finalized by permanently assembling
the four PVC channels, each with seven planting holes spaced
7.5 cm apart, and by completing the integration of all sensors
and actuators around the reservoir and sensor enclosure (Fig.
5, Fig. 6, and Fig. 7).

ensor DS18B20

Fig. 7 Nutrient Pump Placem

ent

Table 3 summarizes the success indicators used to evaluate
the final prototype, divided into the NFT hydroponic structure
and the loT monitoring system.

Table 3 Success Indicators of The Final Prototype

Aspect Success Indicator Result Status
Successfully
NFT The system can be assembled using PVC .
assembled and used as . - Achieved
structure pipe, reservoir, and

a growing medium pump

Aspect Success Indicator Result Status
. Solution flows from Closed-loop
Nutrient the reservoir to all circulation is Achieved
circulation channels and back mamtamed_ during
operation
Sensors read air temp.,
Sensor humidity, water temp., Data successfully read Achieved
reading TDS, pH, flow, water via ESP32
presence
Data ESP32 sends sensor Data successfully Achieved
transmission data to Firebase relayed to Firebase
Dashboard performs
CRUD, displays Dashboard used as the :
Dashboard info/recommendations,  monitoring interface Achieved
history, and charts
Abnormal conditions
Warning disti Th? rs]ystem 1 shown on the hieved
mechanism 'S“!‘gu'/s gs_nolrma dashboard and Achieve
warning / critical states Telegram
Actuator Actuators respond to Blower and buzzer Achieved
response trigger conditions activate correctly
- Pump responds to TDS .
’\:jlétsl}'ﬁnt via PID and adds corrzgtrlnp Zit:D\/I%e:jo ic Achieved
pum;? nutrients A/B yP 9

Overall, the final prototype met all of the defined success
indicators within the scope of this research: the NFT structure
was successfully assembled and maintained closed-loop
nutrient circulation, Bokchoy plants grew within the system
(with limitations, since agronomic optimization was outside
the scope of this study), and the 10T system successfully read
sensor parameters, transmitted data to Firebase, displayed
information and recommendations on the dashboard,
distinguished normal, warning, and critical conditions,
delivered notifications, and activated actuators—including
the PID-controlled dosing pumps—according to the defined
rules.

G. Discussion

The results show that the developed system fulfilled its
primary — monitoring  functions: reading  operational
parameters, transmitting data, displaying information, storing
history, and providing warnings and actuator responses to
specific conditions. Compared with earlier 10T-based
hydroponic monitoring systems that emphasize data
visualization and storage but lack notification or automatic
control, such as Megantoro et al. [12] and Aureldo et al. [14],
or systems that provide automation but do not monitor
environmental variables or provide an integrated dashboard,
such as Hersydano et al. [18], the system developed in this
study combines pH, TDS, water-temperature, air-
temperature, humidity, flow-rate, and water-level monitoring
with Firebase, a web dashboard, Telegram notifications, a
local alarm, and an automatic PID-based nutrient-dosing
actuator within a single integrated system.

Nevertheless, the system has several limitations. It remains
dependent on a stable Wi-Fi connection and Firebase
availability, without local data storage as a backup during
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connectivity loss. The pH and TDS sensors used are general-
purpose modules rather than industrial-grade sensors, which
constrains long-term measurement precision. In the nutrient-
dosing subsystem, the peristaltic pumps operated correctly
according to the PID output, but the resulting increase in
nutrient concentration did not yet reach the intended target,
indicating that further tuning of the PID parameters, together
with consideration of reservoir volume, mixing time, and
TDS sensor stability, is required to improve dosing
effectiveness. The prototype also does not yet include a power
backup, and full automatic control of parameters such as pH
remains outside the current scope. Finally, this study did not
perform a formal evaluation with external users or an
agronomic assessment of plant productivity, harvest weight,
or growth quality, since the Bokchoy crop served only as a
functional reference for validating system operation rather
than as an object of agronomic analysis.

1VV. CONCLUSION

Based on the implementation and testing results, an 10T-
based monitoring and automatic nutrient dosing system for
small-scale NFT hydroponics was successfully designed and
implemented by integrating the NFT hydroponic system, an
ESP32 microcontroller, environmental and operational
sensors, Firebase as the data-communication medium, a web
dashboard, Telegram notifications, an automatic nutrient
dosing system, and supporting actuators. Functional testing
confirmed that the system can read pH, TDS, water
temperature, air temperature, air humidity, water flow, and
water level; transmit this data from the ESP32 to Firebase and
display it on the dashboard; distinguish normal, warning, and
critical conditions based on predefined thresholds; and deliver
corresponding notifications through the dashboard, Telegram,
and a local buzzer alarm. The automatic nutrient dosing
system, built around two G328 peristaltic pumps controlled
through a PID algorithm based on TDS error, was
successfully integrated and activated according to the PID
output, increasing the nutrient-solution concentration after
mixing, although the increase had not yet reached the defined
target concentration. These findings indicate that the
developed system is functionally capable of supporting
continuous, automated monitoring and basic corrective
response for small-scale NFT hydroponic operations, while
further refinement of PID tuning, sensor quality, and local
data redundancy would be needed to extend its reliability and
dosing precision for broader deployment.
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