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Abstract. Aquaponics requires timely monitoring and traceable
remote control of water and Ffeeding operations. This study
designed, implemented, and functionally validated HidroPond, an
loT-based information system For aquaponics monitoring and
control. Dedicated Sensor and Actuator ESP32 devices, an Arduino
Nano fFor pH acquisition, a FastAPl backend, a Supabase database,
and a Vercel-hosted web application form the architecture. Six
parameters (pH, total dissolved solids, water temperature, ambient
temperature, humidity, and surface distance as a water-level
indicator) were aggregated for transmission at a configured three-
minute interval. The actuator supports water Ffilling, draining, pH Up
and pH Down dosing, and fish feeding. During a one-day evaluation
at a single aquaponics installation, all ten predefined Functional
checkpoints were verified across telemetry, cloud storage, web
monitoring, remote control, device connectivity, and execution
feedback. Command-linked Ffeedback distinguishes submitted
requests from device-reported outcomes and provides a basis for
inspecting unconfirmed operations before further intervention;
completion reports do not independently verify water Flow, dosing
volume, or feed delivery. The contribution is a field-deployed
bidirectional information workflow linking telemetry, command
records, execution reports, and device connectivity across physical
devices and cloud services. Future work will quantify network
performance, sensor accuracy, and long-term reliability and
separately evaluate AloT-based predictive control using task-
specific outcome data.
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1 INTRODUCTION

The combination of aquaculture and hydroponics into one integrated water-based
production system is what aquaponics is all about. The system operates by using fish
waste to feed the plants and using the plants to purify the water at the same time. The
high efficiency and circularity of this system make it a great candidate for sustainable
food production, especially when water, land, and food systems are being heavily utilized
[1] [2] [3]. However, its successful operation is highly dependent on the maintenance of
good water-quality and environmental conditions such as pH, total dissolved solids (TDS),
water temperature, water level, ambient temperature, and humidity. Manual checking of
conditions at intervals can give insight only to a limited extent of these dynamic factors,

leading to the necessity for constant surveillance and fast adjustments in operations.

Internet of Things (loT) technologies provide a practical means of connecting physical
sensors, embedded devices, communication networks, data services, and user interfaces
into integrated monitoring environments [4], [5]. In aquaponics, Ali et al. [6] implemented
a multi-layer monitoring and control framework that integrates sensing, communication,
data storage, web interaction, and remote control, while Naputol et al. [7] combined IoT-
based monitoring with an automated feeder. Related smart-agriculture studies have also
emphasized field-to-cloud connectivity, data management, interoperability, and analytics

as important elements of agricultural 10T infrastructures [8], [9].

Prior work demonstrates loT sensing, monitoring, remote control, and field-to-cloud
information management in aquaponics and related agricultural systems [6]-[9]. The
implementation question examined here is how telemetry, user requests, execution
reports, and device-connectivity records can be linked and functionally verified as one
traceable operational workflow after deployment. HidroPond therefore evaluates
continuity between the field installation and the application across upstream monitoring
and downstream control, without claiming that the underlying loT Ffunctions are

individually new.
Water Filling, draining, pH dosing, and feeding affect the shared fish-plant environment.

A submitted command and an online device status do not by themselves establish

whether a programmed action completed. Linking each request to device-reported
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execution and connectivity records provides a basis for inspecting unconfirmed

operations before intervening again. This physical-digital traceability supports
accountable operation of an aquaponics installation and is relevant to sustainable
management; effects on water consumption, fish health, and crop productivity were not

measured here.

HidroPond executes this workflow via two ESP32 devices, Sensor and Actuator, connected
to a web backend, Supabase cloud database, and web application. Sensor data get
delivered in the application, while commands For control are sent to the actuator device
alongside the responses of device execution being reported. Presence and heartbeat log
connectivity apart from command results. A firmware completion report simply means
that the programmed sequence was completed and is different from measurement of

water flow, amount dispensed, or feed delivered.

To achieve this, the authors conducted research focused on the creation, implementation,
as well as Ffunctioning of HidroPond, an end-to-end loT information system For
aquaponics monitoring and remote control. Specifically, one of the goals of this paper is
to integrate sensing, edge processing, telemetry, backend services, cloud-based data
management system, and real-time web monitoring. Another one is to set up two-way
(downward and upward) communication through which one can get the actuator control
commands, status information execution, and device connectivity update messages. The
third purpose is to implement and Functionally test the whole system in the real

environment for aquaponics.

The mentioned objectives are tackled with three research questions: (RQ1) How is it
possible to integrate sensors (sensing), edge data processing, transmitting data
(telemetry), servers/remote services (backend services), storage and management of
cloud data, and web monitoring all in a smart aquaponics information system? (RQ2) In
which ways can the communication going up, from loT devices, and going down from the
website application enhance the control, actuation, and data transfer functions? (RQ3)
How would the combined system perform and be validated in a real life aquaponics

setting?.
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The research gap identified above concerns the field implementation and validation of

traceable links among measurements, application requests, device-reported outcomes,
and connectivity records. The stated objectives and RQ1-RQ3 guide HidroPond's design,
bidirectional integration, and Ffunctional evaluation in an operational aquaponics
installation. Its specific integration-level contribution is a Field-deployed information
workflow connecting physical aquaponics operations with cloud and web records for
operator review. The one-day evaluation establishes functional continuity in the observed
setting; it does not quantify sensor accuracy, long-term reliability, water Flow or dosing

volume, or autonomous AloT performance.

2. METHODS

2.1. Research Design and System Development WorkFlow

This study followed a design-implementation-deployment-functional validation
approach to develop HidroPond as an integrated loT-based information system For
aquaponics monitoring and control. The unit of evaluation was the complete system,
encompassing physical sensing and actuation, embedded processing, communication,
backend services, cloud storage, and web interaction, rather than an individual
component. Integrated sensing and control approaches in aquaponics provide the

methodological context For this system-level evaluation [10], [11]

The development process consisted of system requirement identification, architecture
design, loT device development, backend and database engineering, web application
development, system integration, pre-deployment Ffunctional verification, Field
deployment, and post-deployment end-to-end validation. Hardware and software
components were progressively integrated through the backend APl so that each
development stage contributed to establishing continuity between physical sensing,
telemetry transmission, cloud data storage, web-based monitoring, actuator command

delivery, and execution feedback.

The overall research and system-development workflow is presented in Fig. 1. The
workflow distinguishes development and component-level verification from Ffield
deployment and end-to-end Functional validation. The latter was used to evaluate

whether the integrated system maintained the intended upstream telemetry,
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downstream control, and device-connectivity information fFlows under actual aquaponics

operating conditions.

1. SYSTEM 2. loT DEVICE 3. INFORMATION SYSTEM 4. INTEGRATION & 5. FIELD DEPLOYMENT &
PLANNING DEVELOPMENT DEVELOPMENT VALIDATION OPERATION
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Figure 1. Research and System Development Workflow

The resulting workflow provided the basis for the development of the sensing and
actuation devices described in the Following subsection. Recent aquaponics loT
implementations have also demonstrated modular architectures integrating sensing,
edge or embedded processing, remote communication, cloud-based services, and
application-level monitoring, supporting the use of an end-to-end development approach

for smart aquaponics systems [12], [13]

2.2. loT Device Development

The HidroPond loT infrastructure was developed as the physical interface between the
aquaponics environment and the Information-System layer. It consists of separate
sensing and actuation devices that acquire environmental and water-quality information,
communicate with the backend services, and execute physical control commands. The
use of sensing and actuation components for remote aquaponics monitoring and control

is consistent with previous loT-based implementations [10], [11], [13].
2.2,1. Sensor and Actuator Subsystem

The sensing subsystem acquires six operational parameters: pH, total dissolved solids

(TDS), water temperature, ambient temperature, humidity, and surface distance as a
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water-level indicator. A dedicated Sensor ESP32 serves as the primary acquisition,

integration, and Wi-Fi communication controller. The PH-4502C pH sensor is processed
through an Arduino Nano and transmitted to the Sensor ESP32 through UART, whereas
the TDS, DS18B20, DHT22, and ultrasonic sensors are interfaced directly with the ESP32.
An LCD 20x4 12C provides local presentation of the acquired measurements. These
parameters are consistent with those commonly used for loT-based aquaponics

monitoring [10] [12], [141.

At initial installation, the pH sensor was manually calibrated using buffer solutions
labelled pH 4.01, 6.86, and 9.18. The TDS sensor was calibrated using solutions labelled
500 ppm and 1,000 ppm NaCl, with reference values specified at 25 °C. Sensor readings
were also compared with a reference calibration instrument, and calibration was
repeated at two-week intervals during operation. The temperature stated on the solution
labels denotes the reference condition for the standards; the temperature during the
Field calibration was not recorded in this study. Calibration supported routine sensor
operation, whereas the reported one-day Ffunctional evaluation did not quantify

measurement error or long-term sensor drift.

The subsystem that handles actuation has a dedicated Actuator ESP32 which it uses to
convert commands from the backend into actual operations of the system. Together with
the pump-related features that are relay-based, there are water filling, water draining,
pH Up and pH Down dosing functions. In addition, fish-feeding actuation that is carried
out by an SG90 servo is also included in the system. These commands are conveyed by
the backend APl and the Actuator ESP32 then maps them appropriately to the relay or
servo channel. It is also true to note that similar remote control pumps and feeding
techniques have been put to use in earlier loT-based aquaponics works [6], [13], [15]. The

key hardware parts from both the subsystems are presented in Table 1.

Table 1. Hardware Components of the HidroPond loT Device

) Interface /
Subsystem Component Function / Parameter
Controller
Sensor PH-4502C Water pH Arduino Nano
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InterfFace /
Subsystem Component Function / Parameter
Controller
Sensor DFRobot TDS Total dissolved solids Sensor ESP32
Sensor DS18B20 Water temperature Sensor ESP32
Ambient temperature and
Sensor DHT22 Sensor ESP32

humidity

Surface distance (water-
Sensor Ultrasonic sensor Sensor ESP32
level indicator)

Sensor LCD 20x4 12C Local sensor display Sensor ESP32

UART to Sensor
Sensor Arduino Nano Dedicated pH acquisition
ESP32

Sensor integration and API
Sensor Sensor ESP32 Wi-Fi
communication

Actuator ESP32 + relay Command processing and
Actuator Wi-Fi / GPIO
module pump switching

Fill, drain, pH Up, and pH Water handling and pH
Actuator Relay
Down pumps dosing

Actuator SG90 servo Fish-feeding actuation ESP32 PWM

2.2.2. Integrated loT Hardware Design

The integrated hardware assigns acquisition, aggregation, and telemetry to the Sensor
ESP32, while the Actuator ESP32 handles command polling, pump and servo timing, and
execution reporting. Separating these workloads keeps actuator-side processing out of
the sensing program loop and allows the two firmware modules to be maintained
separately. This supports modularity and limits direct workload interference. Both
controllers nevertheless depend on Wi-Fi and backend availability, and this study did not
compare their reliability with a single-controller design. Figure 2 presents the sensor,

controller, power, and actuator connections used to assemble the field control panel.
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The complete hardware configuration is shown in Fig. 2. The schematic defines the

principal sensor, controller, actuator, power, and communication connections used as the
technical reference for assembling the HidroPond control panel before field deployment.

The assembled hardware subsequently served as the field-side infrastructure connected

to the backend and application services described in Section 2.3.

nnnnnnnn

Figure 2. Integrated Hardware Schematic of HidroPond loT Device

2.3. Backend, API, and Database Engineering

The backend infrastructure was developed as the integration layer connecting the
deployed loT devices, cloud data storage, and the HidroPond web application. An API-
centered architecture was used so that physical devices and the user-facing application
communicate through backend services rather than directly with one another. Sensor
telemetry is received by the backend and persisted in the cloud database, while
monitoring information and actuator-control requests are exchanged with the web
application through the same integration layer. This separation provides distinct device,
communication, data-management, and presentation Ffunctions within the overall

InfFormation System.
2.2.1. Backend

A FastAPI backend mediates communication among Field devices, the Supabase database,

and the HidroPond web application. Devices transmit telemetry and retrieve pending
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commands through backend endpoints; the application retrieves monitoring data and

submits user requests through the same service rather than communicating directly with
the devices. Layered communication and cloud-connected services have also been used
in related aquaponics platforms [6], [13], [16]. Figure 3 shows the upstream telemetry path,

downstream control path, and separate device-status exchange.

PHYSICAL LAYER EDGE / IOT DEVICES CLOUD / BACKEND LAYER APPLICATION LAYER

Aquaponics Environment HidroPond Web Application
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=P Command / Actuation Flow (Downstream) Backend API : Processes data, stores, and delivers commands
o Database + Stores telemetry, status, settings, and logs
Status / Heartbeat / Feedback Web Application : Presents monitoring, configuration, and control interface

Figure 3. End-to-End Architecture of the HidroPond loT-Based Information System

2.2.2. APl Communication and Telemetry Processing

Real-time monitoring in this paper refers to access on the web to the measurement data
that is refreshed based on the telemetry-interval setting; however, it is not to be
confused with the hard real-time control type. Real-time (RT) is a system characteristic
where the output of a system must meet certain criteria of timeliness. The API allows
For telemetry data ingestion, Fetching the monitoring data, submitting and Ffetching

commands, reporting the execution-result, and keeping track of the device-connection.

The Sensor ESP32 reads its connected sensors and receives pH measurements from the
Arduino Nano through UART. It maintains separate sums and sample counts For each
parameter and checks averaged values for upload at the configured 3 min interval. After

a valid upload to FastAPI, the aggregate buffer is cleared. A failed upload or a value that
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does not satisfy the implemented validity conditions leaves the buffer in memory. A later

average may therefore cover more than 3 min. The buffer retains aggregates rather than

a persistent queue of individual samples [12], [13].

Downstream control begins when a user submits an actuator request through the web
application. FastAPI records the request with a command identifier, and the Actuator
ESP32 polls its device-specific endpoint for pending commands. For a supported action,
the controller maps the request to the relevant relay or SG90 feeder servo and starts its
locally timed sequence. The device reports acceptance when execution begins and
completion under the same identifier when the programmed sequence ends.
Unsupported actions or actuator identifiers can generate a failure report. Device-
presence and heartbeat records are maintained separately from command results. When
Wi-Fi connectivity is interrupted, the actuator device suspends new command polling and
enters its recovery routine. A connection attempt has a configured timeout of 15 s,
followed by a 10 s retry interval; once Wi-Fi becomes available, APl health checks are
scheduled at 5 s intervals. A successful health check permits polling to resume. These are

Firmware settings, not measured recovery-time guarantees.

To make a pump and feeder sequence actuator, timing will not block the Actuator ESP32
program loop. The sequences run time is set on firmware level. So, changing the sequence
through the server does not influence the Actuator ESP32 timing in this implementation.
Once a command is obtained from the server, it is executed by the local loop. If there is
communication over the network, one cannot be sure that physical actuators have been
actuated, even if the local execution has been completed. An implementation that lacks
real-time physical control cannot make physical acts of machines. So in Actuator ESP32
the command is a set of operations which is executed locally until completion, but while

it is working, a synchronous network request may get stuck the loop.

Reporting the outcomes of execution also needs a connection. If a result from the
Actuator ESP32 does not reach the FastAPI, an Actuator ESP32 has no local retry queue.
Thereby, the Actuator ESP32 could just finish a sequence, but the execution report will
not be stored in the backend. When connection is restored, however, there is no way to
guarantee to retransmit the feedback generated during the disconnect period. Hence, in

such cases, a missing backend completion report does not, solely, prove that a physical
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actuation has Failed. It is likely that the physical actuation has been executed, but there

is not much you can do, as the backend has not received and stored the signal.

2.2.3. Database Design and Cloud Deployment

Supabase records data related to time from different devices, for example, presence of
devices, heartbeat signals, the status of actuator commands and pond settings. As we
can see from the data model in the figure 4, sensor_readings stores the measured data
with device, pond, and timestamp information; actuator_commands links requests to
implementation status; and device_presence and device_heartbeats help check whether
the connection is maintained correctly. In addition to these entities, the created db also
stores an additional table, a/_insights, but in this study the Al-powered decision making
and control are not discussed. The stored data in the cloud allows one to get current and

historical records through the backend API. [13], [16]

device_presence : J\r sensor_readings : E] actuator_commands

id bigint (Pk) id id

(FK) device_id A N (FK) device_id 7 " FK] device_id

©  timestamp timest 2 H © t L 5>+ © command_type

&  device_type tex o ph float & parameters

<& firmware_version tex O tds O status text
& ip_address tex & water_temperature floa & created_at

<O uptime_sec <  air_temperature &  executed_at timest
< booted_at ¢ humidity

O last_seen_at timestan O water_level float

O last_event text O raw_data

¢  updated_at O created_at

|

184 pond_settings ai_insights
G device_heartbeats F— = =
(Pk) id & ph_min & pond_id text
[FK] device_id & ph_max & window_hours
< message_id tex O tds_max ¢ engine
<  firmware_version text ¢ water_level_min O status xt
O ip_address text O feeding_time_1 O headline xt
O uptime_sec ta O feeding_time_2 text O summary_text xt
& sent_at & pump_duration_sec O  telemetry_count t4
O received_at O created_at O command_count t4
- " o3 O generated_at z
M i O created_at

Figure 4. Database Structure

The software services were deployed separately in accordance with their respective
roles: Supabase serves as the cloud database provider, the FastAPI backend is deployed
on Render, and the HidroPond web app is deployed on Vercel. This arrangement
effectively decouples data persistence, communication, presentation, yet retains a

seamless integration via the backend API.
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2.4, HidroPond Web Application

The HidroPond web application was developed as the user-facing layer of the loT-based
Information System, providing access to current and historical telemetry, device status,
operational settings, and remote actuator control. The application communicates
exclusively through the backend API rather than directly with the physical sensing or
actuation devices. Monitoring information is retrieved through backend services, while
user-generated control requests are submitted to the backend and subsequently
delivered to the corresponding Actuator ESP32. Similar web- and mobile-based interfaces
have been employed in IoT aquaponics systems to provide remote monitoring and control

capabilities [6], [13], [15]

4 'Q,\ Sensor live aktif dari backend
N
HidroPond
OR REAL-TIM
= m o e
f e . 9
6.90 163 e 24.9
9
& Pengat
S &
20.0
o
(b) ()
. e ke 7 Riwayat & Log Data
/ /
) 3 - V)
(& (4
S r— &
HidroPond Mode \ HidroPond Riwayat sensor memuat arsip penuh dari
backend

Figure 5. HidroPond Web Interfaces : (3a) Monitoring Dashboard, (b) Manual Actuator

Control Interface, and (c) Operational History and Device Status.
The principal user interfaces are shown in Fig. 5. The live monitoring dashboard presents

the latest water-quality and environmental measurements obtained through the

upstream telemetry pipeline (Fig. 5(a)). The manual actuator-control interface enables
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users to submit water-management, pH-adjustment, and feeding commands through the

backend (Fig. 5(b)), while the operational-history and device-status interface provides
access to archived sensor records and device-connectivity information (Fig. 5(c)).
Together, these interfaces provide a unified application layer For monitoring, manual
remote control, operational traceability, and device observation. Automated machine-
learning-based control is not evaluated in the present study and is reserved for

subsequent development.

2,5. System Integration and Field Deployment

Following the integration of the 10T devices, backend, database, and web application, the
complete HidroPond system was deployed in an actual aquaponics environment. Field
deployment was conducted to verify that sensing, communication, cloud data
management, web-based monitoring, and physical actuator control could operate as an
integrated system under operational conditions rather than only during component-level

development [12], [14].

(c) (d)
Figure 6. Physical Integration and Field Deployment of the HidroPond loT System: (a)

Integrated Control Panel, (b) Actuator Installation, (c) Sensor Installation, and (d)

Operational Field Deployment.
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HidroPond was installed at an operational aquaponics installation with a fish-culture tank

of approximately 50 cm x 150 cm x 40 cm and a supporting reservoir of approximately
40 cm x 40 cm x 50 cm. The sensor and actuator controllers, relays, communication and
power components were assembled in an integrated control panel. Installation included
positioning the water-quality probes and ultrasonic sensor, connecting the water-
management and pH-dosing pumps and feeder, and establishing communication with the
backend. Following installation, the integrated HidroPond system underwent a one-day
Functional observation period on 18 August 2026. During this Field test, sensor acquisition,
telemetry transmission, backend and database communication, device connectivity, web-
based monitoring, actuator execution, and execution Feedback were examined under

actual aquaponics operating conditions.

2,6. Functional Testing and Validation

Functional validation was conducted after field deployment to determine whether the
hardware and software components operated together as an integrated end-to-end
InfFormation System under actual aquaponics conditions. The evaluation focused on three
complementary aspects: upstream telemetry, downstream actuator control, and device
connectivity. Similar system-level evaluations in loT-based aquaponics have examined
sensing operation, remote data availability, communication, and integrated system
behavior under deployed conditions [12], [13], [14] A functional checkpoint was classified
as verified when the expected observable outcome could be confirmed across the
corresponding end-to-end pathway during deployed system testing. Verification was
based on operational evidence appropriate to each function, including sensor acquisition,
backend and database records, application-level monitoring, physical actuator response,
command-execution Ffeedback, and device-presence or heartbeat information. The
evaluation therefore assessed Functional continuity between components rather than

quantitative system-performance characteristics.

2.6.1. Upstream Telemetry Validation

Upstream validation traced sensor information from physical acquisition to application-
level presentation. Measurements acquired by the sensing subsystem were processed
and validated by the Sensor ESP32 before transmission to the Web API. The validation
then examined whether the telemetry was successfully received by the backend,

persisted in the cloud database, and subsequently retrievable through the HidroPond
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web application. Measurements were accumulated and averaged before transmission;

when communication failed, the accumulated information was retained for a subsequent

transmission attempt.

2.6.2. Downstream Actuator Validation

Downstream validation traced control requests from the application and backend to the
Actuator ESP32. The evaluation covered water filling, water draining, pH Up dosing, pH
Down dosing, and fish feeding. Verification examined command delivery, the observable
pump or servo response, and the associated execution information returned to the
backend. Command identifiers linked device reports to the originating requests. Physical
observation during the functional test and device-reported execution status were
treated as complementary evidence: a firmware completion report indicates that the
programmed output sequence has finished, but does not independently quantify water

Flow, delivered dosing volume, or feed quantity.

2.6.3. Device Connectivity Validation

Device connectivity was observed independently from sensor telemetry and actuator-
command records. After network and APl connectivity were established, the 10T devices
reported their online status and transmitted periodic heartbeat information to the
backend. The end-to-end validation was therefore considered functionally successful
when sensor information could progress from the physical environment to the web
application, control requests could reach and activate the intended physical actuators,
execution information could return to the backend, and device connectivity remained
observable through presence and heartbeat records. The evaluation was intentionally
Functional and did not quantify network latency, packet-loss rate, long-term availability,
sensor accuracy, or machine-learning and autonomous-control performance, which were

outside the scope of the present study.

3. RESULTS AND DISCUSSION

3.1. End-to-End System Implementation Results

The deployed HidroPond system connected Field sensing, backend services, cloud storage,

and web-based monitoring. Measurements acquired by the sensing subsystem were

processed by the Sensor ESP32, transmitted to the FastAPI backend, stored in Supabase,
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and made available through the HidroPond web application. Figure 7(a) shows cloud-

stored telemetry records, while Fig. 7(b) shows sensor information presented through the
web dashboard. Together, these observations demonstrate the implemented upstream

information path and address RQ1.

The sensor firmware was configured to upload aggregated measurements at three-
minute intervals. This interval refers to how often data is intended to be transmitted
rather than the frequency at which the dashboard will be updated for sure. In case of a
fFailed upload or measurements which could not be validated through the implemented
validity conditions, the accumulation of data points continued. The average, therefore,
could be of a longer duration. It follows from this that the values you are seeing are the
most recent summaries that have been successfully received and not, without a doubt,

the results of actual measurements right now.

(a) Cloud Database - Sensor Telemetry Records (b) HidroPond Web Application — Live Monitoring Dashboard
[ \./ ’ j
| HidroPond
‘ : NSOR REAL-TIME
| A [/ ) -
A Beranda
& Pt 162 oo 251
8 Pengatu .
‘ o - - = ) prmesrars
[
1 200«
‘ 37.3 41+ .
|
(C) HidroPond Web Application — Actuator Log & History
- Riwayat & Log Data
%) o il 5
(A4
N
HidroPond Riwayat sensor memuat arsip penuh dari
S omsl backend
A Berand: dd/mm/yyyy O dd/mm/yyyy O . E 4 i EicaV m
-

Pompa pH DOWN (Asam)

Servo Pakan

Servo Pakan

Pompa Kuras Air

Figure 7. Operational Evidence from HidroPond: (a) Telemetry records Stored in
Supabase, (b) Sensor information displayed in the web application, and (c) Actuator

command and status records.
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Bidirectional Monitoring and Control Validation

The downstream workflow was also verified. Control requests submitted through the
application were made available by the backend to the Actuator ESP32 through polling.
The device then performed the programmed pump or servo action and submitted
execution information associated with the originating command identifier. Acceptance
and completion represent different stages: completion indicates that the firmware

Finished its programmed output sequence.

Table 2 summarizes the ten predefined functional checkpoints. All were verified during
the reported field observation, including sensor acquisition, telemetry transmission,
database persistence, web monitoring, device connectivity, command delivery, observable
actuator response, and execution feedback. These results establish that the specified
Functions operated in the tested deployment; they are not a statistical success rate for
repeated operation. Figure 7(c) provides application-level evidence of command-related
states. Presence and heartbeat records separately describe device connectivity. Together,
these results address RQ2 by demonstrating information Flow from the aquaponics
environment to the application and from the application to Field actuators, followed by

device-reported Feedback.

Table 2. End-to-End Functional Verification Results of the HidroPond System

No. Validation Item Observed Result Status
1 Sensor acquisition Measurements received by Sensor ESP32 Verified
Sensor-data Valid measurements processed before
2 Verified
validation transmission
Telemetry
3 Telemetry received by backend API Verified
transmission
Database
4 Telemetry stored in Supabase Verified
persistence
Telemetry presented in HidroPond web
5 Web monitoring Verified
application
6 Device connectivity Presence and heartbeat received by backend Verified
Command
7 Commands delivered to Actuator ESP32 Verified
transmission
8  Actuator execution Requested pump/servo action executed Verified
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No. Validation Item Observed Result Status

9  Execution feedback Execution result returned to backend Verified
End-to-end Upstream and downstream functions operated

10 Verified
operation after deployment

Note: "Verified" indicates that the expected observable outcome was confirmed during the reported

Functional test. It does not represent a measured reliability rate or independently quantified sensor accuracy.

3.3. Field Deployment and Functional Validation

Field deployment confirmed that the integrated HidroPond system remained operational
after installation in the aquaponics environment described in Section 2.5. The deployed
sensing subsystem continued to acquire water-quality and environmental measurements,
and the resulting telemetry was transmitted through the established backend and cloud-
data pipeline for retrieval through the HidroPond web application. The actuator
subsystem also remained accessible through the implemented control workflow, with
water Filling, water draining, pH Up, pH Down, and fish-feeding functions responding to
commands and returning execution information to the backend. These results
demonstrate that the sensing, communication, monitoring, and physical-control functions

established during development were maintained after deployment.

Variation in actuator response waiting time was observed during field operation under
differing Wi-Fi conditions. The requested actuator functions remained operational during
the documented inspection. However, response time, signal strength, packet loss, and
availability were not systematically measured, so the observation does not establish the
magnitude or cause of the variation. It identifies a performance question for subsequent
testing rather than demonstrating a particular network effect or a guaranteed response

time.

Collectively, the field results address RQ3 by demonstrating that HidroPond could be
transferred from component-level development to an operational aquaponics installation
while maintaining sensing, telemetry transmission, cloud data persistence, web-based
monitoring, device connectivity, actuator control, and execution feedback. The validation
therefore confirms that the proposed architecture was implemented as a field-deployed
loT-based Information System rather than remaining a conceptual design or isolated

laboratory prototype.
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3.4. Discussion and Comparison with Related Studies

The results demonstrate that the principal contribution of HidroPond does not originate
from the introduction of an individual sensing device, communication protocol, cloud
platform, or web interface. Instead, its contribution lies in the implementation of these
components as an integrated Information System connecting the physical aquaponics
environment with cloud-based information services and remote physical control. The
Functional results presented in Sections 3.1-3.3 show that this integration was maintained
across sensing, telemetry transmission, backend processing, cloud persistence, web-
based monitoring, command delivery, actuator execution, and device-level feedback.
Recent systematic reviews Ffurther indicate that loT-based aquaponics research
increasingly emphasizes integrated monitoring, environmental control, and connected

information services [17], [18].

This positioning is important because previous aquaponics studies have already
demonstrated several forms of loT-enabled monitoring and control. Therefore, the
contribution of HidroPond should be interpreted in terms of its particular
implementation of the physical-digital information flow and operational integration

rather than as the Ffirst application of |oT or remote control in aquaponics.

3.4.1. End-to-End Information-System Integration

Previous research has established several architectural approaches for connecting
aquaponics sensing with remote information services. Reyes-Yanes et al. [10], through
their review of automated aquaponics, emphasized the increasing role of sensing, IoT,
and smart systems for monitoring and control. Khaoula et al. [11] subsequently proposed
an loT architecture incorporating multiple environmental and water-quality sensors
together with actuators For aquaponics monitoring and control. These studies provide an
important architectural foundation for the integration of sensing, communication, and

automation in aquaponics systems.

More implementation-oriented systems have also been reported. Alselek et al. [12]
developed a modular water-loT monitoring platform integrating multiple sensing
parameters with wide-area communication technologies and remote monitoring
infrastructure. Wan et al. [13] implemented an end-edge-cloud aquaponics architecture in

which sensing and edge-processing components communicate with cloud storage and a
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WeChat Mini Program for monitoring and remote control. Their work demonstrates a

relatively mature integration of physical sensing, cloud services, data storage, and

application-level interaction.

The HidroPond results are consistent with this broader transition from stand-alone
sensing toward connected aquaponics platforms. However, the implementation in the
present study emphasizes an Information-System architecture in which two dedicated
fField devices—the Sensor ESP32 and Actuator ESP32—are explicitly separated from the
FastAPI integration layer, Supabase data-management layer, and HidroPond web
application. Figure 7(a)-(b) provides operational evidence of the upstream information
path by showing cloud-stored telemetry and its presentation in the HidroPond web

application.

Separating the Sensor ESP32 and Actuator ESP32 provides a division of processing
responsibilities. Measurement acquisition, aggregation, and telemetry are handled by the
sensing controller, while command polling, output timing, and execution reporting are
handled by the actuation controller. This arrangement isolates sensor-side processing
from the actuator controller's program loop. It is particularly relevant when actuator-side
communication occupies processing time, because those operations do not directly
execute within the sensing controller’'s loop. Shared network and backend dependencies
nevertheless remain, so controller separation does not eliminate communication-related

interruptions.

3.4.2. Operational Value and Boundary of Execution Feedback

The second key point in the results is that information system and aquaculture system
environment are able to communicate each other in a two-way manner. Ali et al [6]., for
instance, have developed a platform called AEMOS offering real-time data monitoring,
historical data access, remote device control, notifications and rule engine which they
have demonstrated that web-based aquaponics systems should only passively monitor
but rather can also control up to the application-level. Likewise, Wan et al. [13] have been
providing a remote control through anloT application layer, while Zaini et al. [15] has done
smart device-based monitoring and control work for NFTP (Nutrient Film Technique
Aquaponics) environment. Consequently, remote actuation features alone will not make

HidroPond unique.
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The operational value of execution Feedback lies in distinguishing a submitted control

request from an outcome reported by the field device. When an operator requests water
Filling, draining, pH adjustment, or feeding, an unconfirmed outcome leaves uncertainty
about whether the intended intervention occurred. Command-linked records provide a
basis for inspecting that uncertainty before further action is taken. For example, the
absence of a completion report can prompt a check of the device or communication

path, although the absence alone cannot establish whether physical actuation Failed.

This difference is important in aquasonic systems because the handling of water, the
giving of feedings, and water treatments constitute actions in @ mutual habitat of Fish
and plants. The availability of a trackable command can assist in these processes'
oversight and can help reduce reliance on the idea that a certain request was done. This
particular assessment didn't test if these interventions reduced water toxicity, fish
nutrition, underfeeding, or resource use, so these should be considered as probable

subjects for Future operational checking rather than being presented as proven benefits.

Feedback provided has limitations too. Having received a complete signal just means that
Firmware executed its programmed cycle; it doesn't check water flow, dosing volume, or
feed delivery. Likewise presence and heartbeat messages from devices only show if a
connection is active, not that an actuator was successfully carried out. The results
therefore support a traceable bidirectional information workflow, while detection of
mechanically stalled pumps or unsuccessful material delivery would require additional

sensing and dedicated failure-condition testing.

3.4.3. Network Conditions and Field Operation

Field deployment provides another important perspective for interpreting the HidroPond
results. Alselek et al. [12] progressed beyond conceptual architecture by developing and
evaluating a complete aquaponics monitoring platform, while Wan et al. [13] conducted
continuous operation and field testing of their modular aquaponics monitoring system.
More recently, Ortiz-Arreola et al. [14] experimentally evaluated a remote loT water-
quality monitoring system in a pilot-scale aquaponics installation over an extended
operating period, demonstrating the importance of validating loT monitoring under

actual aquaponics conditions. Recent implementation studies have also demonstrated
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loT-based monitoring and closed-loop control in operational aquaponics environments ,

(9], [20]

The polling workflow makes command response dependent on when the Actuator ESP32
next retrieves a pending request. Wireless connectivity, backend processing, and HTTP
exchanges can also affect the time until @ command or its resulting status becomes
visible. These are plausible contributors to the waiting-time variation observed in the
Field, but their individual effects were not measured. In particular, a network interruption
can delay command retrieval or prevent a completed local action from being reported,
because the implemented firmware does not maintain a local retry queue for Ffailed
execution-result submissions. Unlike studies that quantified network behavior, such as
Wan et al. [13], this evaluation establishes functional operation under the observed
conditions without a quantified latency distribution or maximum response-time

guarantee.

The waiting time variation that is found can be related to the polling architecture that is
in use here. A newly submitted command becomes available to the actuator after the
next polling request. However, wireless communication, backend processing and
synchronous HTTP requests can also lead to delay. These factors are quite probably
responsible fFor variation in waiting time, but none of their individual impacts were
quantitated in this work. Wan et al. [13] did a related work, which quantitatively assessed
packet losses, showing thereby a dimension of network performance that has not been
considered in our present functional characterization. Therefore, the HidroPond results
show that remote-control operation can be realized under the conditions that were
observed here without setting a maximal response time or giving a hard real-time

execution guarantee.

3.4.4. Position of HidroPond Relative to Existing Systems

To Further clarify the position of HidroPond, Table 3 compares selected related studies
that are particularly relevant to the architectural, monitoring-and-control, field-
deployment, and information-flow characteristics evaluated in this study. The comparison
describes the evidence reported for each implementation; it does not rank overall system

quality. HidroPond combines web monitoring and remote physical control with command-
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linked device reports in a one-day Ffield-validated information workflow. The limited

duration of that evaluation should be considered when interpreting the comparison.

Table 3. Documented Monitoring, Control, and Feedback Characteristics of Related

Aquaponics Systems.

g Documented and Command-linked Reported Validation
Study
Monitoring device feedback Context
Web Monitoring and System
Ali et al. [6] Not reported
Remote Control Implementation
Khaoula et al. Proposed sensing and Architecture
Not reported
[11] actuation architecture Proposal
Alselek et al. ) )
121 Remote water monitoring Not reported Field evaluation
12
End-edge-cloud monitoring . )
Wan et al. [13] Not reported Field evaluation
and control
Mobile monitoring and Experimental
Zaini et al. [15] Not reported .
control implementation
Not applicable to
Ortiz-Arreola Pilot-scale water Extended field
reported monitoring )
et al. [14] monitoring evaluation
Focus
Web monitoring and Command-linked,
One-day, single-site
HidroPond remote control of Five firmware-reported
functional test
actuator fFunctions results

Note: “Not reported” means that the cited account did not explicitly document this characteristic; it does not
establish that the capability was absent. HidroPond's device-reported result does not independently measure

physical delivery.

As summarized in Table 3, HidroPond shares several documented capabilities with
previous loT-based aquaponics systems, including remote monitoring, cloud-based data
management, and physical control. These capabilities are therefore not considered

standalone novelty. The distinction of the present implementation lies in the explicit
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integration of separate sensing and actuation devices, API-mediated communication,

persistent telemetry and command records, device-presence and heartbeat mechanisms,
execution feedback, web-based interaction, and field deployment within the same

operational Information System.

3.4.5. Telemetry Interval and Communication Trade-offs

The configured three-minute aggregation interval reduces the number of upload
attempts and stored records relative to transmitting every acquired sample during
normal connectivity. The resulting averages summarize operating conditions, but brief
changes may be smoothed and their exact timing may be lost. Thus, the interval balances
the frequency of communication and records against the temporal detail available to an
operator. This study did not compare alternative intervals or measure bandwidth, energy

consumption, or anomaly-detection performance.

After a failure to upload the Sensor ESP32 preserves the cumulative totals as well as
sample counts for a subsequent resending. Hence, the average that is eventually sent
can cover a period of more than three minutes resulting in even less detail in time when
a communication interruption occurs. Next versions might retain For instance
aggregation-window timestamps and sample counts and also investigate event-triggered
reporting besides regular summaries. Such modifications have to be thoroughly tested

prior to any assertion of improved detection and response capabilities.

3.5. Threats to Validity and Future Development

The study assessed predefined functions over one day at one aquaponics installation.
This supports a conclusion of observed functional integration in that setting, but it does
not establish long-term reliability or generalizability to different installations and
network conditions. Network latency, packet loss, availability, and actuator-response-time
distributions were not quantified. The performance of the implemented reconnection

procedure also requires controlled interruption tests.

In line with the pH and T DS manual measurement procedures, the calibration was also
done, but no quantitative sensor-accuracy assessment of a benchmark measurement
against a standard reference device or determination of a drift in time over long-term

was performed. Similarly, the results of pump and servo operation as well as software
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reports do not tell how much water, dosing solution, or feed were actually supplied.

Therefore, in longer experiments repeated system and actuator testing together with
comparison measurements drift estimation, and direct observation of the relevant

physical results should be carried out.

The network characteristics like latency, packet-loss rate, availability or actuator
response-time distribution were not quantified at all. As a result, the Fluctuation waiting
times that were noticed is a qualitative field observation only. The actuator firmware
although has automatic reconnection but, the effectiveness of its recovery from a
network breakdown in a systematic test was not evaluated, as the network was
interrupted for a short time to see if the system would get recovery in the described
assessment. Besides, the fact that the system does not maintain a list of unconfirmed
transactions to submit later locally means that an actuation may locally finish without

the result being known to the center backend.

Preliminary studies have demonstrated that measurement validity can be a limitation in
the evaluation of sensor performance. The pH and TDS sensors were manually calibrated
on the First day after their installation and every other week by using calibration
solutions and also the data from an independent reference instrument. However, the
reported study did not involve independent quantitative sensor-accuracy benchmarking
or check for sensor drift over several months. It can be seen that regular calibration is
only a method for carrying out the measurement procedures. It does not, in any way,
establish or quantify sensor accuracy or long-term stability of the equipment across

different environmental conditions.

Moreover, physical observability of execution reports was limited. Firmware-based
completion indicates that the programmed output sequence has been completed, instead
of actually measuring water flow, dosing volume, feed delivery. The study did not look
into areas such as mechanical-failure detection, dosing effectiveness, fish-health, plant
productivity, or resource savings. The above-listed outcomes are only examples of
possible areas for study that would require specialized measurements methods and study

designs, rather than a mere technical functional integration assessment.
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Related hydroponic studies provide methodological starting points For future predictive
analysis. Rahmadi et al. [21] compared ARIMA and Prophet for hydroponic lettuce growth
simulation and implemented the selected Prophet model in a Streamlit application. A
subsequent study compared support vector machines, k-nearest neighbors, random
Forests, and gradient boosting for predicting lettuce growth patterns in NFT hydroponic
systems [22]. These studies motivate the evaluation of alternative predictive approaches
For HidroPond; however, their findings require separate validation under aquaponic

conditions.

Future AloT development can build on the historical telemetry and command records
maintained in Supabase. Data preparation should address invalid or missing
measurements, variable aggregation periods, and timestamp alignment between
observations and actuator events. Growth prediction would additionally require
corresponding plant-growth measurements as target data. Prediction targets or control-
decision labels must be defined independently of firmware completion status, which does
not establish that an intervention was agronomically appropriate. Candidate models
should be evaluated using chronological data separation and appropriate baselines
before controlled integration with the actuator interface. Machine-learning performance

and autonomous control were not evaluated in the present study.

4. CONCLUSION

This study designed, implemented, and Functionally validated HidroPond as an loT-based
information system for aquaponics monitoring and remote control. The integration of
dedicated Sensor and Actuator ESP32 devices, a FastAPI backend, Supabase storage, and
a web application established a traceable bidirectional information workflow linking Field
measurements, control requests, device connectivity, and device-reported execution
outcomes. All ten predefined Functional checkpoints were verified during a one-day
observation at a single aquaponics installation. The principal contribution is the
operational linkage between monitoring information and command-linked Feedback,
which allows operators to distinguish a submitted request from a device-reported
completion. Firmware completion does not independently verify water flow, dosing
volume, or feed delivery. The evaluation also did not establish network latency, sensor

accuracy or drift, long-term reliability, productivity improvement, or autonomous-control
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performance. Future work should extend Field evaluation, strengthen delivery of
execution reports during network interruptions, and assess predictive models using

independently measured outcomes before their controlled integration with actuation.
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