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Abstract: In response to the deformation and displacement problems that exist during the construction and
use of underground projects, this study develops an underground engineering robot measurement deforma-
tion monitoring system based on the Internet of Things (IoT) architecture, aiming to improve the accuracy and
efficiency of underground engineering deformation monitoring. The system was designed with a multi-layer
architecture, including a perception layer (real-time collection of deformation data) and a network layer
(using a robot to carry a data acquisition terminal and transmit data to a cloud server through wireless
communication technology), platform layer (using cloud computing and big data technology to store, process,
and analyze collected data), and application layer (visualization platform, convenient operation, and analysis
of data). Fifteen underground engineering projects were tested, with ten key monitoring points selected for
each project. Multiple regression analysis was used to evaluate the monitoring accuracy and stability and to
explore the relationship between monitoring data and geological conditions and environmental variables. The
experimental results show that compared with traditional methods, this system has significant advantages in
stress monitoring: the stress monitoring error of conventional methods is about 0.5 MPa, while the error of this
system is only 0.01 MPa, a difference of 50 times. The system of the IoT significantly improved the detection
efficiency compared with the traditional manual surveying and mapping method, and the underground
engineering robot measurement deformation monitoring system based on the IoT architecture took only
4 h to monitor the small deformation. However, the traditional method took 15 h, i.e., the system based on
the IoT was 11 h faster than the conventional method. The underground engineering robot measurement
deformation monitoring system based on the IoT architecture has high reliability and operability, and pro-
vides strong support for the safety management of underground engineering.

Keywords: Internet of Things, data visualization, underground engineering robots, deformation monitoring,
wireless communication

1 Introduction

Global urbanization is advancing [1,2], and developing and utilizing underground space [3,4] has become a top
priority. In the construction and implementation process of underground engineering projects such as tunnels,
subways, and mines [5,6], due to the complexity and variability of the underground environment, it is easy to
be disturbed by various factors, causing deformation of the underground engineering structure, leading to
safety accidents, significant economic losses, and casualties. Therefore, during the underground engineering
construction process, it is essential to precisely and promptly detect deformation. According to statistics,
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mishaps brought on by subterranean engineering deformation generate billion-dollar losses in damages and
numerous fatalities annually throughout the world. Conventional techniques for monitoring deformation [7,8]
mostly depend on laser scanning technology, fixed-point monitoring, and human continuous measuring. Laser
scanners are utilized to acquire three-dimensional point cloud data for subterranean projects. These scanners
are capable of measuring and tracking structural deformation. The real-time monitoring requirements of
contemporary complicated subterranean engineering cannot be addressed by these techniques since they are
ineffective, expensive, and have a restricted monitoring frequency and density. It is challenging to deliver
steady and precise data under extreme conditions because of the complexity and abrasiveness of underground
engineering environments, which also poses a significant risk to the reliability of typical measuring equip-
ment. With the development of the Internet of Things (IoT) [9,10] and robotics technology [11], new solutions
have been brought to underground engineering deformation monitoring. By deploying high-precision sensor
networks, real-time collection and wireless transmission of deformation data have been achieved, greatly
improving the efficiency and accuracy of monitoring [12]. The development of robotics technology has made it
possible to flexibly move, and perform inspection and data collection tasks in underground environments.

This study presents an IoT-based underground engineering robot measurement and deformation mon-
itoring system to achieve effective and real-time monitoring of subsurface engineering. By combining a
number of cutting-edge technologies, including sensor networks, wireless communication, cloud computing,
and robots, the system increases the precision and effectiveness of deformation monitoring and offers reliable
data support in challenging and complicated contexts. Extensive testing in real-world subterranean engi-
neering settings has demonstrated the system’s superior performance in terms of real-time performance,
data transmission efficiency, and accuracy of monitoring. This means that the system developed in this study
can detect smaller deformations, thereby providing timely warnings in the early stages of problem occurrence
and avoiding potential catastrophic consequences. The architecture design based on the IoT also enables the
system to quickly respond to deformation situations, greatly reducing monitoring and response time. The
system not only improves the timeliness of monitoring but also provides a more accurate decision-making
basis for engineering management personnel.

2 Related work

For deformation monitoring of underground engineering, Wang et al. [13] believed that it was crucial to
regularly observe and measure the deformation of excavation surfaces and support structures during tunnel
construction to ensure the safety of construction personnel and the long-term stability of tunnel structures.
Monitoring the condition of tunnel structures usually involves measuring the deformation or convergence of
specific points in the tunnel. However, the traditional use of total stations has some problems, such as the need
to install reflective prisms, susceptibility to human errors, and insufficient monitoring frequency. The rapid
development of machine vision and sensor technology has brought new solutions for tunnel monitoring and
measurement. By integrating emerging technologies such as laser scanning, fiber optic sensing [14], GNSS, and
wireless sensor networks [15], the field of structural health monitoring has seen revolutionary advancements
in continuous data collection and multi-modal analysis. Laser scanning technology can provide high-precision
3D modeling and real-time monitoring, while fiber optic sensors achieve long-distance and high-sensitivity
strain and temperature monitoring through distributed sensors. GNSS technology is mainly used for surface
deformation monitoring, while wireless sensor networks can achieve real-time and dynamic monitoring of
construction sites. The application of these technologies not only improves the accuracy and real-time mon-
itoring but also makes early warning and risk management possible, ensuring safety during the construction
process. Wu et al. [16] proposed a remote deformation monitoring system based on a three-layer IoT archi-
tecture, exploring the combination of IoT technology and traditional monitoring methods, which provides a
reference for improving the efficiency and reliability of underground engineering surveying. These methods
have played a positive role in regular observation and measurement during tunnel construction to a certain
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extent, but the relevant methods are more combined with sensors and not combined with new artificial
intelligence technologies.

The application of IoT technology in monitoring and early warning systems not only improves the security
and monitoring efficiency of infrastructure but also provides important support for scientific and technolo-
gical innovation and development in related fields. Dong et al. [17] believed that using the IoT technology for
real-time monitoring of landslide deformation and artificial intelligence [18,19] algorithms to predict landslide
deformation trends can effectively predict and warn landslides. In this context, he introduced a real-time
wireless monitoring system with multiple sensors, providing technical support for the design and implemen-
tation of steep slope safety solutions. Even after construction, most equipment is retained to monitor slopes. He
introduced a machine learning [20] autoregressive recurrent network probability prediction model based on
time series and probability prediction for predicting slope displacement. The prediction accuracy of the
machine learning autoregressive recurrent network probability prediction model based on time series and
probability prediction were verified through mean absolute error, root mean square error, and goodness of fit.
The experimental results indicate that the proposed monitoring system and the introduced prediction model
have good safety control capabilities during the construction process, and have good prediction accuracy
during operation, which can help evaluate the safety of excavation slopes before constructing new infrastruc-
ture. Shi [21] designed a deformation monitoring system based on laser displacement sensors to address the
issues of limited conditions for using level gauges or weak timeliness of total station and 3D laser scanning in
bridge monitoring on highway sections. This system is based on the IoT and utilizes modules such as laser
displacement sensors and tilt sensors to achieve real-time monitoring and danger warning of the deformation
of bridges on high-speed road sections. Without the need for road closures, it improves the operational
efficiency of surveying and mapping personnel and reduces safety hazards in the field. Previous studies
have failed to develop a comprehensive system or effectively address the technical challenges and accuracy
limitations associated with underground monitoring. On this basis, this study designs a multi-level data
processing architecture combining distributed and edge computing, which improves the real-time monitoring
and its efficiency. Visual simultaneous localization and mapping (SLAM) technology and laser radar tech-
nology enhance the positioning accuracy of robots in the underground environment, improve the accuracy
and reliability of data through multi-sensor fusion technology, optimize the stability of data transmission by
combining 5G and Long Range Radio (LoRa) dual-mode communication technology, and realize real-time
assessment and prediction of structural health by using big data processing and machine learning algorithms.
In summary, IoT technology can not only monitor data but also analyze and predict the trend of landslide
deformation. This combination helps to identify safety hazards in advance and issue early warnings in time,
providing important support for safety management.

3 IoT and robot technology design

3.1 IoT technology design

The deformation monitoring system for underground engineering robots based on the IoT architecture
requires the use of various IoT technologies. To achieve real-time high-precision monitoring of underground
structures and engineering deformation, and ensure the safety of the project, high-precision real-time detec-
tion of underground engineering deformation can be achieved by combining sensor technology, wireless
communication technology, cloud platform technology, big data artificial intelligence technology, and visua-
lization systems.

One type of high-precision measurement tool that is frequently employed in the mapping of subterranean
structures is the laser scanner, which produces high-resolution 3D point cloud data that can represent struc-
tural deformation. Strain gauges are used to track changes in stress and to identify variations in metal foil
resistance. Accelerometers and diameters are used to gather high-precision data in real-time while monitoring
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the displacement, vibration, and changes in diameter of subterranean structures. The use of multi-sensor
fusion technology enhances data accuracy and supports subterranean structure maintenance and safety.

In order to achieve communication between the robot and the local gateway, short-range and high-
bandwidth data transfer is made possible via WIFI technology. Data interchange between sensors with an
optical domain distribution is made possible by LoRa technology, which can be utilized for long-distance, low-
power data transfer [22]. Finally, the benefits of 5G technology’s high bandwidth, low latency, and large-scale
connectivity allow for real-time data transmission and large-scale IoT communication.

At the platform layer, the use of cloud platforms provides powerful data storage, processing, and analysis
capabilities, allowing sensor data to be uploaded to the cloud platform for centralized management and
analysis through wireless communication technology. The use of cloud platforms can reduce server usage
costs, and the scalability of cloud platforms can provide sufficient space for future real-time data. The use of
cloud platforms reduces server usage costs by paying on demand, reducing hardware investment, and opti-
mizing resource usage. At the same time, its strong scalability ensures that future real-time data processing
needs can be fully met. This makes cloud platforms an ideal choice for enterprises in the process of digital
transformation and data-driven decision-making.

Data can be collected and processed in real-time through the big data processing platforms Hadoop and
Spark, enabling efficient data processing and analysis [23]. Machine learning and big data processing can be
combined to perform pattern recognition and predictive analysis on deformation data, thereby providing
assessment and early warning of structural health status.

To enable users to monitor and analyze data intuitively, we leverage Python visualization tools that enable
users to view and analyze data in real-time on charts and dashboards. Through mobile applications, it

provides users with convenient remote monitoring and operation functions.
The schematic diagram of the IoT technology architecture is shown in Figure 1.
The deformation monitoring system for underground engineering robots based on the IoT architecture

achieves real-time, efficient, and intelligent monitoring of underground engineering structures through the
comprehensive application of sensor technology, wireless transmission, cloud platform, big data processing,
artificial intelligence analysis, data visualization, and system management technology, providing strong guar-
antees for engineering safety.

Figure 1: Schematic diagram of IoT technology framework. Source: Created by the author.
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3.2 Robot technology design

The deformation monitoring system for underground engineering robots based on the IoT architecture adopts
various advanced robot technologies. The core technologies include autonomous navigation and positioning,
multi-sensor data fusion, wireless communication, and data transmission, cloud platform data processing and
analysis, as well as remote control and automation tasks.

Robots navigate autonomously using the Visual SLAM method, which creates real-time 3D maps of the
environment by using cameras to capture environmental images. It is possible to achieve high-precision
course planning and obstacle avoidance when combined with data from inertial measurement units. This
method makes the robot far more accurate in its placement and more adaptive in intricate subterranean
conditions. With the employment of laser radar, GPS modules, and ultrasonic sensors, multi-sensor fusion
technology fuses data using the Kalman filtering technique to reduce the inaccuracies caused by individual
sensors and enhance positioning stability overall [24]. Continuous and accurate location can be achieved using
the combination of LiDAR and optical sensors in underground environments that lack GPS signals. In addition,
the robot has accelerometers, inclinometers, and high-precision strain gauges for collecting and detecting
subsurface structure deformation in real time. To guarantee the accuracy of data transferred to the cloud
platform, embedded data acquisition modules perform preprocessing operations on sensor data, such as
filtering, noise reduction, and preliminary data integration. Environmental sensors provide comprehensive
environmental parameter assistance for structure health evaluation by monitoring the temperature, humidity,
and gas concentration of subterranean settings. To enable effective data transfer under various communica-
tion needs, the wireless communication module uses dual-mode 5G and LoRa technology [12]. The 5G module is
suitable for data transmission with high bandwidth and low delay, such as real-time video stream and large-
scale data upload. The LoRa module is used for sensor data transmission with low power consumption and
long distance, suitable for distributed sensor network applications. The data are safely transmitted to the cloud
platform after being relayed by the gateway device, and edge computing technology is used to achieve
preliminary data processing and analysis, thus reducing the computing burden on the cloud.

In the cloud platform section, the system adopts a big data processing architecture based on Hadoop and
Spark, supporting the storage and real-time processing of massive data. Through a distributed computing
framework, concurrent data streams from multiple robots can be efficiently processed to achieve real-time
monitoring and analysis of underground structural deformation. Artificial intelligence and machine learning
algorithms are further applied to data analysis and prediction. By training models to identify potential
deformation trends and abnormal situations, warning information is provided to assist engineering manage-
ment personnel in taking timely preventive measures [25].

The system also integrates remote control and automation task modules, allowing operators to remotely
monitor and command robots through mobile applications.

4 System design

4.1 Framework design

The IoT technology is applied to real-time deformation monitoring and analysis of underground engineering
structures. At the perception layer, the system is equipped with a variety of sensors and robots to obtain real-
time changes in the underground environment and structure. Including displacement sensors, temperature,
and humidity sensors. At the network layer, data are transmitted to the cloud platform through wireless
communication modules and gateway devices. The platform layer uses big data and artificial intelligence
technology to analyze data and identify structural deformation trends and potential risks. Through the organic
combination of these modules, the system can achieve comprehensive and real-time deformation monitoring
and analysis of underground engineering structures. The application layer provides mobile system moni-
toring, and the user module has the functions of analyzing monitoring data, setting alarm thresholds, and
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receiving notifications. The system has security measures such as data encryption and access control to make
the system more reliable and secure.

The system framework diagram is shown in Figure 2.

Real-time deployment of the system is carried out through Figure 2, where sensor nodes are installed and
network connections and preliminary debugging are carried out in key areas. Then, all components are
integrated into a complete system. The deformation monitoring system for underground engineering robots
based on the IoT architecture can achieve efficient and accurate monitoring and management, ensuring the
safety and stability of underground engineering.

4.2 Software design

4.2.1 Perception layer software design

First, the software of the sensor node can be designed, which includes three modules: the sensor data
acquisition module, responsible for real-time collection of structural deformation data; the data preprocessing

Figure 2: System framework diagram. Source: Created by the author.
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module is responsible for preliminary processing and filtering of raw data to reduce noise and erroneous data;
the data transmission module also sends data to the gateway through wireless communication calculation.

Afterward, the software for the robot’s measurement equipment can be designed. The robot’s measure-
ment equipment software consists of three parts. First, the autonomous navigation module utilizes the SLAM
algorithm to achieve autonomous localization and navigation [26]. This ensures that robots can perform high-
precision work in complex underground environments. Second, there is a multi-sensor fusion module, which
cannot effectively determine the underground environment through a single sensor. Through multi-sensor
fusion, measurement accuracy can be improved. Finally, there is the data acquisition and transmission
module, which collects and sends measurement data to the gateway.

4.2.2 Network layer software design

The network layer software is mainly designed for the software of gateway devices. The software of gateway
devices mainly consists of two modules, namely, the data transmission module, which is responsible for
transmitting processed data to the cloud platform through a 5G network. There is also a protocol conversion
module used to handle data conversion of different communication protocols, ensuring compatibility of data
transmission.

4.2.3 Platform layer software design

The platform layer software mainly implements three types of services: data visualization service, data
analysis service, and control service. First, the data visualization service includes a front-end display module
and a report generation module. The front-end display module provides real-time display and historical
inquiry of data through mobile applications, and the report generation module can regularly generate mon-
itoring reports and exception reports. The data analysis service consists of two modules, namely, the anomaly
detection module and the trend analysis module. The anomaly detection module monitors data anomalies in
real-time and potential risks of structural deformation. The trend analysis module predicts the development
trend of structural deformation by analyzing historical data. Finally, there is the control service, and the main
implementation modules of the control service are the device management module and the automation
control module. These two modules are responsible for real-time monitoring of data anomalies, remote control
and management of sensor nodes and robot devices, and automatic adjustment of device parameters and
operations based on analysis results.

4.2.4 Application layer software design

Application layer software design includes mobile applications and alarm systems. Mobile applications have
real-time monitoring modules that allow users to view monitoring data and alarm information in real-time on
mobile devices while achieving remote control and management of devices through remote control modules.
The alarm system includes a real-time alarm module. When the monitoring data exceed the set threshold, an
alarm notification is sent, and alarm information is sent through multi-channel notification modules, such as
SMS, email, and App notifications.

The user interface diagram is shown in Figure 3.
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5 Comparative experiments and analysis

5.1 Effectiveness of the monitoring system

By using an IoT-based underground engineering robot measurement and deformation monitoring system,
real-time monitoring of a deformed underground structure can be achieved, as shown in Figure 4.

Figure 4: Deformation monitoring effect diagram. Source: Created by the author.

Figure 3: System interface diagram. Source: Created by the author.
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Figure 4 shows the data change in underground engineering during deformation monitoring, including
fluctuations under normal conditions and abnormal changes when deformation occurs. The horizontal axis is
24 h, the monitoring interval is 1 h, and the vertical axis is the data monitored every hour. From Figure 4, it can
be seen that the deformation monitoring system for underground engineering robots based on the IoT
architecture has significant advantages in monitoring effectiveness. First, the real-time data collection and
transmission ensure the timeliness and accuracy of monitoring data. The robot and sensor nodes are arranged
in the underground engineering environment, which can accurately monitor the deformation of the structure,
and quickly transmit the data to the edge computing node and cloud platform through wireless communica-
tion technology. The system can accurately monitor the deformation in real time.

5.2 Comparative experimental design and data collection

In this experiment, various high-precision sensors such as LiDAR, strain gauges, accelerometers, and inclin-
ometers were used. The data acquisition module completed real-time collection and preliminary processing of
sensor data to reduce noise and errors. The autonomous navigation module of robot measurement equipment
combined with the SLAM algorithm has achieved high-precision operation in complex underground environ-
ments. The multi-sensor fusion module further improves the accuracy of data and ensures monitoring effec-
tiveness in complex environments. All data are quickly transmitted to the cloud platform through wireless
communication modules for centralized processing and analysis. Finally, the monitoring results are displayed
through visualization tools for real-time monitoring and remote operation.

The test conditions of the experimental part of this study are designed to simulate the real underground
engineering environment to ensure the representativeness of the data and the scientific nature of the results.
The tests were conducted in a variety of subterranean engineering scenarios, encompassing intricate geolo-
gical settings like mines, tunnels, and underground pipe galleries. Soft rock, hard rock, and mixed geology
were among the geological conditions that were covered in the tests. In order to assess the system’s perfor-
mance in various real-world scenarios, environmental factors including temperature, humidity, and vibration
intensity were also established at the same time. Ten important monitoring stations were chosen for each of
the 15 subterranean engineering projects that provided the data for this investigation. Stress, strain, tempera-
ture, humidity, and horizontal and vertical movement were among the monitoring indicators. For 30 days, the
frequency of data collection was once per minute in order to guarantee a large enough sample size and
accurate results. In order to confirm the system’s accuracy and adaptability, the statistical analysis employed
the multivariate regression analysis approach to assess the stability and accuracy of the monitoring as well as
investigate the relationship between monitoring data and environmental variables and geological conditions.

Analyze the improvement of underground engineering robot deformation monitoring systems based on
IoT architecture and traditional monitoring systems through two sets of comparative experiments. The first
group of experiments compared the accuracy and precision of two systems in collecting deformation data
from underground engineering. The second group of experiments measured the performance of deformation
monitoring systems using multiple IoT-based underground engineering robots and compared the differences
in deformation detection time between the two methods.

5.3 Precision comparison experiment

The collected deformation data of underground engineering is shown in Table 1.
From Table 1, it can be seen that the deformation monitoring system for underground engineering robots

based on the IoT architecture has significant advantages in data accuracy compared to traditional methods.
The system can provide more accurate and stable data in multiple aspects, thereby improving the safety and
reliability of underground engineering. The data accuracy of the underground engineering mechanical
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deformation monitoring system based on the IoT architecture is generally superior to traditional methods in
terms of measured horizontal and vertical displacement data, stress and strain data, inclination data, crack
width, and depth data, vibration, temperature and humidity data, water level and pressure data, and surface
settlement and gas concentration data. Smaller errors mean that detecting even smaller deformations can help
identify and solve potential problems promptly, ensuring the stability and safety of underground engineering.

Statistical analysis was conducted on the collected data, and the results are shown in Table 2.

Table 2 summarizes the key results of statistical analysis, indicating that the monitoring system has strong
predictive accuracy and significant differences exist between different geological types. The p-value indicates
that the observed relationship is statistically significant, enhancing the reliability of the system under different
conditions.

One of the most crucial data is the comparison of monitoring results between horizontal and vertical
displacement data, as shown in Figure 5.

From Figure 5 and combined with Table 1, it can be seen that the deformation monitoring system for
underground engineering robots based on the IoT architecture can control the measurement error within
0.01 mm in terms of horizontal and vertical displacement, while the traditional method has a larger error,
which is 10 times that of the monitoring system in this article. This means that the monitoring system can
detect even smaller deformations.

One of the most critical data is the comparison of stress [27] data monitoring, as shown in Figure 6.
From Figure 6 and combined with Table 1, it can be seen that in the monitoring of stress data, the error of

the manual method is 0.5, which is 50 times that of the monitoring system (0.01) in this article. This indicates

Table 1: Collection of deformation data

Data type Monitoring system data based on IoT
architecture

Data collected by traditional methods

Horizontal displacement (mm) 0.01 ± 0.01 0.05 ± 0.1
Vertical displacement (mm) 0.01 ± 0.01 0.05 ± 0.1
Stress (MPa) 10.00 ± 0.01 10.00 ± 0.5
Strain (%) 0.02 ± 0.01 0.08 ± 0.05
Inclination (degrees) 0.01 ± 0.01 0.05 ± 0.01
Crack width (mm) 0.1 ± 0.01 0.4 ± 0.1
Crack depth (mm) 1.0 ± 0.1 4.0 ± 0.5
Vibration frequency (Hz) 1.0 ± 0.01 2.0 ± 0.5
Amplitude of vibration (g) 0.01 ± 0.01 0.1 ± 0.05
Temperature (°C) 20.0 ± 0.5 21.0 ± 1.0
Humidity (%) 45.0 ± 0.5 50.0 ± 1.0
Water level (m) 3.0 ± 0.1 3.5 ± 0.2
Pore water pressure (MPa) 0.1 ± 0.01 0.3 ± 0.05
Geotechnical pressure (MPa) 5.0 ± 0.1 6.0 ± 0.5
Sedimentation (mm) 0.1 ± 0.01 0.3 ± 0.05
Oxygen concentration (%) 20.8 ± 0.1 21.5 ± 0.2
Carbon dioxide concentration (%) 0.05 ± 0.01 0.1 ± 0.1

Table 2: Statistical analysis table

Analysis type Variable p-value R-squared F-value

Multiple regression Horizontal displacement 0.002 0.85 5.76
Vertical displacement 0.003 0.82 4.89
Stress 0.001 0.87 6.32
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that using an IoT-based underground engineering robot measurement deformation monitoring system can
avoid misjudgment caused by measurement errors, effectively preventing structural instability [28] or
damage.

5.4 Time comparison experiment

It is also very important to detect the deformation of underground engineering promptly. This article monitors
five underground structures with different deformation conditions and compares the time spent on deforma-
tion detection between the IoT-based underground engineering robot measurement deformation monitoring
system and traditional methods. The comparison is shown in Figure 7.

Figure 5: Comparison of monitoring situation between horizontal and vertical displacement data. Source: Created by the author.

Figure 6: Comparison of stress data monitoring situation. Source: Created by the author.
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It can be seen that the consumption time of both methods for detecting deformation situations is relatively
short and not significantly different in both very severe and severe deformation situations. However, as the
deformation situation becomes milder, the consumption time of traditional methods becomes longer. In the
discovery of small deformations, the deformation monitoring system for underground engineering robots
based on the IoT architecture only took 4 h to detect the deformation, while the traditional method took 15 h.
The system based on the IoT is 11 h faster than the conventional method, indicating that the deformation
monitoring system of underground engineering robots based on the IoT is more efficient. In all experimental
situations, the system based on the IoT architecture achieved faster deformation detection times than tradi-
tional methods. IoT systems respond faster, achieving rapid detection and reporting of deformation. In gen-
eral, the IoT system detects deformation quickly, takes timely prevention and repair measures, and improves
the safety and efficiency of underground engineering.

6 Discussion

Based on the experimental results, the underground engineering robot deformation monitoring system
designed in this study has demonstrated high accuracy and efficiency in practical applications. By comparing
with traditional monitoring methods, the system controls the error within 0.01 mm in the measurement of
horizontal and vertical displacement, which is significantly better than the traditional method’s 0.1 mm. This
result is consistent with the research proposed by Xu Wang et al. on improving the accuracy of tunnel
deformation monitoring through fiber optic sensing technology, but this study further reduces the error range
to one-fifth of it, indicating the practical application potential of multi-sensor fusion and high-precision data
processing technology in complex underground environments.

The system has improved the accuracy of stress monitoring by 50 times compared to traditional
methods, which supports Jian et al.’s conclusion that 3D laser scanning can improve accuracy in structural
health monitoring. This system combines machine learning algorithms with big data analysis to achieve real-
time prediction and anomaly detection of stress data, further enhancing the proactivity and foresight of
monitoring.

The experimental results show that the system can maintain high accuracy and stability under both soft
and hard geological conditions. Compared with the three-layer architecture IoT monitoring system proposed
by Wu Zhanguang et al., it exhibits better reliability in complex geological environments, verifying the
effectiveness of multi-level data processing and dual-mode communication technology. The system has high
practicality in complex environments such as underground tunnels and mines and can achieve real-time data

Figure 7: Comparison of time consumption for detecting deformation using two methods. Source: Created by the author.
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transmission and analysis in areas that are difficult to reach with traditional methods, demonstrating its
potential for application in long-term underground engineering, geological hazard warning, and underground
structural health management. Minority data fluctuations are related to sensor sensitivity and environmental
interference. Future research can further optimize sensors and data transmission protocols to enhance the
reliability of the system under extreme conditions.

7 Conclusion

Aiming at the problems of inaccurate data, long survey time, and high cost in traditional deformation mon-
itoring, an underground engineering robot deformation monitoring system based on IoT architecture is
studied in this work. The system adopts a multi-layer architecture design, including a perception layer, net-
work layer, platform layer, and application layer. Through testing and comparison experiments, it is proved
that the system has superior performance in the high-precision real-time measurement of deformation data in
underground engineering. Compared with traditional manual measurement methods, the deformation mon-
itoring system of underground engineering robots based on the IoT architecture improves detection efficiency
and achieves the effect of reliable data transmission in complex environments. On the whole, this method
provides a new way for the safety monitoring of underground engineering and also reduces the input
of human resources and the overall operating cost. Although the system proposed in this article has
demonstrated superior performance in experiments, there are still certain limitations. Some of the measure-
ment errors in the experiment were caused by insufficient sensitivity of the sensors or interference from
environmental factors, which had a certain impact on the overall performance of the system. In extreme
environments, the stability and real-time performance of data transmission also face challenges. To further
enhance the reliability of the system, efforts will be made in the future to improve the accuracy and durability
of sensors and optimize data transmission protocols to adapt to complex and changing underground
environments.
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