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Highlights

What are the main findings?

e Sensor data fusion works—simpler sensors have higher accuracy.

e There is an increase in performance with sensor fusion in a hybrid mode compared to a
single-level fusion process.

What is the implication of the main finding?

e Robotic positions can be rectified using sensor data fusion.
o Typically, a sensor fusion level is focused at the third level of fusion according to the
provided classification.

Abstract: Robotic systems are becoming increasingly crucial in applications requiring
high precision. While a robot can operate using basic sensor feedback under controlled
conditions, achieving micro-level accuracy requires more comprehensive data integration,
especially in dynamic environments. The fusion of data from a variety of sensors is
necessary for improving the positioning accuracy of a robot because the accuracy of one
type of sensor is insufficient. The field of micro-positioning presents new challenges and
tasks that have been gradually explored in the recent literature published from 2015 to 2025.
Micro-positioning is a complex operation that involves factors such as mechanical drift,
environmental effects, and sensor signal errors. Hybrid fusion is a sensor fusion technique
that combines elements of fusion at different levels. For the effective deployment of robots
in such contexts, it is essential to integrate multiple sensors and ensure reliable data fusion
between them. This involves the use of different sensors, advanced fusion algorithms,
and accurate calibration methods through sensor fusion and sophisticated data processing
techniques. This literature review presents an analysis of the sensor data fusion methods
for precise robot micro-positioning. The focus is on the investigated sensors, the applied
synthesis methods, and the developed algorithms and their practical application to identify
the existing gaps for future system improvements. Finally, discussions and conclusions
based on the collected ideas are presented.

Keywords: sensor signal fusion; robotics; robot positioning; hybrid mode; fusion software

1. Introduction

One of the key challenges in the microrobot area is optimizing the methods for fusion
of data from different sensors. A main component to efficient operation in a variety of
fields, including automation, artificial intelligence, robotics, and microelectromechanical
systems (MEMSs), is precise positioning in multiaxial systems [1]. These systems are
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required to execute tasks with great precision and consistency since they operate along
multiple axes. Positioning errors can result in emergencies, poor efficiency, and even flawed
products. Securing precise and dependable positional data for each axis is among the most
significant challenges when dealing with multi-axis systems. Numerous elements such as
mechanical backlash, vibration, thermal deformation, and external influences make this
difficult. Individual sensors such as optical sensors, encoders, or inertial measurement
units (IMUs) have limitations and do not always provide the required accuracy on their
own [2]. The authors emphasize the importance of improving sensor technologies and
sensor fusion algorithms to achieve higher levels of autonomy and safety.

Different sensors, such as temperature sensors, are prone to accumulating errors over
time due to minor inaccuracies in measurements, resulting in what is known as “drift”,
which can greatly distort positional data in short durations [3]. The main goal of one study
was to build a thermal deformation prediction model using an artificial neural network
and implement real-time error compensation. Optical sensors, including laser rangefinders
and cameras, deliver high precision and resolution, but are influenced by environmental
conditions. Integrating data from various sensor types, or multi-sensor integration, helps to
overcome these constraints. When using data from IMUs and optical sensors, it is possible
to leverage the strengths of each. The IMUs provide high-frequency data with low latency
and the optical sensors provide high-precision information to correct IMU errors [4].

Robots equipped with combined sensor systems can position the end-of-arm tool
or gripper with minimal error. One study merged data from different sensors, which
reduced the robot positioning error to several micrometers, which significantly increased
the accuracy of its movements [5]. The developed system allowed for the early detection of
defects, which can lead to increased production efficiency and reduced costs, but it was
not fully automated. During the automated welding of large structures, it is important
to consider deformations of the material, but the system requires significant calibration
overhead that limits deployment flexibility. Using a combination of sensors to correct
inspection trajectories in real time could ensure the production of high-quality welded
seams. Research has indicated an enhancement in welding accuracy thanks to multi-sensor
integration [6].

Machining parts with a complex shape, such as implants, using computer numeri-
cal control (CNC) machines requires the coordination of movement along several axes.
The use of combined data from angular encoders, linear sensors, and vibration sen-
sors makes it possible to compensate for dynamic loads and vibrations, increasing the
processing accuracy.

The leading machine tool manufacturers use systems that combine data from different
sensors to optimize processes [7]. Fluctuations in temperature can lead to the expansion
or contraction of CNC machine components, affecting precision. Integrating data from
temperature and position sensors facilitates real-time adjustment of positional parameters.
A recent study showed that employing a temperature and position sensor data fusion
approach greatly reduces positioning errors [8].

In smartphones, cameras use MEMS actuators to counteract hand tremors. Combining
data from gyroscopes and optical sensors allows for the rapid adaptation to motion and
maintenance of image clarity. According to research, such systems can reduce image
blurring and improve picture quality [9]. In drones and portable devices, MEMS sensors
are often used for the generation of orientation and stabilization signals, which is further
used to control actuators. However, due to miniaturization, drones and portable devices
are lighter; therefore, noise and environmental vibrations create more disturbances. Using
algorithms such as the extended Kalman filter and integrating data from accelerometers,
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gyroscopes, and magnetometers can enhance navigation accuracy. Studies have shown that
multi-sensory integration in MEMS devices results in a reduction in orientation errors [10].

Producing parts that possess intricate geometry and detailed components using 3D
printers requires precise control of positioning along all axes. A high accuracy in directing
the extrusion head is achieved through the integration of data from stepper motors, linear
encoders, and optical sensors. To maintain the consistency of the first layer, a critical factor
in overall quality of the product, some companies have adopted active leveling systems for
print platforms that use data from various sensors [11].

The integration of data from optical sensors, accelerometers, and infrared (IR) sensors
allows for the monitoring of process parameters in real time, preventing defects and
ensuring printing quality, i.e., it reduces the number of printing defects per plane [12].

Sensor fusion technology is used in invasive surgery as well as instrument movement
should have extreme precision in this setting. Typically, by combining sensor signal
data from tactile sensors, optical trackers, and inertial sensors, haptic instrument control
generates the required feedback to the operating surgeon. Well-known systems such as the
da Vinci surgical system use multi-sensory data to filter hand tremors and scale movements,
increasing the safety and efficiency of operations [13].

Opting for the appropriate fusion method can greatly enhance the precision and
efficiency of systems in different industries. An illustrative example is the incremental
training of long short-term memory (LSTM) autoencoder models to detect anomalies in
CNC machine tools. Ref. [14] showed how such technology allows models to adjust to
changing operating conditions, which is crucial for the rapid detection and prevention of
real-time failures. Ref. [15] describes methods that can prolong the life of cutting tools and
reduce maintenance costs by implementing artificial neural networks and integrating data
from various sensors.

Equipment fault diagnosis also greatly benefits from the use of multi-sensor data
fusion techniques. The same methods allow faults to be detected and corrected in a timely
manner, thus improving the reliability and safety of production processes [16]. The use
of modern deep learning and data fusion methods is not limited to industry. This article
discusses various approaches that can significantly improve the detection and diagnosis of
problems in building structures, contributing to more efficient maintenance and increased
service life of objects.

The integration of sensor data fusion with artificial intelligence (AI) and machine
learning (ML) is gaining importance due to the rising complexity of data across various
fields. Sensor data fusion merges inputs from different sensors to improve precision and
reliability, while Al and ML provide strong tools for analyzing this combined data.

Combining various sensors, like IMUs, radar, and software-defined radios, has greatly
improved Human Activity Recognition (HAR) [17], overcoming the constraints of single-
sensor systems. Inspired by the human brain, neuromorphic computing has excelled in
accurately identifying specific actions with minimal data. Moreover, hybrid deep learn-
ing architectures that merge CNNs, LSTM, and self-attention mechanisms have attained
remarkable precision in interpreting data from wearable sensors [18].

The extensive connectivity of IoT networks, particularly in industrial settings, presents
intricate cybersecurity issues [19]. Al and ML, with an emphasis on anomaly detection
paired with sensor fusion, bolster system resilience by effectively spotting faults and threats.
Techniques like particle filters and algorithms such as XGBoost [20] have proven successful
in protecting critical infrastructure from cyber threats and operational issues.

The combination of A, ML, and sensor data is revolutionizing healthcare by facilitat-
ing more personalized and proactive approaches. Methods like Multi-Armed Bandit that
employ multi-sensor setups have been used for precise sleep monitoring in the elderly [21].
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Digital Twins and integrated sensor-conversational Al systems deliver advanced, cus-
tomized insights and predictive abilities, significantly improving healthcare outcomes [22].

Sensor data fusion is also used for Earth observations. Earth observations increasingly
depend on fusing multi-modal data like Synthetic Aperture Radar (SAR) and multispectral
imagery for thorough environmental monitoring. Machine learning algorithms can adeptly
handle and analyze the complexity and scale of these datasets, although challenges persist
due to the limited availability of ML-ready SAR datasets. Initiatives to tackle these issues,
such as the development of the M3LEO dataset, mark the notable progress in Al-powered
Earth observation technologies [23].

In addition, the researchers in [24] focused on applying data fusion techniques to
improve precision and efficiency in CNC machining, especially in the development of
nanocomposites. The consolidation of data from multiple sensors significantly improved
the control of the process and the quality of the final products. Combining sensor data
and advanced analytical techniques aided in boosting the efficiency and reliability of the
mechanical production processes. Regardless of the specific application (in various CNC
machine tools, structural health monitoring, or predictive fault diagnosis), deploying data
fusion and machine learning increases productivity and ensures technological security. One
study reviewed several SFAs, including various Kalman filter modifications, compared
to a camera motion-capture system. SFA gains were enhanced through particle swarm
optimization and effective techniques to minimize estimation errors were identified, par-
ticularly during extended trials. This analysis of sensor fusion algorithms (SFAs) for 3D
orientation tracking employed magnetic and inertial measurement units (MIMUSs). The
objective of the study was to contribute to establishing a comprehensive online repository
for SFAs. To improve positioning precision, a sensor fusion framework was suggested
for indoor localization utilizing smartphone inertial measurement unit (IMU) sensors and
Wi-Fi received signal strength indication (RSSI) measurements [25]. This framework inte-
grates Wi-Fi location fingerprinting, trilateration, and pedestrian dead reckoning (PDR) to
refine positioning accuracy, and achieved a maximum localization error of 1.17 m. In [26],
an adaptive heterogeneous fusion algorithm was introduced for real-time processing to
enhance the fusion of gyroscope, accelerometer, and magnetometer data for orientation and
heading estimation. The proposed algorithm achieved a faster dynamic response compared
to the extended Kalman filter (EKF), while requiring less computational time. In addition,
it supports a novel real-time calibration method using machine learning to compensate for
sensor thermal drift.

A proposed event-based multi-sensor fusion algorithm effectively handled dead zone
measurements by only transmitting significant data to the fusion host in [27]. This approach
uses a modified Kalman filter (KF) and its information form to manage the dead zone-like
measurements. The simulation results showed that the algorithm offers a good trade-off
between performance and communication bandwidth.

Ref. [28] outlines the obstacles faced in indoor localization due to the blockage of
Global Navigation Satellite System (GNSS) signals and stresses the importance of using
independent localization techniques such as odometry and simultaneous localization
and mapping (SLAM). It examined different sensors like Light Detection and Ranging
(LiDAR), IMUs, radar, and cameras along with their uses, covering the algorithms and
fusion frameworks for indoor odometry, while also discussing future opportunities.

Failures and inaccuracies in sensor measurements, particularly in autonomous systems
that are highly dependent on sensors, can have significant repercussions [2,25]. There is
a need for more durable sensors, as well as failure detection and compensation, to solve
these issues [2,26]. Combining data from diverse sensors, particularly those with varying
levels of accuracy and frequency, remains a difficult undertaking. More effective fusion
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algorithms that consider data uncertainty and redundancy are necessary. Proper sensor
calibration and synchronization are critical for the precise functioning of multi-sensory
systems [26,27], which is particularly vital in real-time applications. Multi-sensory systems
should be strong enough to withstand noise and data errors [26]. Techniques need to be
devised to ensure the reliability of the models in real-world scenarios [29,30].

This review effectively demonstrates the advantages of integrating multiple sensors
across various fields, such as robotics, CNC machining [8], surgical systems [31], and indoor
localization [25], by emphasizing how combining sensors like IMUs, optical devices, and
encoders greatly enhances precision, reduces errors, and increases reliability. It highlights
advanced techniques like Kalman filtering, neural networks, and incremental LSTM au-
toencoders [14], showcasing their flexibility, real-time performance, and computational
efficiency. While the benefits like improved accuracy and fault detection are well known,
the analysis would be strengthened through more explicit comparative benchmarks, a
clearer identification of the methods’ limitations, and additional validation details to boost
the overall analytical strictness and practical applicability.

The aim of this review is to analyze the existing methods of positioning error compen-
sation that are suitable for micrometer-scale manipulation processes and in microrobotics
using different sensor fusion methods.

The layout of the paper is organized as follows. Section 3 explores the technology
behind sensor fusion, detailing the integration of information from multiple sensors across
various levels (data, feature, and decision levels) and examines popular software frame-
works for fusion. Section 4 details the specific applications of sensor fusion in mobile
robotics, manufacturing processes, and specialized fusion algorithms, alongside localiza-
tion and position detection. Section 5 provides a thorough analysis of the core results,
emphasizing the key trends in adopting hybrid data fusion. Section 6 concludes the paper
by highlighting the main outcomes and proposing possible directions for future research.

2. Materials and Methods

This paper was prepared using different science databases such as the Google Scholar,
MDP], IEEE Xplore, Web of Science, and SCOPUS bibliographic databases. Semantic
Scholar and an Al-powered research tool were used for the bibliographic research and
analysis. The following keywords were used: “sensor fusion”, “CNC machines”, “3D
printers”, “smartphones”, “production PCB”, “minimal invasive surgery”, “microposition”,
“sensor fusion algorithms”. A bibliographic map of the selected studies are graphically
shown in Figure 1.

The studies were selected based on the following;:

o Titles;

e  Research results;
e  Methodology;

e  Applications.

The keywords were chosen to cover a wide range of sensor fusion research in which
sensor technologies were applied in areas from industrial production to medical research.

During the investigation, 180 articles were obtained, of which, 104 publications were
considered valuable and high-quality papers and were selected for analysis. The inclusion
criteria included a clear methodology and significant results with validation. This paper
includes articles published from 2015 to 2025, which allowed us to cover new achievements
and approaches in this field.
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Figure 1. Bibliographic network of research keyword distribution.

3. Technology of Sensor Fusion

Sensor fusion technology is centered on offsetting the limitations of individual sen-
sors to boost the overall system performance by merging data from multiple sensors to
deliver a more precise and reliable output than any single sensor alone. This method
maximizes the strengths of different sensors while mitigating their weaknesses, resulting
in enhanced measurement accuracy, improved stability, and greater situational awareness
across various applications.

3.1. Levels of Sensor Fusion

Data-level fusion occurs right after the collection of sensor data. This phase involves
the integration of raw data from various sensor sources even before any filtering or analyti-
cal processes are applied. The primary objective of sensor-level fusion is to process raw
data to improve accuracy, diminish noise, and improve the overall data quality. Common
techniques employed at this level include the Kalman filter, the complement filter, and the
weighted average. Data-level fusion allows for a deeper comprehension of the observed
process by combining raw data from different sensors, making it suitable for scenarios
where initial filtering and noise reduction are imperative [32].

At the feature-level fusion, the data have already undergone preprocessing and filter-
ing, and key features have been extracted from the raw data through various techniques.
These features are amalgamated into a generalized feature vector, offering a more thorough
representation of the process. The aim of this level is to minimize data redundancy and
dimensionality while retaining essential information. Principal Component Analysis (PCA),
Factor Analysis, and Dimensionality Reduction Methods like Multidimensional Scaling
(MDS) are the main techniques used for feature-level fusion. Feature fusion enables the
optimization and streamlining of the classification process, which is particularly beneficial
in applications with limited computational resources [32].

Decision-level fusion is a level of data fusion in which decisions made by independent
classifiers are combined to produce a result. The decision level already contains predictions
or classifications from several models, which are combined using methods such as majority
voting, Bayesian networks, Dempster—Shafer theory, and ensemble classification methods
(e.g., boosting and bagging). The main advantage of decision-level fusion is that it improves
the accuracy and robustness of the final classification as it compensates for errors made
by individual classifiers. This level is used in situations where robustness to errors and
high decision accuracy are important, especially when training data are insufficient, or
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uncertainty is high. Figure 2 shows the levels of sensory signal fusion and their structural
organization [32].
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Figure 2. Data fusion at three different levels: (a) Signal-level fusion, (b) feature-level fusion, and

(c) decision-level fusion [32].

The classification of the sensor fusion levels and their descriptions are provided in
Table 1. In a multilevel data-processing system, the information goes through a series
of stages, from cleaning the source data and identifying key characteristics (Level 0) to
determining the presence and classification of objects, as well as tracking their status
(Level 1). The system then analyzes the situation, identifying patterns and synthesizing the
data to form a holistic view (Level 2), after which, it predicts possible consequences and
assesses risks (Level 3). The final stages optimize the data collection and processing process
(Level 4) and establish interactions with the user to improve the system’s understanding
and decision making (Level 5) [29].

Table 1. Levels of sensor fusion (classification according to the Joint Directors of Laboratories model).

Levels of Fusion Description Ref.
Removal of noise and unwanted signals. Correction of
Level 0: Sub-Object Data Assessment systematic measurement errors. Finding key characteristics [33]
from data.

Level 1: Object Assessment

Determination of the presence of objects in data.
Determination of the type or category of an object. Monitoring [29]
of the position and state of an object over time.

Identification of patterns and anomalies in object actions.

Level 2: Situation Assessment Assessment of the environment and conditions. Combining [33]

the data to create an overall picture of the situation.

The system predicts possible consequences of the current

Level 3: Impact Assessment situation and assesses risks (331

Level 4: Process Refinement Adaptafclon and optimization of the f:lata collection and [29]
processing based on the results obtained.

Level 5: User Refinement Interaction between the data fusion system and the user to [33]

improve the system’s understanding and decision making.
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Table 2 shows the methods for sensor data fusion and its applications in various fields.
This overview shows the development of data fusion technology and its contribution to
improving system performance.

The methods described in the study range from classical algorithms that are effective
in navigation and tracking, such as Kalman filters, to modern methods of machine learning
that can handle complex nonlinear data. Deep learning methods can extract high-level
features from raw sensor data, which is especially important for autonomous vehicles and
environmental monitoring.

Sensor data fusion plays an important role in robotics by improving perception and
differentiation, allowing for efficient navigation and interaction. In autonomous vehicles,
the combination of radar and camera data improves the accuracy of environmental per-
ception and safety. In environmental monitoring, data fusion improves the accuracy and
reliability of the data collected from different sensor networks that are needed to detect
changes and make informed decisions. Advanced data fusion algorithms can improve
the performance of wireless sensor networks. Special methods can improve navigation
in microrobotics [34]. In microelectromechanical systems [35], data fusion algorithms are
used for monitoring and tracking. Finally, in the Industrial Internet of Things (IloT) and
equipment fault diagnosis, data fusion methods are used to evaluate efficiency and accu-
racy. Deep learning methods [36] are widely used in environmental sensor data analysis
and autonomous systems.

Table 2. Methods and application of sensor fusion.

Methods of Sensor Data

Fusion Application Achievement Ref.
Fuzzy logic-based data Robotics and Introduced a novel fuzzy logic-based [37]
fusion method automation sensor data fusion method
Sensor data fusion for . L PrOPOSE:d a.met}.lod for improving
. o Microrobot navigation =~ navigation in microrobots through [34]
microrobot navigation .
sensor data fusion
MEMS sensor data Micro-electro- Developed data fusion algorithms for [35]
fusion algorithms mechanical systems MEMS sensors
Kalman filters N av1gat10n and Demonstl."ated ?ffectlveness of . [38]
tracking systems Kalman filters in sensor data fusion
Deep learning-based sensor Environmental Introduced a deep learning approach
. o to sensor data fusion for [39]
data fusion monitoring :
environmental data
Machine learning-based data ~ Environmental Proposed a multi-sensor data fusion [40]
fusion monitoring method that uses machine learning
. Improved sensor data fusion in
Deep learning-based . . .
. . Autonomous vehicles autonomous vehicles using [36]
multi-sensor data fusion .
deep learning
Performed comprehensive survey on
Survey of sensor data . . X
. Autonomous driving sensor data fusion methods in [41]
fusion methods ..
autonomous driving
. . . Discussed sensor data fusion
Sensor data fusion techniques  Industrial Internet methods that are applicable to [42]

for IoT

of Things

IoT environments

creasingly integrated into sensor data fusion. This trend is driven by the need to extract

An important trend is that artificial intelligence and deep learning are becoming in-
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large amounts of data efficiently and identify meaningful patterns that traditional methods
may miss. In addition, the use of machine learning-based methods shows that the appli-
cation complexity is increasing, and that more intelligent and autonomous systems are
needed. Focusing on applications such as the Internet of Things shows the importance of
sensor fusion in establishing a system of interconnection. As industries move towards more
connected and intelligent operations, the accurate integration of sensor data is essential for
real-time monitoring, predictive maintenance, and overall operational efficiency.

On the other hand, implementing machine learning technique requires multiple trials
and therefore takes time if the trials use real machines to learn feedback. In the case of
simulating the training of collected datasets, it can lead to uncertainties and cannot be
assumed to be accurate, and therefore the reliability still requires some special attention.

3.2. Sensor Fusion Software

There are specific software tools for measuring the performance of sensor fusion. This
section provides a brief overview of the existing software for sensor data fusion, comparing
the different solutions by functionalities, supported operating systems, achievements, and
current technology. Table 3 shows the software for the fusion of sensor data, which reflects
the diverse applications and requirements of modern engineering and science. The selection
of tools depends on the specific requirements of the project, such as the type of sensor used,
the performance requirements, and the availability of technical support [35-44].

Table 3. Sensor fusion software.

Software (O1] Features Ref.
ROS (Robot . Open platform for robotics .
. Linux Many packages for data fusion

Operating System) o

macOS (robot_localization, sensor_msgs, etc.) [43]
and ROS 2 (all . . .

. . Windows Wide support for sensors and algorithms
distrbutions) . .
Large community and active development
MATLAB Sensor Windows Tools and algorlthms fo%" multl—senso.r fu§10n
. . Support for object tracking and localization
Fusion and Tracking macOS . . . . [44]
Toolbox R2024b Linux Simulation and scenario testing
00tbo Used in academic and industrial research

Linux Computer vision library

macOS Offers functions for processing and merging data from
OpenCV 4.11.0 Windows cameras and sensors [45]

Android Widely used in image and video processing
iOS Large community and extensive documentation
RTMaps Platform for real-time and multi-sensor applications
(Real-Time Linux Synchronous data acquisition and processing [46]
Multi-Sensor Windows Used in the automotive and robotics industries
applications) Graphical development environment
Open-source software for autonomous driving

Autoware . Performs fusion of data from LiDAR, cameras, and radar

Linux [47]

(all versions)

Based on ROS
Used in autonomous vehicle projects

Apollo (Baidu
Autonomous
Driving Platform)
(all versions)

Open platform for autonomous driving
Linux Performs fusion of data from various sensors 48]
Modular architecture

Support from major company Baidu
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Table 3. Cont.
Software (01} Features Ref.
Open platform for drones and UAV autopilot
PX4 Autopilot NuttX (RTOS) Offers data fusion algorithms for navigation [49]
v1.16.0 Linux Large developer community
Used in research and commercial UAVs
Visualization and processing of LIiDAR data
LidarView v4.4.0 (by Windows Provides support for fusion of LiDAR data with data
Kitware, Clifton macOS from other sensors [50]
Park, NY, USA) Linux Based on VTK and ParaView technologies
Used in research and industry
Designed for mobile applications
Bosch Sensor Fusion Android Prov@es data fusion algorithms for motion tracking
SDK v3.4.0 08 Used in smartphones and wearables [51]
o Commercial SDK (by Bosch Sensortec,
Reutlingen, Germany)
Offers Kalman filter implementations for data fusion
Kalman Filter Used in embedded systems
Libraries Any OS Provides support for extended and non-linear [52]
(TinyEKEF, etc.) (C/C++, Python) Kalman filters
(all versions) Lightweight and suitable for systems with
limited resources
Data fusion library for C++
FusionLib Windows Supports various fusion algorithms (53]
(all versions) Linux Modular architecture for easy integration
Has documentation and examples for quick start
Multi-Sensor Fusion Unified platform for data fusion
Framework (by ETH Linux Provides support for various types of sensors [54]
Zurich’s) Modular and extensible

Developed at a leading research university

Currently, the Robot Operating System (ROS) is a popular tool in the field of robotics.
It provides a modular architecture and a wide range of packages for integrating and fusing
data from various sensors, which ensures scalability for complex systems [43]. Nevertheless,
implementing ROS is difficult for inexperienced users; therefore, the implementation is still
limited. The graphical mode of ROS is not very user-friendly.

In addition to ROS, the MATLAB Sensor Fusion and Tracking Toolbox offers tools
for modeling, simulating, and implementing data fusion algorithms. Moreover, it can be
integrated with other MATLAB tools, making it a versatile solution [44].

Specialized platforms such as Autoware and Apollo are focused on autonomous
driving and provide a full set of tools to process and fusing data from LiDAR, cameras, and
radar. It is important to note that these platforms are actively developed and are used in
industry to create autonomous vehicles.

Similarly, in the field of drones and unmanned aerial vehicles, PX4 Autopilot provides
solutions for navigation and flight control. In addition to this, this platform includes
optimized data fusion algorithms for real-time operations [49].

Finally, the ETH Zurich Multi-Sensor Fusion Framework tools and libraries provide
platforms for experimenting with new data fusion methods, thereby contributing to the
development of advanced technologies in the field of navigation.

The overview of the simulation software has revealed that all the software are very
versatile and require individual approaches as well as individual operations for each
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software package. Commercial packages look more polished in terms of the user interface,
but open-source ones have much more versatility for development and the implementation
of users” own code.

4. Sensor Data Fusion in Technical Applications
4.1. Sensor Fusion in Mobile Robotics

In recent years, autonomous mobile robots (AMRs) have become increasingly popular
and have been applied in industries, domestic industries, agriculture, medical care, etc.
They are capable of autonomous navigation and obstacle prevention and are useful for
tasks such as heavy object transport, monitoring, search, and rescue. In the development of
AMRSs, the main problems include navigation, trajectory planning, and collision avoidance.
High accuracy robot localization needs reliable navigation, an understanding of the route to
the target point, and the ability to avoid collisions. To increase localization accuracy, relative
and absolute methods based on various sensor technologies and algorithms are needed.
A prerequisite for AMR functionality is the ability to detect and bypass obstacles on the
way to the designated goal. Among the algorithms that are used are bug algorithms, vector
field maps (VFHs), and hybrid navigation algorithms, which facilitate the selection of safe
routes and the prevention of collisions. To improve accuracy, AMRs use different sensors
and data fusion techniques. Sensors are divided into IMUs, monocular vision sensors,
and marker-based systems. Data fusion allows for the integration of information from
different sensors, which increases the reliability and accuracy of environmental assessments.
Ref. [54] presents data fusion methods such as the Kalman filter and particle filter, which
are used to process sensor readings. The use of data fusion can improve the accuracy and
reliability of AMR systems. Figure 3 illustrates the processing of the classic sensor fusion
scheme in mobile robotics.

Sensor
signal

Decision Raw data
Making processing

Feature

Data Fusion Extraction

Select Fusion Fusion Level
Approach Selection

Figure 3. Data fusion in mobile robotics.

Autonomous mobile robots (AMRs) are becoming increasingly common in various
industries due to their ability to autonomously navigate and avoid obstacles, making them
indispensable for tasks that require movement, monitoring, and sensing. However, the
development of effective AMRs poses a number of challenges, including precise localization,
reliable path planning, and safe obstacle avoidance. To address these challenges, various
localization methods, navigation algorithms, and sensor systems are used, as well as data
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fusion technologies such as Kalman filter and particle filter, to improve the accuracy and
reliability of robots in challenging environments.

4.2. Sensor Fusion in Production Processes

Sensory data provides “feedback” about the environment and processes. Sensors
provide object location and state determination for real-time control, as well as responses
to unexpected situations and safety [55]. This allows for greater accuracy and reliability for
production processes. Combining data from different sensors allows for a more complete
and reliable assessment of the state of the system and the environment, thereby reducing
errors and increasing production accuracy. This method is suitable for four specific types
of errors; other errors cannot be corrected using this method. Industrial robots require
flexible decision making to successfully operate in dynamic and unpredictable environ-
ments. Fused sensor data provide more details, allowing control algorithms to respond
quickly to changes and effectively adapt robot behavior. The fusion of sensory information
helps automate quality control, reduce the risk of defects, and reduce downtime. Robotics
standards pay special attention to the quality of sensor systems and data-processing meth-
ods. In the development of new standards (for example, the ISO/TC 299 “Robotics”
standards [56]), one area is the standardization of the exchange and processing of sensor
data for industrial robots.

A framework for combining data from different sensors used to monitor CNC ma-
chines is presented in [57]. The aim of this work was to create a more complete and accurate
picture of the material processing process by combining information obtained from dif-
ferent sensors. The authors proposed data integration methods that take into account
differences in sensor types and the characteristics of the measured parameters. The authors
in [58] showed the possibility of using multispectral analysis to measure defects in additive
manufacturing. The fusion of data from different spectral ranges allowed users to obtain
more complete information about the structure and properties of the material, which is
important for defect detection. The authors demonstrated how the fusion of data from
different sensors improves accuracy and reliability. Ref. [59] is devoted to the develop-
ment of a methodology for the multi-sensory monitoring of metal additive manufacturing
processes and shows the importance of merging data from different sensors to control the
quality of processes. Improving the monitoring quality and management of these processes
through multi-sensory methodologies still has limitations. The proposed methodology
includes data integration methods that takes into account differences in the types of sensors
in robotic manufacturing and the characteristics of the measured parameters. The fusion
of optical and feedback sensor data enables real-time monitoring of the robotic welding
process and parameter adjustments to achieve stability [60]. The application of optical
measurements and feedback can also improve the stability of additive manufacturing based
on gas tungsten arc (GTA) robotic welding.

Ref. [61] studied real-time optical monitoring methods in fiber laser welding. The
authors analyzed various approaches for the use of optical sensors and emphasized the
importance of using data fusion to obtain a more complete picture of the welding process.
In [62], the authors applied machine learning to determine the penetration depth across the
weld pool in a robotic process. When data from sensors measuring weld pool parameters
were merged, the accuracy of the weld penetration depth determination was improved.
Using deep learning algorithms for processing sensor output data with raw signals requires
a large amount of data and high computational power, and is limited by the high cost of
the system. Ref. [63] presents methods for detecting welding defects in high-power disk
automatic laser welding based on multi-sensory data analysis. The authors demonstrated



Sensors 2025, 25, 3008

13 of 25

how the fusion of data from different sensors revealed hidden patterns and detected
welding defects.

The analysis of equipment and process condition monitoring in [64] provided reviews
of equipment and process-monitoring methods using sensors, feature extraction techniques
from received signals, and artificial intelligence-based monitoring models to classify the
condition of the instrument. In particular, the authors considered tool-condition-monitoring
methods in milling processes. Ref. [65] used temperature for online monitoring of gear
system conditions and provides systematic information on modern monitoring methods
and their application in various industries. For full-scale system:s, it is practically impos-
sible to obtain adequately similar conditions, so such a model is needed to maintain the
operating conditions.

4.3. Sensor Fusion Algorithm in Robotics

There is a vast number of position error compensation methods that help to bypass
sensor errors and compensate for the positioning error of the microrobotic system.

Ref. [66] presents a continuous part feeding system for industrial manipulators using
a mobile robot, a combination of ultrasonic sensors with IMUs, Kalman filter processing,
and visual marker detection. The proposed system had high accuracy and reliability for the
positioning of the mobile robot, even under dynamic motion and possible blocking of the
visual sensor, due to the switching strategy between positioning methods. With the EKF
approach, a slight deviation was observed during complex movements, which needed to be
compensated for. Figure 4 graphically illustrates the structure and operation of this system.
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Figure 4. The interaction mode (mobile robot and robotic manipulator) [66].

Various sensor fusion algorithms used for navigation applications have been reviewed,
with a focus on MEMS sensors, which are prone to temperature drift and errors. Real-
time sensor fusion is essential for low-cost MEMS navigation systems to minimize errors
and improve performance [67]. In dynamic experiments, the algorithm only works in
rectilinear motions since the relative angle of rotation of the compass is inaccurate. An
adaptive fusion algorithm was proposed for real-time processing, integrating data from
a gyroscope and accelerometer. This algorithm was designed to improve the estimate of
attitude and direction. The authors in [39] reviewed and evaluated the recent research on
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multimodal imaging sensor calibration for sensor fusion, focusing on both traditional and
emerging methods.

The research in [68] aimed to reduce sensor drift errors and improve the accuracy of
navigation systems by combining data from redundant MEMS inertial sensors. The results
showed that the drift error in a single gyroscope can be significantly reduced by combining
the redundant measurements. This method, which decomposes signals into different noise
components, requires complex experimental equipment which can introduce new errors.

We designed and implemented an Attitude and Heading Reference System (AHRS)
using an extended Kalman filter based on MEMS multi-sensory fusion. This approach
improved the accuracy of the measurements and achieved accurate attitude positioning [41].
Ref. [69] focused on the application of multiscale and multi-sensor data fusion algorithms
in processing data from MEMS gyroscopes. The fusion algorithm enhanced the reliability,
fault detection, and isolation capabilities of the data-processing system. The main problem
was the inherent random noise and drift of MEMS gyroscopes, which affected the stability
of the entire system. The proposed algorithm based on information fusion was designed to
overcome some of these shortcomings by simultaneously filtering the signals.

The alternative sensor fusion method for unmanned aerial vehicle orientation using
low-cost MEMS inertial sensors is described in [70]. The authors focused on the correlation
between the angles derived from a rate gyroscope and accelerometer-derived angles. The
measurements in the study were performed on a flat surface with minimal vibrations since
magnetic fields may be degraded by significant vibrations or interference.

A real-time navigation system for a wheeled mobile robot (WMR) using an IMU sensor
and Global Positioning System (GPS) modules designed with a real-time trajectory tracking
system was developed. This system implements two data fusion methods for localization
on an Arduino-based sensor system. The system includes on-chip self-calibration to
enhancing its accuracy and reliability in farm conditions. The authors implemented a
tracking controller and an embedded system [71]. The main weaknesses identified in the
data sources were filtering problems, which are often encountered in real-world settings.

A Gesture Recognition System was developed for robot control using median filtering
to reduce noise and sensor data processing with quaternion-based output computing,
and employs a dynamic link library for sensor data fusion. The system uses 14 MEMS
sensors and Bluetooth for data transmission [72]. Based on a low-cost, intelligent, and
lightweight portable gait analysis platform, a body sensor network was developed to assess
rehabilitation of patients with gait impairments. The authors used a multi-sensory data
fusion algorithm to estimate gait parameters [34]. Table 4 shows the sensor data fusion
applications and techniques that have been implemented in different fields.

Table 4. Comparison of sensor data fusion applications.

Methodology Application Sensors Fusion Technique Ref.
S1gna1 1‘eve1 fu51or.1 for Micro assembly Diverse sensors Signal-level fusion [73]
vibration-reduction
Microrobot
Passive diamagnetic levitation manipulation in fluid Magnetic fields Magnetic control [74]
environments
Movgble sensor array with .Medlcal. Magnetic sensors Multl—pomt locating [75]
ynamic tracking microrobotics algorithm
. . Ultrawideband
Algorlt}fl(r)rrlrfr?;tirgrliltlrobot Multirobot formation system, IMUs, Sensor fusion system [76]

wheel encoders




LiDAR Scan

wheel encoders
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Table 4. Cont.
Methodology Application Sensors Fusion Technique Ref.
. . Fiber . .

Magnetic control for patterning functionalization Magnetic sensors Magnetic control [77]

Laser sensors with feedback Microrobotic motion Closed-loop
Laser sensors . [78]

and control control motion control
PL-ICP and extended Kalman LiDAR, cameras, .
filter (EKF) Indoor Robot SLAM IMUs, odometers EKF, Bayesian [79]
UKF-based sensor fusion Mob@e rc?bot IMUs, angle sensors UKEF algorithm [80]
localization

Maximum Likelihood Estimator Indoor positioning Camesr:rzér;irared Fusion estimation [81]

. . . Factor Graph
Resilient Factor Graph Robot navigation UWSB, IMUs, LiDAR N [82]

Optimization
EKE with sensor fusion Indoor lgcallzatlon of IMUs, odometers, EKE [83]

mobile robots laser radar
RBPF-SLAM with Maximum Mobile robot Laser radar,
. .. . ultrasonic sensors, RBPF [84]
Posterior Estimation navigation
monocular cameras

Sensor Fusion with SLAM and Mobile robots LiDAR, GNSS, IMUs,  Sensor Redundancy [85]

Strategy

Recent research on sensor fusion for robot positioning has developed various inno-
vative approaches to improve positioning accuracy. The classified levels of sensor fusion
reflects the complexity and power of signal processing. Many studies integrated multiple
sensor types, such as Ultra-Wideband Positioning (UWB) [76], IMUs, cameras, magnetic
sensors, and LiDAR. Advanced fusion techniques like the EKF [79], unscented Kalman
filter (UKF) [80], and decentralized Kalman filter (DKF) have also been used to improve
the control of microrobots and mobile robots in complex environments. For example, some
studies [74] utilized diamagnetic levitation and magnetic control to precisely manipulate
microrobots without contact, achieving nano-accuracy, which is suitable for biomedical
applications. An example of a sensor fusion array is shown in Figure 5.

The applications range from medical environments, where pressure and magnetic
sensors improve microrobot stability and navigation in blood vessels, to industrial set-
tings, where sensor fusion improves multirobot formations. Other research used Kalman
filters and dedicated algorithms for indoor drone and mobile robot positioning, achiev-
ing centimeter-level precision by fusing data from UWB, MEMS sensors, and visual-
inertial odometry.

In more specific applications, laser sensors are used to control the closed-loop move-
ment of microrobots and multiple-sensor SLAM technology is used to navigate structured
indoor environments [84]. Some approaches integrate sensor data in real time using de-
centralized algorithms to provide robust and scalable solutions for complex multirobot
systems [86]. Decentralized approaches can perform localization even if one or more parts
fail, which is a significant advantage for this type of system. Furthermore, fusion tech-
niques such as early integration algorithms combine inertial and visual data to improve
GPS-free positioning accuracy, while camera and infrared sensor fusion can be used for
high-precision indoor positioning. In general, these studies show the critical role of sensor
fusion methods in improving the accuracy and reliability of robotic systems in various
fields [87]. The use of IMUs relies on the dead reckoning technique, which is inherently
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prone to error accumulation, and there are time delays between the camera and IMUs,
requiring synchronization.

Capsulc robot
=_—

Computer

/_\ ® Sensor arra S
= [ R

Controller Robotic Arm

Figure 5. Overview of dynamic magnetic tracking system [75].

A multi-sensory fusion-based mobile robot positioning and navigation system is
described in [88]. The authors increased the localization accuracy by combining data from
inertial measurement units, laser rangefinders, and cameras using an extended Kalman
filter. Their findings showed a notable decrease in positioning errors compared to single-
sensor systems, improving the robot’s precision in navigating intricate surroundings. Even
with a simple trajectory and a short distance, the robot’s performance was still not sufficient
to function in more complex conditions.

4.4. Sensor Fusion Technique for Localization and Position Detection

In [89], a robust and affordable multiple-sensor data fusion technology for collabora-
tive heterogeneous multirobot positioning is described. The proposed method enables the
sharing and fusion of data among robots with different sensor capabilities, thus increasing
the overall positioning accuracy. The results demonstrated that this collaborative method
improved the positioning efficiency by reducing localization errors and confirmed its use-
fulness in multirobot systems and remote sensing applications. Achieving high-precision
navigation is a challenging task due to the combined effects of various factors, individual
sensor limitations, the complexity of the data, and the accumulation of errors.

Other researchers used methods to integrate data from infrared sensors and cameras
for indoor positioning using multi-sensory fusion [81]. This approach improved the location
accuracy under dynamic conditions by addressing environmental uncertainty and sensor
noise. Comparisons between this strategy and those using sensors revealed significant
reductions in positioning errors. This study confirmed the practicality and scalability of this
approach for large-scale applications due to the low cost of the components and its high
accuracy. The camera and infrared sensor integration system still needs to be improved.

In [90], we reported an indoor mapping method based on a combination of IMUs,
odometry sensors, and the extended Kalman filter. By intelligently combining data, the
localization accuracy in an indoor area was improved without using GPS. The experimental
results showed improved accuracy in position estimation; the theoretical calculations
showed a good solution to internal navigation problems. When this method was used
to estimate the robot position using data from wheel encoders (odometry), a large error
occurred both in position and angle. This was due to the accumulation of errors from
the encoders.
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Similar research [91] used sensor fusion to investigate the location of robotic devices
during nuclear reactor inspections. The authors combined data from an IMU and laser
rangefinder to increase the accuracy of the robot’s positioning. The test reduced the
cumulative positioning errors by less than 2.3 mm and improved the robot’s ability to
navigate hazardous areas. The sources of positioning errors included unprocessed laser
measurement errors, IMU measurement errors, and scanning resolution interpolation
errors. These errors cannot be avoided, and can only be compensated for.

Motion control of a microrobot using laser sensors was implemented in [92]. By fusing
the data from laser displacement sensors, the authors achieved precise movement control.
The experiments demonstrated that the positioning accuracy was within micrometers
for high-precision micro-assembling and manipulation tasks, such as semiconductor and
biomedical device manufacturing. The platform was intended for performing movements
with a resolution on the order of micrometers. From a practical point of view, the resolution
of the movement is limited by the electronic control modules and the uneven distribution
of the factor of thirds.

In a similar case [93], scientists unveiled the Micro-UFO (Untethered Floating Object)
method, a remarkably precise method of manipulating microrobots. They were able to
attain submicrometric accuracy and fine control by employing sensor fusion. Their re-
sults demonstrated the efficiency of their manipulation technology and showed potential
uses in medical procedures and micromanufacturing, where great precision is critical.
Thus, despite the high positioning accuracy, the system has limitations related to hydrody-
namic forces, phase differences, trajectory errors during complex movements, and a stable
levitation range.

Research was conducted on the use of pressure signals in pulsating blood vascular
flow to stabilize the location of microrobots. They were able to maintain the stability of the
microrobot in dynamic biological contexts by combining data from sensors. Their findings
suggested that the microrobot can be successfully stabilized within a pulsatile flow and
that it could be used in targeted therapies and minimally invasive medical procedures [94].
The hemorheological properties of blood and blood flow in the vascular system create
significant hydrodynamic obstacles for the control of microrobots. The high velocity of
blood flow, especially in arteries, makes it difficult to precisely guide microrobots, whose
speed is actually much lower.

In [95], the authors present a two-probe setup and developed algorithms for the
precise capture, movement, and placement of nanoparticles using visual feedback from
a microscope and sensory data from the probes. The experimental results showed that
system can work with position errors of less than 5 micrometers, which is essential for tasks
requiring high precision and responsiveness in the fields of microfabrication. Although
the system, in principle, has a high resolution, the accuracy of the image data deteriorated
significantly when the two probes were close to each other.

The results demonstrated that the multi-sensory fusion-based mobile robot positioning
algorithm increased the positioning accuracy. Their algorithm effectively reduced location
errors by combining data from IMUs, LiDAR, and visual sensors. The results showed
that the accuracy and reliability were improved, addressing the difficulties of localization
which are essential for autonomous navigation [96]. In a complex scenario with a glazed
corridor and an exterior corridor, cartographer showed a noticeable angular deviation and
a dependence on the quality of the LiDAR data.

A pre-integration technique for inertial navigation that uses multi-sensory fusion for
the location of indoor mobility robots to improve the accuracy of inertial navigation was
proposed. The results showed that the drift was significantly reduced over time, making
it useful for indoor navigation when GPS signals are weak or opacity is lacking. This
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approach improved the robot’s ability to maintain accurate positioning over a long period
of time [97]. Although various sensors have been used to detect key points, some of them
may have limitations. For example, a Harris corner may not work with sharp changes in
scale or significant rotation between image frames.

Range-visual-inertial sensor fusion was used for the localization and navigation of
micro-aerial vehicles. Combining range measurements with visual and inertial data im-
proved the localization accuracy of micro-aerial vehicles. The experiments demonstrated
improved robustness and accuracy in complex air operations, while maintaining reliable
positioning in environments with limited functions or GPS rejection [98]. The experi-
ments used minimally tuned standard PID controllers, which could affect the accuracy of
trajectory tracking, especially at higher speeds.

Ref. [76] studied the formation of multiple robots with sensor locations in unknown
environments. Using data from LiDAR, IMU, and inter-robot communication, the robots
were able to maintain training and conduct collaborative navigation without prior environ-
mental knowledge. Their results showed that training control was successful with minimal
position errors and demonstrated the effectiveness of their approach in unrecognized and
dynamic terrains. During trajectory tracking in real-world conditions, the robots exhibited
slight vibrations while moving along a defined path due to localization errors.

In [99], a sensor fusion system was developed to autonomously locate mobile robots.
The proposed system improved the autonomy and precision of robot positioning. The
results showed higher reliability and reduced the positioning errors compared to GPS
alone, contributing to the development of a fully autonomous robot system capable of op-
erating in various environments. This paper discusses methods for combining information
from laser scanners and cameras to improve terrain perception by robots. The authors
proposed a new approach using deep neural networks and conditional random fields. The
excessive complexity of the deep structure of the model will lead to additional loads in the
learning network.

A new micro-profilometric method was developed for the study of art objects by com-
bining intensity and surface height data obtained from interferometric sensors. Ref. [100]
describes the principle of this system, and the testing of its characteristics and practical
application in the field of cultural heritage conservation. The disadvantage of the method
is that it is often impossible to obtain high-quality data in a single scan due to the different
light absorption coefficients of different materials.

Ref. [101] presents a method for positioning mobile robots based on multi-sensory in-
formation fusion with laser SLAM. Integrating laser scanning data with IMU and odometer
data, the authors improved the positioning accuracy and map quality. Their results showed
that the localization errors were reduced and the environment was mapped more accurately,
which is important for autonomous navigation and environmental interactions, although
the high complexity of the algorithm and computational workloads limits implementing of
this method.

The positioning of a wheeled mobile robot based on multi-sensory data fusion using
the extended Kalman filter is described in [102]. By combining data from an IMU, wheel
encoder, and ultrasonic sensor, the reliability of the mobile robot positioning system was
increased. Their experiments showed that the cumulative error rate was significantly
reduced over time and that the robot’s ability to navigate accurately over longer distances
and in environments with sensor uncertainty improved. There are numerous signal-filtering
techniques that are well studied and well known. However, each signal has its own
footprint with specific features, so filtering issues are still important in technology and are
part of the sensor fusion process. Mobile robots can define their orientation and coordinates
using a minimum number of sensors when the sensor fusion mechanism is applied [103].
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Unfortunately, the planning of the optimal robot route in dynamic environments, especially
with unknown and unpredictable changes, becomes a difficult task.

In general, the presented studies show the importance and effectiveness of multi-
sensory data fusion methods in improving the accuracy and reliability of positioning
in various robotic systems, from microrobots to mobile platforms and unmanned aerial
vehicles. These results open broad prospects for the further development of autonomous
systems and their application in various fields, including medicine, manufacturing, and
navigation in complex environments.

5. Discussion

After an analysis of the existing sensor data fusion issues, the authors noticed some
trends. The distribution of sensor fusion technology in each area of application is presented
in Table 5.

Table 5. Comparison of sensor data fusion applications according to fusion levels.

Fusion Level

Low-level fusion

Description Examples Applications
Directly combines raw data IMI.J - C.;PS foF raw Basic localization, rough
. positioning; LIiDAR + .
from sensors, focusing on camera for mapping, and

signal-level information. depth estimation. obstacle detection.

Intermediate-
level fusion

High-level fusion

Processes and combines Feature-based fusion like Object tracking, pattern
features extracted from raw parameter detection and recognition, and
data for more significant ideas. object segmentation. enhanced localization.
Combines high-level decisi . . o

ombInes gh-eve: CASIoNS - Decision fusion for Advanced navigation,
made by each sensor, focusing . . .

. obstacle avoidance or autonomous decision making,
on interpreted or ) o : . .
object recognition. and robotic manipulation.

classified data.

Autonomous vehicles and drones actively use all levels of data fusion, especially
hybrid fusion, to ensure reliable operation under dynamic conditions.

Service robots and medical robots also require a high level of data integration, espe-
cially at the high-level and hybrid levels, to ensure effective interactions with people and
the performance of complex tasks.

Industrial robots are less dependent on high-level data fusion as they usually per-
form repetitive tasks under predictable conditions, which reduces the need for complex
processing of sensor data. A graphical classification of sensor fusion is shown in Figure 6.
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Figure 6. Graphical classification of sensor fusion technologies in the field of robotics.
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The analysis of data fusion technology revealed that the intermediate level accounts
for a higher percentage of all sensor data fusion implementation, and could therefore open
a new space for higher level technique development. It is also necessary to develop more
sophisticated algorithms that can effectively process and interpret the combined data to
make more accurate and timely decisions. This will lead to the improved performance and
reliability of systems based on sensor data fusion.

6. Conclusions

This review identified numerous studies devoted to the use of sensor data fusion to
improve the accuracy and reliability of the positioning and navigation of robotic systems.
The use of multi-sensory fusion can effectively compensate for the disadvantages of in-
dividual sensors, improving the quality of the system. Some publications focused on the
combination of raw data from different sensors. For example, integrating data from IMUs,
odometry, and laser rangefinders can improve positioning accuracy by directly combining
the measurements. Such a fusion requires precise data synchronization and differences
in the update rate and characteristics of the different sensors. Several studies focused on
combining extracted features from sensor data, for example, combining visual features
with LiDAR data to improve mapping and localization in SLAM systems. This approach
uses complex information from different types of sensors to more reliably recognize the
environment. Fusion is also used at the decision-making level, where the results of individ-
ual algorithms or models are combined to make a final decision, for example, in systems
where data from different robots are combined for joint navigation and formation.

Several studies used a hybrid fusion level, combining low-, middle-, or high-level
fusion methods to achieve the best results. This approach has the advantage of using
each fusion level simultaneously. In hybrid methods, the data from different sensors
are first combined at the data or feature level, and then the results are integrated at the
decision level. This helps improve the accuracy and reliability of systems in complex and
dynamic environments.

Future research in this area could focus on developing adaptive fusion methods
that can dynamically select the optimal fusion level and method depending on current
conditions and tasks. Machine learning and deep learning methods are also promising
methods for improving data fusion and decision making in real time, which will allow for
the creation of more intelligent and autonomous methods.

The provided analysis of the issues in robotics revealed the following trends:

e  The widespread adoption of multi-sensory fusion as a key approach to overcome the
limitations of individual sensors;

e A movement towards more complex and adaptive fusion algorithms that can effec-
tively operate in real time and dynamically respond to environmental changes;

e  The integration of machine learning and deep learning methods to improve the quality
of data fusion and decision making;

e  The creation of highly autonomous robotic systems capable of performing complex
tasks under uncertain and changing conditions.

These trends reflect the growing interest in the development of intelligent navigation
and positioning systems that can find application in various fields, including industry,
medicine, and service robotics.

Future trends in hybrid sensor data fusion could include the development of hybrid
models of fusion, including sensor-database mixed data fusion and machine learning-based
sensor signal fusion with dynamic weight coefficient adjustment. There are Al technologies
that can be implemented into fusion processes and there are unpredictable technologies
development trends within the hybrid sensor fusion domain.
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The following abbreviations are used in this manuscript:

AHRS  Attitude and Heading Reference System
AMRs Autonomous mobile robots
ANFIS  Adaptive Neuro Fuzzy Interface

CNC Computer numerical control

DKF Decentralized Kalman filter

EKF Extended Kalman filter

GTA Gas tungsten arc

GNSS Global Navigation Satellite System
IoT Industrial Internet of Things

IMUs Inertial measurement units

IR Infra-red

KF Kalman filter

LiDAR  Light detection and ranging

LSTM Long short-term memory

MIMUs Magnetic and inertial measurement units
uSCM Micro search-coil magnetometer

MEMS  Microelectromechanical system

HES Micro-Hall-effect sensor

MDS Multidimensional Scaling

PDR Pedestrian dead reckoning

PCA Principal Component Analysis

RF Radio frequency
ROS Robot Operating System
SFAs Sensor fusion algorithms

SLAM Simultaneous localization and mapping
UWB Ultra-Wideband Positioning

UKF Unscented Kalman filter

UFO Untethered Floating Object

VFHs Vector field maps

WMR Wheeled mobile robot

1. Li, S.; Xu, J. Multi-Axis Force/Torque Sensor Technologies: Design Principles and Robotic Force Control Applications: A Review.
IEEE Sens. |. 2025, 25, 4055-4069. [CrossRef]

2. Matos, F; Bernardino, J.; Durées, J.; Cunha, J. A Survey on Sensor Failures in Autonomous Vehicles: Challenges and Solutions.
Sensors 2024, 24, 5108. [CrossRef] [PubMed]

3. Nguyen, D.K;; Huang, H.C.; Feng, T.C. Prediction of Thermal Deformation and Real-Time Error Compensation of a CNC Milling
Machine in Cutting Processes. Machines 2023, 11, 248. [CrossRef]


https://doi.org/10.1109/JSEN.2024.3495507
https://doi.org/10.3390/s24165108
https://www.ncbi.nlm.nih.gov/pubmed/39204805
https://doi.org/10.3390/machines11020248

Sensors 2025, 25, 3008 22 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Deilamsalehy, H.; Havens, T.C. Sensor Fused Three-Dimensional Localization Using IMU, Camera and LiDAR. Proc. IEEE Sens.
2016, 1-3. [CrossRef]

Mumtaz, N.; Arif, S.; Qadeer, N.; Khan, Z.H. Development of a Low Cost Wireless IMU Using MEMS Sensors for Pedestrian
Navigation. In Proceedings of the 2017 International Conference on Communication, Computing and Digital Systems, C-CODE,
Islamabad, Pakistan, 8-9 March 2017; pp. 310-315. [CrossRef]

Vasilev, M.; Macleod, C.N.; Loukas, C.; Javadi, Y.; Vithanage, R K.W,; Lines, D.; Mohseni, E.; Pierce, S.G.; Gachagan, A. Sensor-
Enabled Multi-Robot System for Automated Welding and In-Process Ultrasonic NDE. Sensors 2021, 21, 5077. [CrossRef]
Vafadar, A.; Hayward, K.; Tolouei-Rad, M. Drilling Reconfigurable Machine Tool Selection and Process Parameters Optimization
as a Function of Product Demand. |. Manuf. Syst. 2017, 45, 58-69. [CrossRef]

Singh, A.; Ghosh, S.; Aravindan, S. Influence of Dry Micro Abrasive Blasting on the Physical and Mechanical Characteristics of
Hybrid PVD-AITIN Coated Tools. . Manuf. Process. 2019, 37, 446-456. [CrossRef]

Williams, S.; Fang, H.; Relton, S.D.; Wong, D.C.; Alam, T.; Alty, ].E. Accuracy of Smartphone Video for Contactless Measurement
of Hand Tremor Frequency. Mov. Disord. Clin. Pract. 2021, 8, 69-75. [CrossRef]

Chow, ].C.K.; Hol, ].D.; Luinge, H. Tightly-Coupled Joint User Self-Calibration of Accelerometers, Gyroscopes, and Magnetometers.
Drones 2018, 2, 6. [CrossRef]

Michalec, P.; Faller, L.M. 3-D-Printing and Reliability Evaluation of an Easy-to-Fabricate Position Sensing System for Printed
Functional Wearable Assistive Devices. IEEE Sens. J. 2024, 24, 4137-4149. [CrossRef]

Li, X.Y,; Liu, FL.; Zhang, M.N.; Zhou, M.X.; Wu, C.; Zhang, X. A Combination of Vision- and Sensor-Based Defect Classifications
in Extrusion-Based Additive Manufacturing. J. Sens. 2023, 2023, 1441936. [CrossRef]

Haidegger, T.; Speidel, S.; Stoyanov, D.; Satava, R.M. Robot-Assisted Minimally Invasive Surgery—Surgical Robotics in the Data
Age. Proc. IEEE 2022, 110, 835-846. [CrossRef]

Qin, F; Li, Y;; Su, Y.H.; Xu, D.; Hannaford, B. Surgical Instrument Segmentation for Endoscopic Vision with Data Fusion of
Rediction and Kinematic Pose. Proc. IEEE Int. Conf. Robot. Autom. 2019, 2019, 9821-9827. [CrossRef]

Karimova, N.; Ochilov, U.; Yakhshiev, S.; Egamberdiev, 1. Predictive Maintenance of Cutting Tools Using Artificial Neural
Networks. E3S Web Conf. 2024, 471, 02021. [CrossRef]

Perez, H.; Tah, ].H.M.; Mosavi, A. Deep Learning for Detecting Building Defects Using Convolutional Neural Networks. Sensors
2019, 19, 3556. [CrossRef]

Yu, Z.; Zahid, A.; Taha, A.; Taylor, W.; Le Kernec, J.; Heidari, H.; Imran, M.A.; Abbasi, Q.H. An Intelligent Implementation of
Multi-Sensing Data Fusion with Neuromorphic Computing for Human Activity Recognition. IEEE Internet Things J. 2023, 10,
1124-1133. [CrossRef]

Khatun, M.A ; Yousuf, M.A.; Ahmed, S.; Uddin, M.Z.; Alyami, S.A.; Al-Ashhab, S.; Akhdar, H.F,; Khan, A.; Azad, A.; Moni, M.A.
Deep CNN-LSTM With Self-Attention Model for Human Activity Recognition Using Wearable Sensor. IEEE ]. Transl. Eng. Health
Med. 2022, 10, 1-16. [CrossRef]

Ratasich, D.; Khalid, F,; Geissler, F.; Grosu, R.; Shafique, M.; Bartocci, E. A Roadmap Toward the Resilient Internet of Things for
Cyber-Physical Systems. IEEE Access 2019, 7, 13260-13283. [CrossRef]

Elsisi, M.; Tran, M.Q.; Mahmoud, K.; Mansour, D.-E.A.; Lehtonen, M.; Darwish, M.M.F. Towards Secured Online Monitoring for
Digitalized GIS against Cyber-Attacks Based on IoT and Machine Learning. IEEE Access 2021, 9, 78415-78427. [CrossRef]
Shahid, Z.K,; Saguna, S.; Ahlund, C. Multiarmed Bandits for Sleep Recognition of Elderly Living in Single-Resident Smart Homes.
IEEE Internet Things ]. 2024, 11, 4414-4429. [CrossRef]

Balasubramanyam, A.; Ramesh, R.; Sudheer, R.; Honnavalli, P.B. Revolutionizing Healthcare: A Review Unveiling the Transfor-
mative Power of Digital Twins. IEEE Access 2024, 12, 69652-69676. [CrossRef]

Allen, M.].; Dorr, E; Mejia, ].A.G.; Martinez-Ferrer, L.; Jungbluth, A.; Kalaitzis, F.; Ramos-Pollan, R. M3LEO: A Multi-Modal,
Multi-Label Earth Observation Dataset Integrating Interferometric SAR and Multispectral Data. arXiv 2024, arXiv:2406.04230.
Mouli, K.V.VN.R.C; Prasad, B.S; Sridhar, A.V,; Alanka, S. A Review on Multi Sensor Data Fusion Technique in CNC Machining
of Tailor-Made Nanocomposites. SN Appl. Sci. 2020, 2, 931. [CrossRef]

Poulose, A.; Kim, J.; Han, D.S. A Sensor Fusion Framework for Indoor Localization Using Smartphone Sensors and Wi-Fi RSSI
Measurements. Appl. Sci. 2019, 9, 4379. [CrossRef]

Nemec, D.; Janota, A.; Hrubos, M.; Simak, V. Intelligent Real-Time MEMS Sensor Fusion and Calibration. IEEE Sens. ]. 2016, 16,
7150-7160. [CrossRef]

Geng, H.; Wang, Z.; Alsaadi, FE.; Alharbi, K.H.; Cheng, Y. Federated Tobit Kalman Filtering Fusion with Dead-Zone-Like
Censoring and Dynamical Bias under the Round-Robin Protocol. IEEE Trans. Signal Inf. Process. Over Networks 2020, 7, 1-16.
[CrossRef]

Yang, M.; Sun, X; Jia, F; Rushworth, A.; Dong, X.; Zhang, S.; Fang, Z.; Yang, G.; Liu, B. Sensors and Sensor Fusion Methodologies
for Indoor Odometry: A Review. Polymers 2022, 14, 2019. [CrossRef]

John, A.; Cardiff, B.; John, D. A Review on Multisensor Data Fusion for Wearable Health Monitoring. arXiv 2024, arXiv:2412.05895.


https://doi.org/10.1109/ICSENS.2016.7808523
https://doi.org/10.1109/C-CODE.2017.7918948
https://doi.org/10.3390/s21155077
https://doi.org/10.1016/j.jmsy.2017.08.004
https://doi.org/10.1016/j.jmapro.2018.11.024
https://doi.org/10.1002/mdc3.13119
https://doi.org/10.3390/drones2010006
https://doi.org/10.1109/JSEN.2023.3345018
https://doi.org/10.1155/2023/1441936
https://doi.org/10.1109/JPROC.2022.3180350
https://doi.org/10.1109/ICRA.2019.8794122
https://doi.org/10.1051/e3sconf/202447102021
https://doi.org/10.3390/s19163556
https://doi.org/10.1109/JIOT.2022.3204581
https://doi.org/10.1109/JTEHM.2022.3177710
https://doi.org/10.1109/ACCESS.2019.2891969
https://doi.org/10.1109/ACCESS.2021.3083499
https://doi.org/10.1109/JIOT.2023.3300015
https://doi.org/10.1109/ACCESS.2024.3399744
https://doi.org/10.1007/s42452-020-2739-7
https://doi.org/10.3390/app9204379
https://doi.org/10.1109/JSEN.2016.2597292
https://doi.org/10.1109/TSIPN.2020.3044904
https://doi.org/10.3390/polym14102019

Sensors 2025, 25, 3008 23 of 25

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.
48.
49.
50.
51.
52.

53.
54.

55.

56.

57.

58.

Tang, Z.; Sekine, M.; Tamura, T.; Tanaka, N.; Yoshida, M.; Chen, W. Measurement and Estimation of 3D Orientation Using
Magnetic and Inertial Sensors. Adv. Biomed. Eng. 2015, 4, 135-143. [CrossRef]

Basti, A.; Obikawa, T.; Shinozuka, J. Tools with Built-in Thin Film Thermocouple Sensors for Monitoring Cutting Temperature.
Int. J. Mach. Tools Manuf. 2007, 47, 793-798. [CrossRef]

Khan, M.N.; Anwar, S. Paradox Elimination in Dempster-Shafer Combination Rule with Novel Entropy Function: Application in
Decision-Level Multi-Sensor Fusion. Sensors 2019, 19, 4810. [CrossRef] [PubMed]

Blasch, E.P,; Plano, S. JDL Level 5 Fusion Model: User Refinement Issues and Applications in Group Tracking. Signal Process. Sens.
Fusion Target Recognit. XI 2002, 4729, 270-279. [CrossRef]

Qiu, S.; Liu, L.; Zhao, H.; Wang, Z.; Jiang, Y. MEMS Inertial Sensors Based Gait Analysis for Rehabilitation Assessment via
Multi-Sensor Fusion. Micromachines 2018, 9, 442. [CrossRef] [PubMed]

Tavakkoli, H.; Izhar; Duan, M.; Zhao, X.; Waikho, R.; Yang, L.].; Lee, Y.K. Dual-Mode Arduino-Based CMOS-MEMS Magnetic
Sensor System with Self-Calibration for Smart Buildings” Energy Monitoring. In Proceedings of the 17th IEEE International
Conference on Nano/Micro Engineered and Molecular Systems, NEMS 2022, Taoyuan, Taiwan, 14-17 April 2022; pp. 91-94.
[CrossRef]

Tsai, S.H.; Kao, L.H.; Lin, H.Y,; Lin, T.C.; Song, Y.L.; Chang, L.M. A Sensor Fusion Based Nonholonomic Wheeled Mobile Robot
for Tracking Control. Sensors 2020, 20, 7055. [CrossRef]

Adarsh, S.; Ramachandran, K.I. Design of Sensor Data Fusion Algorithm for Mobile Robot Navigation Using ANFIS and Its
Analysis Across the Membership Functions. Autom. Control Comput. Sci. 2018, 52, 382-391. [CrossRef]

Mihaylova, L.; Angelova, D.; Bull, D.R.; Canagarajah, N. Localization of Mobile Nodes in Wireless Networks with Correlated in
Time Measurement Noise. IEEE Trans. Mob. Comput. 2011, 10, 44-53. [CrossRef]

Qiu, Z.; Martinez-Sanchez, J.; Arias-Sdnchez, P.; Rashdi, R. External Multi-Modal Imaging Sensor Calibration for Sensor Fusion:
A Review. Inf. Fusion 2023, 97, 101806. [CrossRef]

Xue, L.; Yang, B.; Wang, X.; Shan, B.; Gao, ].; Chang, H.; Yao, Y. Design of Optimal Estimation Algorithm for Multi-Sensor Fusion
of a Redundant MEMS Gyro System. IEEE Sens. ]. 2023, 23, 4577-4588. [CrossRef]

Zhu, H. Research on the Application of Multi-Scale & Multi-Sensor Fusion Algorithm in MEMS Gyroscope Data Processing. J.
Phys. Conf. Ser. 2021, 2023, 012039. [CrossRef]

Krishnamurthi, R.; Kumar, A.; Gopinathan, D.; Nayyar, A.; Qureshi, B. An Overview of IoT Sensor Data Processing, Fusion, and
Analysis Techniques. Sensors 2020, 20, 6076. [CrossRef]

ROS: Home. Available online: https:/ /www.ros.org/ (accessed on 26 February 2025).

Sensor Fusion and Tracking Toolbox. Available online: https://uk.mathworks.com/products/sensor-fusion-and-tracking.html
(accessed on 20 March 2025).

OpenCV—Open Computer Vision Library. Available online: https://opencv.org/ (accessed on 20 March 2025).
RTMaps—DSPACE. Available online: https://www.dspace.com/en/pub/home/products/sw/impsw/rtmaps.cfm (accessed on
20 March 2025).

Home Page—Autoware. Available online: https://autoware.org/ (accessed on 26 February 2025).

Apollo. Available online: https://developer.apollo.auto/ (accessed on 26 February 2025).

Open Source Autopilot for Drones—PX4 Autopilot. Available online: https://px4.io/ (accessed on 26 February 2025).
LidarView—Visualize and Process Live Captured 3D LiDAR Data in Real-Time. Available online: https:/ /lidarview.kitware.com/
(accessed on 26 February 2025).

Sensor Fusion Software | Bosch Sensortec. Available online: https://www.bosch-sensortec.com/software-tools/software/
sensor-fusion-software-bsx/ (accessed on 26 February 2025).

GitHub—Simondlevy/TinyEKF: Lightweight C/C++ Extended Kalman Filter with Python for Prototyping. Available online:
https:/ /github.com/simondlevy/TinyEKF (accessed on 26 February 2025).

FusionLib | FusionLib. Available online: https://fusionlib.com/ (accessed on 26 February 2025).

Das, A K,; Kumar, K.; Majumdar, A.; Sahu, S.; Chandra, M.G. Multi-Sensor Fusion Framework Using Discriminative Autoencoders.
Eur. Signal Process. Conf. 2021, 2021, 1351-1355. [CrossRef]

Jana, D.; Patil, J.; Herkal, S.; Nagarajaiah, S.; Duenas-Osorio, L. CNN and Convolutional Autoencoder (CAE) Based Real-Time
Sensor Fault Detection, Localization, and Correction. Mech. Syst. Signal Process. 2022, 169, 108723. [CrossRef]

Lee, S.-G. Vocabulary standard for robotics in ISO. In Proceedings of the 7th International Conference on Robot Ethics and
Standards, Seoul, South Korea, 18-19 July 2022; pp. 18-19. [CrossRef]

Duro, J.A.; Bowen, J.A; Kim, C.R.; Nassehi, H.A.; Duro, J.A; Padget, ].A.; Bowen, C.R.; Kim, H.A.; Nassehi, A. Multi-Sensor Data
Fusion Framework for CNC Machining Monitoring. Mech. Syst. Signal Process. 2016, 66—67, 505-520. [CrossRef]

Chen, Y,; Peng, X.; Kong, L.; Dong, G.; Remani, A.; Leach, R. Defect Inspection Technologies for Additive Manufacturing. Int. J.
Extrem. Manuf. 2021, 3, 022002. [CrossRef]


https://doi.org/10.14326/abe.4.135
https://doi.org/10.1016/j.ijmachtools.2006.09.007
https://doi.org/10.3390/s19214810
https://www.ncbi.nlm.nih.gov/pubmed/31694251
https://doi.org/10.1117/12.477612
https://doi.org/10.3390/mi9090442
https://www.ncbi.nlm.nih.gov/pubmed/30424375
https://doi.org/10.1109/NEMS54180.2022.9791093
https://doi.org/10.3390/s20247055
https://doi.org/10.3103/S0146411618050036
https://doi.org/10.1109/TMC.2010.132
https://doi.org/10.1016/j.inffus.2023.101806
https://doi.org/10.1109/JSEN.2022.3151385
https://doi.org/10.1088/1742-6596/2023/1/012039
https://doi.org/10.3390/s20216076
https://www.ros.org/
https://uk.mathworks.com/products/sensor-fusion-and-tracking.html
https://opencv.org/
https://www.dspace.com/en/pub/home/products/sw/impsw/rtmaps.cfm
https://autoware.org/
https://developer.apollo.auto/
https://px4.io/
https://lidarview.kitware.com/
https://www.bosch-sensortec.com/software-tools/software/sensor-fusion-software-bsx/
https://www.bosch-sensortec.com/software-tools/software/sensor-fusion-software-bsx/
https://github.com/simondlevy/TinyEKF
https://fusionlib.com/
https://doi.org/10.23919/EUSIPCO54536.2021.9616066
https://doi.org/10.1016/j.ymssp.2021.108723
https://doi.org/10.13180/icres.2022.18-19.07.025
https://doi.org/10.1016/j.ymssp.2015.04.019
https://doi.org/10.1088/2631-7990/abe0d0

Sensors 2025, 25, 3008 24 of 25

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Chabot, A.; Rauch, M.; Hascoét, J.Y. Towards a Multi-Sensor Monitoring Methodology for AM Metallic Processes. Weld. World
2019, 63, 759-769. [CrossRef]

Xiong, J.; Liu, G.; Pi, Y. Increasing Stability in Robotic GTA-Based Additive Manufacturing through Optical Measurement and
Feedback Control. Robot Comput. Integr. Manuf. 2019, 59, 385-393. [CrossRef]

De Bono, P; Allen, C.; D’Angelo, G.; Cisi, A. Investigation of Optical Sensor Approaches for Real-Time Monitoring during Fibre
Laser Welding. J. Laser Appl. 2017, 29, 022417. [CrossRef]

Liang, R.; Yu, R.; Luo, Y.; Zhang, Y.M. Machine Learning of Weld Joint Penetration from Weld Pool Surface Using Support Vector
Regression. |. Manuf. Process 2019, 41, 23-28. [CrossRef]

You, D.; Gao, X.; Katayama, S. Detection of Imperfection Formation in Disk Laser Welding Using Multiple On-Line Measurements.
J. Mater. Process Technol. 2015, 219, 209-220. [CrossRef]

Zhou, Y.; Xue, W. Review of Tool Condition Monitoring Methods in Milling Processes. Int. ]. Adv. Manuf. Technol. 2018, 96,
2509-2523. [CrossRef]

Touret, T.; Changenet, C.; Ville, E; Lalmi, M.; Becquerelle, S. On the Use of Temperature for Online Condition Monitoring of
Geared Systems—A Review. Mech. Syst. Signal Process 2018, 101, 197-210. [CrossRef]

Yang, M.; Yang, E. Two-Stage Multi-Sensor Fusion Positioning System with Seamless Switching for Cooperative Mobile Robot
and Manipulator System. Int. |. Intell. Robot Appl. 2023, 7, 275-290. [CrossRef]

Feng, Y; Li, X.; Zhang, X. An Adaptive Compensation Algorithm for Temperature Drift of Micro-Electro-Mechanical Systems
Gyroscopes Using a Strong Tracking Kalman Filter. Sensors 2015, 15, 11222-11238. [CrossRef]

Wang, T.; Zhong, S.; Luo, H.; Kuang, N. Drift Error Calibration Method Based on Multi-MEMS Gyroscope Data Fusion. Int. ].
Precis. Eng. Manuf. 2023, 24, 1835-1844. [CrossRef]

Guo, H.; Hong, H. Research on Filtering Algorithm of MEMS Gyroscope Based on Information Fusion. Sensors 2019, 19, 3552.
[CrossRef]

Kumar, S.5.G.; Gudipalli, A.; Phang, S.K.; Jaganatha Pandian, B. Design and Development of an Inexpensive Inertial Measurement
Unit in the Arduino Environment. In Proceedings of the Innovations in Power and Advanced Computing Technologies, i-PACT
2023, Kuala Lumpur, Malaysia, 8-10 December 2023; pp. 1-5. [CrossRef]

Erfani, S.; Jafari, A.; Hajiahmad, A. Comparison of Two Data Fusion Methods for Localization of Wheeled Mobile Robot in Farm
Conditions. Artif. Intell. Agric. 2019, 1, 48-55. [CrossRef]

Chen, B.; Kuang, L.; He, W. Simulation of Gymnastics Performance Based on MEMS Sensor. EURASIP |. Adv. Signal Process. 2021,
2021, 47. [CrossRef]

Tjepkema, D.; Van Dijk, J.; Soemers, H.M.J.R. Sensor Fusion for Active Vibration Isolation in Precision Equipment. . Sound Vib.
2012, 331, 735-749. [CrossRef]

Feng, L.; Zhang, S.; Jiang, Y.; Zhang, D.; Arai, F. Microrobot with Passive Diamagnetic Levitation for Microparticle Manipulations.
J. Appl. Phys. 2017, 122, 243901. [CrossRef]

Wang, M.; Leung, K.Y,; Liu, R.; Song, S.; Yuan, Y,; Yin, J.; Meng, M.Q.H.; Liu, J. Dynamic Tracking for Microrobot with Active
Magnetic Sensor Array. Proc. IEEE Int. Conf. Robot. Autom. 2021, 2021, 7288-7294. [CrossRef]

Le, A.V,; Apuroop, K.G.S,; Konduri, S.; Do, H.; Elara, M.R.; Xi, R.C.C.; Wen, RY.W.; Vu, M.B; Phan, V.D.; Tran, M. Multirobot
Formation with Sensor Fusion-Based Localization in Unknown Environment. Symmetry 2021, 13, 1788. [CrossRef]

Barbot, A.; Tan, H.; Power, M.; Seichepine, E; Yang, G.Z. Floating Magnetic Microrobots for Fiber Functionalization. Sci. Robot
2019, 4, eaax8336. [CrossRef] [PubMed]

York, P.A,; Peia, R.; Kent, D.; Wood, R.J. Microrobotic Laser Steering for Minimally Invasive Surgery. Sci. Robot 2021, 6, eabd5476.
[CrossRef] [PubMed]

He, J.; Fang, J.; Xu, S.; Yang, D. Indoor Robot SLAM with Multi-Sensor Fusion. Int. |. Adv. Netw. Monit. Control. 2024, 9, 10-21.
[CrossRef]

Choi, M,; Seo, M.; Kim, H.S.; Seo, T. UKF-Based Sensor Fusion Method for Position Estimation of a 2-DOF Rope Driven Robot.
IEEE Access 2021, 9, 12301-12308. [CrossRef]

Martin-Gorostiza, E.; Garcfa-Garrido, M.A.; Pizarro, D.; Salido-Monzd, D.; Torres, P. An Indoor Positioning Approach Based on
Fusion of Cameras and Infrared Sensors. Sensors 2019, 19, 2519. [CrossRef]

Kuang, Y;; Hu, T,; Ouyang, M.; Yang, Y.; Zhang, X. Tightly Coupled LIDAR/IMU/UWB Fusion via Resilient Factor Graph for
Quadruped Robot Positioning. Remote Sens. 2024, 16, 4171. [CrossRef]

Zhou, G.; Luo, J.; Xu, S.; Zhang, S.; Meng, S.; Xiang, K. An EKF-Based Multiple Data Fusion for Mobile Robot Indoor Localization.
Assem. Autom. 2021, 41, 274-282. [CrossRef]

Tao, Y.; He, Y.; Ma, X,; Xu, H.; Hao, J.; Feng, ]. SLAM Method Based on Multi-Sensor Information Fusion. In Proceedings of the
Proceedings—2021 International Conference on Computer Network, Electronic and Automation, ICCNEA 2021, Xi’an, China,
24-26 September 2021; pp. 289-293. [CrossRef]


https://doi.org/10.1007/s40194-019-00705-4
https://doi.org/10.1016/j.rcim.2019.05.012
https://doi.org/10.2351/1.4983253
https://doi.org/10.1016/j.jmapro.2019.01.039
https://doi.org/10.1016/j.jmatprotec.2014.12.025
https://doi.org/10.1007/s00170-018-1768-5
https://doi.org/10.1016/j.ymssp.2017.07.044
https://doi.org/10.1007/s41315-023-00276-0
https://doi.org/10.3390/s150511222
https://doi.org/10.1007/s12541-023-00850-3
https://doi.org/10.3390/s19163552
https://doi.org/10.1109/I-PACT58649.2023.10434534
https://doi.org/10.1016/j.aiia.2019.05.002
https://doi.org/10.1186/s13634-021-00760-4
https://doi.org/10.1016/j.jsv.2011.09.022
https://doi.org/10.1063/1.5005032
https://doi.org/10.1109/ICRA48506.2021.9561854
https://doi.org/10.3390/sym13101788
https://doi.org/10.1126/scirobotics.aax8336
https://www.ncbi.nlm.nih.gov/pubmed/33137778
https://doi.org/10.1126/scirobotics.abd5476
https://www.ncbi.nlm.nih.gov/pubmed/34043580
https://doi.org/10.2478/ijanmc-2024-0002
https://doi.org/10.1109/ACCESS.2021.3051404
https://doi.org/10.3390/s19112519
https://doi.org/10.3390/rs16224171
https://doi.org/10.1108/AA-12-2020-0199
https://doi.org/10.1109/ICCNEA53019.2021.00070

Sensors 2025, 25, 3008 25 of 25

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Li, Q.; Queralta, ].P; Gia, T.N.; Zou, Z.; Westerlund, T. Multi-Sensor Fusion for Navigation and Mapping in Autonomous Vehicles:
Accurate Localization in Urban Environments. Unmanned Syst. 2020, 8, 229-237. [CrossRef]

Kandhasamy, S.; Kuppusamy, V.B.; Krishnan, S. Scalable Decentralized Multi-Robot Trajectory Optimization in Continuous-Time.
IEEE Access 2020, 8, 173308-173322. [CrossRef]

Ning, Y. A Comprehensive Introduction of Visual-Inertial Navigation. arXiv 2023, arXiv:2307.11758.

Cai, Z.; Liu, J.; Chi, W.; Zhang, B. A Low-Cost and Robust Multi-Sensor Data Fusion Scheme for Heterogeneous Multi-Robot
Cooperative Positioning in Indoor Environments. Remote Sens. 2023, 15, 5584. [CrossRef]

Gao, Y.; Wang, F; Li, J.; Liu, Y. Localization of Mobile Robot Based on Multi-Sensor Fusion. In Proceedings of the 32nd Chinese
Control and Decision Conference, CCDC 2020, Hefei, China, 22-24 August 2020; pp. 4367-4372. [CrossRef]

Nguyen, T.T.; Ngo, D.H.; Nguyen, Q.T.; Tran, D.T.; Dang, X.B. Indoor Mobile Robot Positioning Using Sensor Fusion. In
Proceedings of the 2022 6th International Conference on Green Technology and Sustainable Development, GTSD, Nha Trang City,
Vietnam, 29-30 July 2022; pp. 884-890. [CrossRef]

Zhang, D.; Cao, ].; Dobie, G.; MacLeod, C. A Framework of Using Customized LIDAR to Localize Robot for Nuclear Reactor
Inspections. IEEE Sens. . 2022, 22, 5352-5359. [CrossRef]

Karaiskos, K.; Lampousis, C.; Vlachos, K.; Papadopoulos, E. Implementation and Motion Control of a Microrobot Using Laser
Sensors. In Proceedings of the 2022 30th Mediterranean Conference on Control and Automation, MED 2022, Vouliagmeni, Greece,
28 June-1 July 2022; pp. 676-681. [CrossRef]

Uvet, H.; Demircali, A.A.; Kahraman, Y.; Varol, R.; Kose, T.; Erkan, K. Micro-UFO (Untethered Floating Object): A Highly
Accurate Microrobot Manipulation Technique. Micromachines 2018, 9, 126. [CrossRef]

Ceylan, H.; Yasa, 1.C.; Kilic, U.; Hu, W.; Sitti, M. Translational Prospects of Untethered Medical Microrobots. Prog. Biomed. Eng.
2019, 1, 012002. [CrossRef]

Zimmermann, S.; Tiemerding, T.; Haenssler, O.C.; Fatikow, S. Automated Robotic Manipulation of Individual Sub-Micro Particles
Using a Dual Probe Setup inside the Scanning Electron Microscope. In Proceedings of the 2015 IEEE International Conference on
Robotics and Automation (ICRA), Seattle, WA, USA, 26-30 May; Volume 2015, pp. 950-955. [CrossRef]

Liu, Z; Li, Z; Liu, A; Sun, Y,; Jing, S. Fusion of Binocular Vision, 2D Lidar and IMU for Outdoor Localization and Indoor Planar
Mapping. Meas. Sci. Technol. 2022, 34, 025203. [CrossRef]

Yu, S.; Jiang, Z. Design of the Navigation System through the Fusion of IMU and Wheeled Encoders. Comput. Commun. 2020, 160,
730-737. [CrossRef]

Goudar, A.; Zhao, W.; Schoellig, A.P. Range-Visual-Inertial Sensor Fusion for Micro Aerial Vehicle Localization and Navigation.
IEEE Robot Autom. Lett. 2024, 9, 683-690. [CrossRef]

Zhang, F.-S.; Ge, D.-Y,; Song, ].; Xiang, W.-J. Outdoor Scene Understanding of Mobile Robot via Multi-Sensor Information Fusion.
J. Ind. Inf. Integr. 2022, 30, 100392. [CrossRef]

Mazzocato, S.; Daffara, C. A Method for Spatially Registered Microprofilometry Combining Intensity-Height Datasets from
Interferometric Sensors. Sensors 2023, 23, 4144. [CrossRef]

Liu, Z.X; Xie, C.X.; Xie, M.; Mao, ]. Mobile Robot Positioning Method Based on Multi-Sensor Information Fusion Laser SLAM.
Clust. Comput. 2019, 22, 5055-5061. [CrossRef]

Hafez, O.A; Joerger, M.; Spenko, M. How Safe Is Particle Filtering-Based Localization for Mobile Robots? An Integrity Monitoring
Approach. IEEE Trans. Robot. 2024, 40, 3372-3387. [CrossRef]

Alatise, M.B.; Hancke, G.P. A Review on Challenges of Autonomous Mobile Robot and Sensor Fusion Methods. IEEE Access 2020,
8, 39830-39846. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1142/S2301385020500168
https://doi.org/10.1109/ACCESS.2020.3024685
https://doi.org/10.3390/rs15235584
https://doi.org/10.1109/CCDC49329.2020.9164260
https://doi.org/10.1109/GTSD54989.2022.9989084
https://doi.org/10.1109/JSEN.2021.3083478
https://doi.org/10.1109/MED54222.2022.9837183
https://doi.org/10.3390/mi9030126
https://doi.org/10.1088/2516-1091/ab22d5
https://doi.org/10.1109/ICRA.2015.7139291
https://doi.org/10.1088/1361-6501/ac9ed0
https://doi.org/10.1016/j.comcom.2020.07.009
https://doi.org/10.1109/LRA.2023.3335772
https://doi.org/10.1016/j.jii.2022.100392
https://doi.org/10.3390/s23084144
https://doi.org/10.1007/s10586-018-2474-7
https://doi.org/10.1109/TRO.2024.3420798
https://doi.org/10.1109/ACCESS.2020.2975643

	Introduction 
	Materials and Methods 
	Technology of Sensor Fusion 
	Levels of Sensor Fusion 
	Sensor Fusion Software 

	Sensor Data Fusion in Technical Applications 
	Sensor Fusion in Mobile Robotics 
	Sensor Fusion in Production Processes 
	Sensor Fusion Algorithm in Robotics 
	Sensor Fusion Technique for Localization and Position Detection 

	Discussion 
	Conclusions 
	References

