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Abstract

In emergency scenarios where visibility is compromised, rapid and accurate object detection
becomes critical. This study addresses this challenge by proposing an IoT-enabled robotic
solution capable of operating in low-visibility environments, with a focus on supporting
search and rescue missions through autonomous sensing and real-time data communication.
This research presents the development and implementation of an IoT-based sensorized sys-
tem designed to detect objects in low-visibility environments. The system aims to enhance
search and rescue operations by identifying potential human presence in areas with limited
access due to smoke, darkness, or hazardous conditions. The platform integrates distance
sensors, a thermal camera (AMG8833), a PIR motion sensor, and wireless communication
through the Arduino MKR1000 and ESP32-CAM boards. The mobile robot is equipped
with obstacle avoidance, person detection, and IoT communication modules, allowing data
to be sent to the cloud via ThingSpeak and enabling remote commands through TalkBack. A
structured methodology was followed, including technology selection, hardware/software
design, and testing under various lighting and opacity conditions. Experimental results
showed the effectiveness of the system in identifying obstacles and detecting heat signa-
tures representing human body, with optimal performance observed at a 15 cm detection
threshold. The system demonstrated robust operation in simulated rescue environments,
providing real-time data transmission and remote-control capabilities.
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1. Introduction
Object detection in low-visibility environments remains a major challenge in applica-

tions where safety, reliability, and rapid response are critical. Scenarios such as smoke-filled
spaces, poorly illuminated areas, fog, dust, or adverse weather conditions significantly
degrade human perception and limit the effectiveness of conventional vision-based systems.
These conditions are frequently encountered in real-world contexts including search and
rescue operations, surveillance of critical infrastructure, industrial safety, and emergency re-
sponse. Consequently, there is a growing need for technological solutions capable of reliably
detecting objects and human presence when visual information is severely constrained.
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The emergence of the Internet of Things (IoT) has enabled the development of in-
telligent sensor-based systems that combine connectivity, real-time data acquisition, and
distributed processing [1–3]. IoT-based architectures allow heterogeneous sensors to be
integrated into unified platforms, facilitating remote monitoring, rapid information ex-
change, and coordinated responses to dynamic events. In low-visibility environments,
these capabilities are particularly valuable, as they enable continuous situational awareness
and timely decision-making even under degraded sensing conditions [1,4,5]. As a result,
IoT-supported sensor technologies have become a promising approach for enhancing object
detection performance in challenging environments [6,7].

Recent research in this field has focused on the use of complementary sensing modal-
ities to overcome the limitations of individual sensors [8,9]. Thermal imaging sensors
have demonstrated effectiveness in detecting human presence based on heat signatures,
especially in darkness or smoke-filled environments [10–12]. Ultrasonic sensors are widely
employed for obstacle detection due to their independence from lighting conditions, while
radar-based systems provide robust localization capabilities in fog, rain, or dust [13]. These
sensing technologies are often deployed within robotic platforms—including ground robots,
aerial vehicles, underwater systems, and humanoid robots—selected according to terrain
characteristics and mission requirements [14–16]. Additionally, IoT frameworks and wire-
less sensor networks have been integrated to improve data fusion, communication, and
coordination among detection and response systems [17–19].

Despite these advances, significant challenges remain. Each sensing technology
presents inherent limitations related to detection range, environmental interference, and res-
olution. Optical sensors are strongly affected by lighting conditions, while the performance
of radar and LiDAR systems depends on target distance, particle density, and transmission
power [20–22]. Furthermore, many existing studies focus on individual sensors or isolated
components rather than evaluating integrated systems under realistic low-visibility con-
ditions. Moreover, the majority of reported works rely on single sensing modalities or
simulation-based evaluations, often conducted under idealized conditions. Only a limited
number of studies provide system-level experimental validation of integrated IoT-based
robotic platforms operating in controlled low-visibility environments with quantitative
performance metrics [23]. In particular, comparative data on obstacle-avoidance thresholds,
route-completion times, collision rates, and human-detection indicators across different
visibility and opacity levels remain scarce [23]. This lack of experimentally validated
benchmarks hinders the practical assessment, comparison, and replication of proposed
solutions, emphasizing the need for functional prototypes evaluated under reproducible
conditions [9,23].

In this context, the present work addresses these gaps by developing and validating
an IoT-based functional prototype for object detection in low-visibility environments. The
proposed system integrates multiple sensors within an IoT architecture to enable reliable
detection, real-time data transmission, and remote monitoring. The research objectives
include investigating suitable sensor technologies for low-visibility scenarios, designing
and implementing a sensorized IoT-based system, characterizing its performance through
functional testing, and evaluating its effectiveness under varying lighting conditions. Un-
like many existing approaches that rely on single sensing modalities or simulation-based
validation, this work introduces a lightweight multi-sensor strategy combining thermal
triggering, motion verification, and ultrasonic navigation. The proposed approach is exper-
imentally validated using quantitative metrics, demonstrating improved robustness and
reliable performance under degraded visibility conditions.
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2. Methodology
2.1. System Design Rationale and Sensor Selection

The design of the proposed system was guided by the requirement to ensure reliable
operation under low-visibility conditions while maintaining simplicity, robustness, and low
computational cost (Figure 1 includes the system architecture). For this reason, the sensing
strategy prioritizes modalities that are minimally affected by illumination changes and
environmental opacity. Ultrasonic sensing was selected for obstacle detection and avoid-
ance due to its proven effectiveness in short-range navigation tasks and its independence
from lighting conditions. The sensor HC-SR04 provides reliable distance measurements
within a limited range, making it suitable for confined and cluttered environments typically
encountered in rescue scenarios.

Figure 1. Hybrid local–remote approach and connectivity architecture between sensors and commu-
nication to the cloud.

Thermal imaging was incorporated as the primary sensing modality for human de-
tection. Unlike RGB cameras, thermal sensors rely on temperature contrast rather than
visible light, enabling the detection of objects with thermal characteristics similar to the
human body in darkness, smoke, or dust. The selected AMG8833 thermal sensor offers
sufficient spatial resolution and temperature sensitivity to distinguish human presence
from background elements under controlled conditions. To reduce false positives caused
by static heat sources, a passive infrared HC-SR501 motion sensor was integrated as a
complementary modality, allowing the system to confirm dynamic targets before triggering
a rescue alert.

2.2. Sensor Integration and Decision Logic

The system integrates the ultrasonic, thermal, and motion sensors through a rule-
based decision logic designed to ensure reliable detection while minimizing computational
complexity. Obstacle avoidance is continuously managed using ultrasonic distance mea-
surements, with a threshold distance of 15 cm selected based on preliminary testing. This
value represents a trade-off between collision prevention and navigation efficiency, as
shorter thresholds increased collision probability due to signal reflection effects, while
longer thresholds limited maneuverability within confined spaces.

Human detection is activated when the thermal sensor registers a significant increase
in temperature relative to the background, followed by confirmation from the motion
sensor. This sequential validation reduces false detections and improves confidence in
identifying a potential victim. Once detection criteria are met, an alarm event is generated
and transmitted through the IoT platform.
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2.3. IoT Architecture and Data Transmission

IoT connectivity was incorporated to enable real-time monitoring, data logging, and
post-experimental analysis. Sensor data, including temperature readings, obstacle counts,
navigation time, and alarm status, are transmitted to a cloud-based platform using periodic
updates sent by the Arduino MKR-1000 and ESP32-CAM to the ThinkSpeak platform.
The communication architecture was designed to support monitoring without interfering
with real-time navigation decisions, which are executed locally on the platform to avoid
latency-related issues. This hybrid local–remote approach enables autonomous operation
while ensuring the reproducibility of experimental results.

3. Results and Discussion
This section presents the experimental results obtained from the evaluation of the pro-

posed IoT-based sensorized platform under different visibility and opacity conditions. The
analysis focuses on navigation behavior, obstacle avoidance, human detection performance,
and system robustness, based on the metrics extracted from the experimental trials.

3.1. Navigation Performance Under Different Visibility Conditions

The trajectories followed by the mobile platform under light, shadow, and darkness
conditions are shown in Figure 2. The results indicate that the overall navigation patterns
are highly consistent across the three environments. The platform was able to traverse most
of the test area without becoming trapped in loops or deadlock situations, demonstrating
stable autonomous behavior.

Figure 2. Platform trajectories at distances of 20, 15 and 10 cm between the robot system and the
obstacle, where the red square indicates the route starting point and the red dashed line represents
the route finish line.

Minor variations in the trajectories were observed, particularly during obstacle avoid-
ance maneuvers. These deviations are attributed to changes in ultrasonic signal reflection
angles rather than to visibility constraints, as the navigation strategy does not rely on
optical information. Complete darkness did not prevent the platform from completing its
route or reaching the target area, indicating that navigation performance is independent of
ambient illumination under the tested conditions.

3.2. Obstacle Detection and Avoidance Analysis

Obstacle detection and avoidance results for different experimental cases are summa-
rized in Figure 3 for low-opacity and deep-opacity environments, respectively. In all trials,
the system successfully detected and avoided multiple obstacles, maintaining continuous
motion throughout the test duration.

The selected obstacle-avoidance threshold of 15 cm proved to be effective, enabling the
platform to prevent collisions while preserving route efficiency. In low-opacity conditions,
no collisions were recorded across all cases. In deep-opacity conditions, only one collision
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occurred, which was caused by the irregular geometry of an obstacle rather than a failure
in sensor detection. The platform recovered autonomously and continued its trajectory
without further incidents.

 

Figure 3. Schematic trajectory to locate the target for three visibility conditions for low, middle
and deep opacity, where the red square indicates the route starting point and the red dashed line
represents the route finish line.

Comparative analysis between opacity levels shows that the number of detected
obstacles increased with longer route durations, while collision rates remained minimal,
indicating reliable short-range sensing and decision logic.

3.3. Human Detection and Alarm Activation

Human detection performance was evaluated using thermal and motion sensing data,
as illustrated in Figures 3 and 4. Compared with vision-only or single-sensor approaches
reported in prior studies, the proposed system maintains detection and navigation per-
formance under zero-visibility conditions without requiring computationally intensive
processing. During navigation, temperature readings remained below 30 ◦C when only
environmental obstacles were present. Once the platform approached the target represent-
ing a human subject, both the maximum and minimum temperature readings increased
noticeably, exceeding the background values.

Figure 4. Different target configurations used to evaluate the robotic system under low opacity
(up) and deep opacity (down) conditions, (a) Case 1, (b) Case 2, and (c) Case 3.
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This temperature change, combined with confirmation from the motion sensor, trig-
gered the alarm system. In all cases evaluated, the alarm was activated immediately after
detection, with no false positives observed during the trials. These results demonstrate that
the combined use of thermal imaging and motion sensing provides reliable identification
of objects with human-like thermal characteristics, even under zero-visibility conditions.

3.4. Comparative Evaluation Under Low and Deep Opacity

Figure 5 presents a comparison of route-completion time, number of obstacles de-
tected, and collision events for low-opacity and deep-opacity environments. Although
variations in completion time were observed between cases, the platform consistently com-
pleted its search task in both environments. In some deep-opacity trials, shorter detection
times were achieved due to trajectory changes induced by sharper turning angles. This
behavior demonstrates that the proposed sensing and navigation logic not only ensures
robustness under visibility degradation but also enables efficient target acquisition, as
reflected by reduced detection times and consistent alarm activation across all experimental
cases. Overall, the results confirm that sensor performance and system operation were
not significantly affected by severe visibility degradation. Ultrasonic, thermal, and motion
sensors maintained stable functionality, and IoT-based data transmission remained reliable
throughout all experiments.

Figure 5. Comparison values for (a) time employed to get the target, (b) obstacles detected, and
(c) collisions.

3.5. Comparison with Existing Approaches

Compared to vision-based or single-sensor systems commonly reported in the litera-
ture, which often degrade significantly under smoke or darkness, the proposed platform
maintains stable navigation and detection performance due to its complementary sensing
strategy. Thermal-based detection enables reliable identification of human-like targets,
while ultrasonic ranging ensures obstacle avoidance independent of illumination. Un-
like simulation-oriented studies, this work provides system-level experimental validation,
demonstrating zero false positives in human detection and minimal collision rates across
different opacity levels. These results highlight the practical advantages of combining
thermal triggering with motion verification in real-world rescue-oriented scenarios.

4. Conclusions
This work demonstrates the feasibility of an IoT-based mobile robotic platform for

object detection and human identification in low-visibility environments. By integrating
ultrasonic sensing, thermal imaging, motion detection, and cloud-based communication,
the system achieved reliable obstacle avoidance, consistent detection of human-related
thermal patterns, and real-time data transmission under different lighting and opacity
conditions. The experimental validation of navigation stability, detection thresholds, and
IoT connectivity provides quantitative evidence of system performance beyond simulation-
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based evaluation. While further improvements in sensor calibration, mechanical robustness,
and communication latency are possible, the presented prototype contributes practical
design and validation insights for IoT-enabled rescue robotics operating in restricted-
visibility scenarios.
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