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Abstract. To address the challenges of existing
automatic  spot-center positioning methods in
engineering applications, namely the difficulty in
simultaneously achieving performance,
positioning accuracy, and detection stability, this study

real-time

proposes a multi-strategy approach for spot-center
positioning and error measurement. This method
integrates the center of mass approach, elliptical fitting,
and two-dimensional Gaussian fitting. It selects
strategies based on real-time and accuracy constraints
for different detection scenarios, while introducing a
unified error measurement model for the quantitative
evaluation of positioning results. By establishing a
pixel-to-physical coordinate mapping, a systematic

evaluation of spot center localization and aiming error
was achieved using metrics such as the root mean
square error. Experiments demonstrated that under both
static and dynamic conditions, this method exhibits
excellent robustness and stability, meeting the
comprehensive requirements for accuracy and real-time
performance in engineering applications.

Keywords:  Multi-strategy  Fusion; Spot Center
Positioning; Error Measurement; Performance Trade-

off: Deviation Calculation

1. Introduction

Laser aiming technology is widely applied in industrial measurements and equipment
calibrations, where its precision and stability directly impact system reliability and safety [1-2].
While existing methods have extensively studied theoretical accuracy, traditional single-
positioning approaches struggle to balance precision, efficiency, and stability under complex
lighting conditions, background interference, and variable spot shapes, which limits their

engineering applications. Therefore, constructing a multi-strategy fusion positioning
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framework for complex engineering environments—enabling the complementary advantages
of different positioning methods, dynamically adjusting weights to balance accuracy and
computational efficiency, and integrating positioning results with target surface calibration for
quantitative error measurement [3] has become a critical challenge for enhancing the

practicality and robustness of visual inspection systems.

Existing automated spot center localization methods: Scholars worldwide have proposed
various computer vision-based detection methods. Current laser spot center localization
methods primarily fall into three categories: first, methods based on gray-level centroid
calculation, which offer high computational efficiency but weak interference resistance [4];
second, methods based on contour geometric modeling, which exhibit good stability but rely
on edge extraction quality [5]; and third, methods based on two-dimensional Gaussian
distribution modeling, which offer high accuracy but involve complex computations [6-7].
Existing research primarily focuses on optimizing individual methods, lacking a systematic
analysis of the trade-offs between accuracy, efficiency, and stability across different approaches,

thereby limiting their application in complex engineering environments.

To address these issues, this study proposes a multi-strategy approach for engineering-
oriented spot center localization and error measurement. The key contributions of this study are

as:

(1) Establishing a multi-strategy localization framework that allows flexible selection based
on engineering requirements, achieving an effective trade-off between detection accuracy and

computational efficiency.

(2) Integrating a target surface calibration model to establish a unified laser aiming error
measurement method, enabling the quantitative calculation of deviation distance and direction
[8-9].

(3) Validating the robustness and stability of the proposed method under complex

illumination conditions through comparative experiments [10].

2. Multi-Strategy Spot Center Localization and Error
Measurement Method

2.1. System Design
To address the diverse requirements for detection accuracy and real-time performance in
engineering applications, this study proposes a multi-strategy framework for spot-center

positioning and error measurement. The overall system architecture is illustrated in Figure 1.
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Figure 1. Framework of the multi-strategy spot center localization and error measurement system

The algorithm processing layer of this framework undergoes a focused design comprising

three key steps:

(1) Spot image preprocessing: Denoising, enhancement, and segmentation are performed

on the raw target surface image to obtain a stable spot region [11-12].

(1) Noise reduction: Employ a 3x3 median filter to eliminate isolated noise and salt-and-
pepper noise while preserving edge structures; in dynamic scenes, overlay a 5x5 Gaussian filter
(o0 = 1.0 — 1.5) to suppress random noise, ensuring continuous grey-level distribution and

facilitating subsequent Gaussian fitting.

(2) Image enhancement: Performed grey-level normalisation, mapping pixels to [0,255];
employed Contrast-Enhancing Localised Adaptive Histogram Equalisation (CLAHE) to boost
local contrast, followed by y correction (y = 0.8 — 1.2)to accentuate the difference between

the light spot core and background, thereby improving segmentation stability.

(3) Threshold Segmentation: Under static, uniform illumination conditions, employ Otsu's
global threshold segmentation. For dynamic or fluctuating illumination scenarios, utilise local
mean adaptive threshold segmentation (window size 21 X 21,C =5 —10) . Following
binarisation, perform 3x3 structural element opening operations and connected component
analysis, retaining the largest connected region as the valid light spot area.

(2) Multi-strategy spot center localization: Select an appropriate center localization strategy

based on engineering application requirements to extract the spot center [13-14]. Upon

obtaining a stable spot region, the system enters the multi-strategy centre localisation phase.
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Unlike traditional methods employing a single fixed algorithm, this approach supports three
centre localisation strategies: grey-level centroid method, elliptical least-squares fitting, and

two-dimensional Gaussian fitting.

(3) Error visual measurement: The target surface calibration model is combined to convert

pixel coordinates to physical coordinates to calculate aiming error offsets [15].

Through this framework, different center positioning strategies can be flexibly switched
under a unified data flow and error model, thereby adapting to the comprehensive demands of

accuracy, efficiency, and stability in various engineering inspection scenarios.

2.2. Related Methods
2.2.1. Multi-Strategy Spot Center Localization

To address the diverse spot center localization demands across inspection scenarios, this
study proposes a multi-strategy approach. This method integrates three common localization
algorithms—centroid-based, elliptical fitting, and two-dimensional (2D) Gaussian fitting—
within a unified framework. By selecting strategies based on real-time and accuracy constraints
for different scenarios, optimal localization precision and robustness are ensured while

maintaining real-time performance.
(1) Gray-Scale Centroid Method

The gray-level centroid method treats the laser spot as a two-dimensional distribution. The
"center of mass" of the spot is calculated by performing a weighted average of the gray-level

values of pixels within the spot region, using this as the spot center position.

Since the spot brightness follows a Gaussian-like distribution, its center can be obtained
through brightness-weighted summation: Let the spot region be (2, the pixel coordinates in the
image be (x, y), and the corresponding grayscale value be I(x, y). The spot center coordinates

can be expressed as

. Z(x,y)e()x ’ I(x' y) _ Z(x,y)e()y ) I(x: y)
¢ Z(x,y)e()] (x» y) , ¢ Z(x,y)eQI (x, y)

In the image coordinate system, (x, y) represents the horizontal and vertical coordinates of a
pixel. The value I(x,y) indicates the gray level of the corresponding pixel, showcasing its light
intensity. Additionally, £2 defines the spot region obtained through threshold segmentation or

preprocessing.

This method features a simple algorithmic structure and high computational efficiency,
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enabling rapid spot-center localization with a low computational overhead. It is suitable for
engineering scenarios that demand high real-time performance, where the spot shape is regular
and background interference is minimal. However, it is sensitive to grayscale distribution and
may exhibit positioning shifts under conditions of noise interference, spot asymmetry, or local

saturation, which limits its robustness and accuracy.
(2) Elliptical Least Squares Fitting

The elliptical least-squares fitting method first extracts the edges of the spot, approximates
the spot contour as an elliptical model, fits the elliptical parameters using the least-squares

method, and uses the center of the ellipse as the spot center.

Fitting a quadratic curve:

Ax?> +Bxy +Cy*+Dx+Ey+F =0

Solve for parameters A, B, C, D, E, F via least squares. Under elliptical constraints, the center

coordinates are given by

2CD — BE 2AE — BD

e =B2_4ac’ YT BZ_aAC

In this context, x and y denote the pixel coordinates of the spot's edge points. The parameters

A~F represent the ellipse model parameters derived from fitting the set of edge points.

This method determines the center position by geometrically modeling the spot edges,
thereby reducing the dependence on a uniform light intensity distribution. It maintains good
positioning stability even under spot deformation or center grayscale saturation, making it
suitable for detection scenarios with slightly irregular spot contours or elliptical deformations.
However, it relies heavily on edge extraction quality and has high computational complexity,
potentially leading to reduced positioning accuracy in complex backgrounds or under blurred

edge conditions.
(3) Two-Dimensional Gaussian Fitting

The 2D Gaussian fitting method assumes that the intensity distribution of the laser spot
approximates a 2D Gaussian function. This distribution was fitted using nonlinear least squares,

with the center of the fitted function representing the center of the spot.
The 2D Gaussian model can be expressed as

X — Xxg)? — V)2
(x=%)" &=y | I,
207 203

I(x,y) = I, exp (—
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In this context, I (x, y) represents the gray value at pixel coordinates (x,y). The variable lo
denotes the peak intensity of the spot, while (X, y:) indicates the center of the Gaussian
distribution, marking the coordinates of the spot's center. The parameters oy and o, define the
expansion scales of the spot in the x and y directions, respectively. Lastly, I_b refers to the

background gray value bias term.

This method, based on a two-dimensional Gaussian distribution model approximation of the
spot, exhibits strong noise resistance and high positioning accuracy. It enables sub-pixel-level
center extraction and is suitable for high-precision detection and calibration scenarios. However,
its computational complexity and sensitivity to initial parameters limit its engineering
applicability when the spot deviates from the Gaussian assumption or when a high real-time

performance is required.

2.2.2. Error Measurement

To enable the comparability and quantitative analysis of laser aiming errors across different
spot-center positioning strategies, this study establishes a unified error measurement method
based on multi-strategy positioning results. This method uses target calibration to establish a
mapping relationship between the pixel and physical coordinates, providing a unified

description of the deviation of the spot center relative to the target center.
The method first obtains the pixel-to-physical coordinate scaling factor k through calibration.

It then converts the pixel coordinates of the spot center (x., y.) to a physical coordinate system

with the target center as the origin (X, Y). The conversion relationship is as follows:
X=k(Xc—x), Y =k(yc—y)
where (X, y;) denotes the target center pixel coordinate system.
Based on this, the aiming errors are uniformly described in terms of their magnitude and
direction as follows:

(1) Deviation Distance: The magnitude of the offset between the spot center and the target
center is introduced as the deviation distance d, defined as the "Euclidean distance" between

the spot center and the target center in the physical coordinate system:

d = J(X)? + (Y)?

where: X,Y are the coordinate components of the spot center in the physical coordinate

system.

(2) Deviation Angle: The directional characteristic of the spot center's offset. The deviation
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angle 0 is defined as the azimuth angle of the spot center relative to the target center in the

physical coordinate system:
= arctan |~

where: 0 denotes the angle between the offset direction of the spot center and the X — axis;
X and Y represent the coordinate components of the spot center in the physical coordinate

system.

This measurement is independent of specific localization strategies and applies to different
localization results, such as the gray-level centroid, elliptical fitting, and two-dimensional
Gaussian fitting methods, providing a unified evaluation basis for comparing the performance

of multi-strategy approaches.

2.3. Adaptive Spot Localization Strategy Selection

Strategy selection is critical for multi-strategy localization methods. Based on the distinct
characteristics of the application scenarios, the most suitable strategy selection mechanism must
be identified. The system automatically presets the selection prior to operation, according to the

engineering application requirements. The specific selection principles were as follows:
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Figure 2. Multi-strategy spot center localization selection architecture

(1) Scenarios with high real-time requirements: For dynamic monitoring (e.g., moving laser
targeting), the centroid method is recommended. This approach calculates the center of gravity

of the spot using grayscale weighting, enabling millisecond-level positioning to meet real-time
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detection demands.

(2) Scenarios with spot shape distortion: When the spot becomes distorted owing to the
imaging angles or optical system effects, the elliptical fitting method is recommended. This
technique enhances the positioning accuracy by fitting the spot contour with an ellipse, thereby

improving the system robustness under suboptimal conditions.

(3) High-precision static scenarios: For static detection or calibration requiring extreme
accuracy, the 2D Gaussian fitting method is recommended. This technique establishes a 2D
Gaussian model based on the brightness distribution of the light spot, achieving sub-pixel
positioning accuracy suitable for static high-precision calibration. The specific architecture is

illustrated in Figure 2.

3. Experimental Design and Validation
3.1. Experimental Scenario Design

Existing research predominantly focuses on single-spot center localization algorithms or
compares multiple algorithms in parallel to analyze performance differences. However, studies
lacking a unified system framework for achieving algorithmic cooperative scheduling and
adaptive selection remain scarce [16-17]. Consequently, although such methods are effective
under ideal experimental conditions, they struggle to simultaneously meet real-time, accuracy,

and stability requirements in complex engineering scenarios.

To address these limitations, this study introduces the concept of "multi-strategy unified
validation" during the experimental design phase. This approach systematically evaluates the
performance of different positioning algorithms under static and dynamic conditions, providing
an experimental foundation for the subsequent development of automated multi-strategy
selection mechanisms. In static experiments, the laser maintained a fixed orientation while
continuously capturing multiple frames to analyze spot extraction stability and the repeatability
of different center-based positioning algorithms, thereby verifying their positioning accuracy
under ideal conditions. In the dynamic experiments, spot offsets of varying magnitudes and
directions were generated by adjusting the laser orientation. Corresponding deviation distances
and direction angles are calculated to evaluate the system's adaptability and detection stability
under multiple aiming states. The experimental system comprises a laser emission module,
target surface apparatus, and image processing module. It employs a violet laser and a violet
photosensitive target surface. A mark was placed at the target center, with concentric circles of

radii 2/4/6/8/10 cm drawn for pixel-to-physical coordinate mapping and deviation calculation
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[18].
3.2. Evaluation Metrics

This study constructs an experimental evaluation metric system based on three dimensions:
detection accuracy, computational efficiency, and result stability. This metric system aims to
comprehensively reflect the performance differences and engineering adaptability of different

positioning strategies in practical-detection scenarios.
(1) Positioning Accuracy Metric

Positioning accuracy measures the deviation between the center of the laser spot and its true
position, serving as a core metric for evaluating the laser aiming detection performance. This
study uses the calibrated physical coordinates of the target surface as a reference and adopts the

deviation distance of the laser spot center as the primary accuracy evaluation indicator.

Under static experimental conditions, multiple consecutive frames were captured to compute
the deviation distance of the spot center relative to the target center. The root mean square error
(RMSE) serves as a quantitative evaluation metric for positioning accuracy and is calculated as

follows:

Among these,d; represents the deviation distance of the spot center in the i frame image,
where Ndenotes the number of sampled frames. RMSE comprehensively reflects the overall
level of positioning error and is suitable for precision comparison analysis between different
positioning strategies.

(2) Computational Efficiency Metric

Computational efficiency measures the real-time processing capability of different spot-
center localization strategies in engineering applications. This study uses the average processing
time per frame as the efficiency evaluation metric, encompassing two primary computational

processes: image preprocessing and spot center localization.

Under identical hardware and software conditions, the average processing time required by
each positioning strategy for a single frame was statistically recorded to reflect the differences
in computational complexity. This metric provides an intuitive indication of the suitability of

each method for real-time requirements, serving as a crucial basis for flexible multi-strategy
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selection.

(3) Stability and Repeatability Metrics

Stability evaluates the fluctuation of the spot center positioning results under repeated
measurements, serving as a key indicator for assessing reliability in engineering applications.
This study analyzes the statistical characteristics of the spot center deviation distance using
multi-frame continuous acquisition results from static experiments.

Specifically, the standard deviation (SD) of the deviation distance was adopted as the

stability evaluation metric, calculated as follows:

N
1 ]
= R . — 2
SD N—LZ(d‘ d)
i=

where d is the mean deviation distance;d; represents the deviation distance of the spot center
in the i frame image; and N denotes the number of sampled frames. A smaller standard

deviation indicates less fluctuation in positioning results and better system stability.

In the dynamic experiments, the consistency of the deviation calculations under varying
offset magnitudes and directions was analyzed to further validate the adaptability and

robustness of the proposed method in complex detection scenarios.

3.3. Experimental Results and Analysis

Table 1. Performance Comparison of Different Spot Center Localization Algorithms (Static)

Algorithm Sl\(/lll‘:::‘le Max.im.um RMSE s :'1211%1112 Standard Deviation
Deviation/ . SD
Type Error/ /mm Processing
mm . /mm
mm Time / ms
Gray-scale
Centroid 0.082 0.137 0.094 3.1 0.031
Method
Elliptical
approximation 0.041 0.089 0.052 8.6 0.018
method
Two-
dimensional 0.028 0.061 0.036 21.3 0.021
Gaussian fit
Gray-scale
Centroid 0.082 0.137 0.094 3.1 0.031
Method

Under identical experimental conditions, the detection performance of the system in static

scenarios was analyzed comparatively. As shown in Table 1., the three spot-center localization

10
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algorithms exhibit distinct strengths. The gray-level centroid method achieves the shortest
single-frame computation time, making it suitable for high-realtime scenarios. However, its
mean error and RMSE are relatively large, and its positioning accuracy is significantly affected
by spot morphology and noise. The elliptical fitting method outperforms the gray-level centroid
method across all error metrics, demonstrating stability against spot deformation with moderate
computation time. The 2D Gaussian fitting method achieves the highest positioning accuracy
and best error control; however, its computation is time-consuming, making it unsuitable for

direct application in high-real-time scenarios.

Table 2. Performance Comparison of Spot Center Localization Algorithms (Dynamic)

. Mean Azimuth  Gipgle Frame Maxin.lum
Algorithm Absolute Angle Time Transient Algorithm Type
Type Distance o . Deviation /
Error/mm Error/ Fluctuation/ms mm
Gray-scale i .
Centroid 0.035 2.7 +0.4 0152 O ;j{iltioc(fmmld
Method
Ellipse . o
Fitting 0.022 1.8 +0.7 0.098 Eui\l/’lseeﬂigmg
Method
Two-
dimensional 0.019 15 112 0.074 Two-dimensional
Gaussian ' ' o ' Gaussian fitting
fitting
Gray-scale .
Controid 0.035 2.7 +0.4 0.152 ~ Gray-scale Centroid
Method Method

Table 3. Relationship Between Application Scenario Requirements and Automatic Spot Positioning
Strategy Selection

System-Automatically

Application Scenario Primary Requirements Selected

Type Positioning Strategy
i -Ti High real-ti fi id
Dynamlc. Regl Time 181 redl-ime perlofmance, rapt Gray-scale Centroid Method
Monitoring response
Spot morphology distortion Robustness and Stability Ellipse Fitting Method
Static hlgh-p recision High Accuracy, Low Fluctuation 2D Gaussian fitting method
detection
i -Ti High real-ti fi i
Dynamlc' Regl Time igh real-time performance, rapid Gray-scale Centroid Method
Monitoring response

Under identical experimental conditions, the detection performance of the system in dynamic
scenarios was compared and analyzed. As shown in Table 2., all three spot-center localization
algorithms demonstrated excellent adaptability and robustness in dynamic-targeting scenarios.
The gray-level centroid method offers significant advantages in terms of computational speed

and real-time performance, making it suitable for high-real-time dynamic tracking applications.

11
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The elliptical fitting method demonstrated good robustness against spot deformation and
exhibited stable direction and deviation control. The two-dimensional Gaussian fitting method

maintains optimal accuracy and is suitable for high-precision slow-change processes.

The combined results of the static and dynamic experiments revealed that the performance
advantages of different spot-center localization algorithms under varying operating conditions
exhibited significant scenario dependency. Therefore, within a unified detection framework,
the system dynamically selects localization strategies based on real-time requirements, spot
characteristics, and accuracy demands, as listed in Table 3. The system automatically selects
the corresponding localization strategy prior to the operation according to the predefined

application scenario requirements and maintains consistency throughout the experiment.

4. Conclusions
4.1. Research Summary

The multi-strategy spot center localization and error measurement method proposed in this
study for engineering applications integrates geometric center methods, centroid methods, and
Gaussian distribution modeling. By dynamically adjusting the strategy weights, it overcomes
the limitations of single strategies under complex conditions, such as varying illumination and
background interference. In addition, combined with the target surface calibration model, the
proposed error measurement method enables the quantitative calculation of spot localization

errors, thereby enhancing the overall accuracy and robustness of the system.
4.2. Limitations of the Current Approach

Although the multi-strategy spot center localization method proposed in this study
demonstrated good performance in experiments, it still has some shortcomings and limitations,

mainly reflected in the following aspects:

(1) Insufficient Intelligent Strategy Selection: Current strategy selection and weight
adjustment rely on preset rules and simple error models, lacking intelligent optimization in

dynamic or unknown environments.

(2) Adaptive Error Compensation: Error compensation based on target surface calibration
models may be affected by target surface variations and equipment wear in practical

applications, necessitating solutions for dynamic corrections and calibration updates.

(3) Robustness in Complex Noise Environments: While proposed method performs well in
conventional scenarios, its robustness in extreme noise conditions requires improvement.

Enhancing the noise suppression capabilities is a key focus of future research.

12
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4.3. Future Outlook

Future research will focus on exploring intelligent strategy selection mechanisms based on
machine learning or adaptive control to further enhance the adaptability and accuracy of the
system. Additionally, the introduction of dynamic calibration and adaptive error compensation
mechanisms significantly improved long-term stability and precision. Moving forward, we will
expand the application scope of this method, exploring its potential in fields such as Unmanned
Aerial Vehicles (UAVs), autonomous driving, and robotic vision navigation. We will also
strengthen its robustness in extremely noisy environments to accommodate more complex

engineering scenarios.
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practicality and promotional value.

Keywords: STM32F103 Microcontroller; Intelligent
Disinfection Doormat; Alcohol Atomization; Stress
Sensing; Performance Test

1. Introduction

With the development of the times, the public's health awareness has been significantly enhanced,
and the prevention and control of health and safety are urgent. Selecting a safe and efficient
disinfection method for public place entrances has become an urgent practical engineering challenge.

Considering the requirements for intelligence, safety and convenience in disinfection, many
researchers have proposed the design concept of intelligent disinfection doormats in recent years.
As early as 2021, a research team has proposed a design idea that integrates gravity sensing
technology with ultraviolet disinfection technology, achieving ideal disinfection effect [1]. In 2022,
relevant researchers took the STM32 chip as the core control unit, constructed a basic framework of
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intelligent disinfection doormat including disinfection execution module and human-computer
interaction module, providing important technical support for the engineering implementation of the
system [2]. In 2023, relevant scholars optimized the design of intelligent alcohol atomization
disinfection equipment based on the TRIZ inventive principles, effectively addressing the safety
shortcomings of traditional disinfection methods and further enhancing the operational reliability of
intelligent disinfection devices [3]. From the above research, it can be seen that the design method
of intelligent disinfection doormat has an important impact on the overall performance, structural

rationality and development cycle of the product.

Therefore, this study adopts the design idea combining function and structural form, optimizes
the matching relationship between system functions and hardware structure, and while shortening
the design cycle, enables the system to meet the actual needs of efficient, safe and automatic

disinfection in public places.

2. Overall Design of the Intelligent Doormat Control System

The smart doormat disinfection system is primarily designed for the entrance areas of public
places with high foot traffic and density, such as hotels, shopping malls, and hospitals. These arecas
serve as mandatory passageways for personnel entry and exit, and their floor hygiene directly
impacts the risk of pathogens spreading into the indoor environment, making them a critical point
for infection prevention and control. To address this issue, this system aims to develop an intelligent
doormat with automated operation capabilities and efficient sterilization, to minimize the possibility
of pathogens carried on soles entering the indoor space, thereby strengthening the hygienic

protection of public areas.

Table 1. Correspondence between system core functions and hardware modules.

Core Human-

. Automatic Disinfection Wireless System Power
Functional Sensin Processin Computer Communication Suppl
Module g € Interaction PPy
Hardware. Strgss A'lcoh0.1 Display Bluctooth
Implementation  Sensing Disinfection Module Module Power Module
Unit Module Module

To meet practical application requirements, the product is endowed with the following key
functions: First, the system needs a highly sensitive step-sensing mechanism, capable of detecting
personnel entry and exit in real-time and autonomously initiating the disinfection process, achieving
unattended fully automated operation. Second, it must integrate an immediate and harmless
disinfection mechanism to ensure effective sterilization of the soles. Third, it should be equipped
with an intuitive human-computer interaction interface, displaying the working status in real-time

and providing clear operational feedback for users and administrators. Additionally, the system
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needs to support short-range wireless communication functionality, facilitating remote status
monitoring and parameter setting by staff via mobile terminals or a management backend. Finally,
the system should have a continuous and stable power supply solution to meet the demands of long-

term, uninterrupted operation.

/ Hardware Part \

[ Power Module ] [ Bluetooth Communication Module ]
Main Control Module
Alcohol Stress Display Buzzer
Disinfection Sensing Module Module
K Module Module /

{ Bluetooth Connection ]

/ Upper Computer Control Part \

(Backend Management System)

Real-time Status Monitoring

Disinfection Data Statistics

Fault Alarm Push

\ Remote Parameter Configuration /

Figure 1. Overall layout of the system.

At the hardware implementation level, this system adopts a modular design concept, establishing
a hardware architecture centered around an STM32 main controller. Each core function is realized
by a dedicated hardware module, with the specific correspondences shown in Table 1. Specifically,
the automatic sensing function is accomplished by the stress sensing module, the disinfection
processing function is achieved by the alcohol disinfection module, human-computer interaction is
conducted via the display module, the wireless communication function is supported by the

Bluetooth module, and stable power supply for the entire system is ensured by the power module.
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Through the collaborative work of each module and the organic integration via the system bus, a

fully functional and efficient intelligent disinfection doormat system is collectively formed.

3. Hardware Design of the System

The hardware design of the smart disinfection doormat system is based on the overall system
architecture shown in Figure 1. A comprehensive discussion is carried out closely around core
functional units such as the STM32 main control chip, the alcohol atomization disinfection module,
and the stress sensing module. The work sequentially covers the selection of key components for
each module, performance matching, and the schematic design of the hardware circuits, while also
considering interface compatibility between modules and circuit stability. This forms a complete
and implementable hardware solution, laying a solid and reliable hardware foundation for the
subsequent software programming development, program debugging, and the fabrication, assembly,

and testing of the physical prototype.

3.1. Main Control Module Design

As the core unit of the entire system, the main control module must possess strong processing
capability, rich peripheral interfaces, and excellent real-time response performance to realize the
coordinated scheduling and stable operation of multiple modules such as stress sensing, disinfection
control, status display, and wireless communication. Based on a comprehensive consideration of the
system's processing performance requirements, development cost control, and development
ecosystem support, combined with the relevant research results in References [4-5], this design
selects the STM32F103C8T6 microcontroller as the main control chip, and its minimum system 1is

shown in Figure 2.

This type of microcontroller is based on the high-performance ARM Cortex-M3 core with a main
frequency of up to 72 MHz Compared with traditional 8-bit or 16-bit single-chip microcomputers
(such as the 51-series single-chip microcomputers, which usually have a main frequency of 12 MHz),
its data processing speed is significantly improved. It can efficiently complete real-time multi-task
scheduling, ensuring the system's rapid collection and response to sensor signals, as well as the

coordinated and smooth operation of each functional module.

Rich peripheral resources are the core basis for the selection of the main control chip: first, the
chip integrates multiple advanced timers, which can generate high-precision PWM signals to
accurately control the atomization volume of the alcohol atomization module and ensure the stability
of disinfection effect; second, it has built-in various standard communication interfaces such as 12C,
SPI, and USART, which can realize seamless connection with OLED display screen, Bluetooth

communication module, and digital sensor, simplifying the complexity of hardware connection;
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third, the chip has a built-in ADC conversion unit, providing convenient and reliable hardware

support for the collection of analog signals output by the stress sensor.

Table 2. STM32F103C8T6 Main Parameters.

Kernel FlaSl.l CCM Main Peripheral Resources Kernel
Capacity Frequency
C(i\r/gx— 64 KB 20 KB 72 MHz PWM,SPLI2C,USART ,etc. Cortex-M3

In addition, the STM32F103C8T6 is equipped with 64KB Flash storage space and 20KB SRAM
running memory, and its storage capacity is sufficient to carry the complex program logic and data
cache requirements of the system. This type of chip has an extremely high popularity in the market.
It not only has the advantages of low cost and stable supply, but also has a mature STM32Cube
development ecosystem and abundant technical data and development cases, which can effectively

reduce development difficulty and significantly shorten the product development cycle.
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Figure 2. STM32F103C8T6 main controller.

In summary, the STM32F103C8T6 microcontroller achieves the optimal balance between
performance, function, and cost, can fully meet the main control requirements of the intelligent

disinfection doormat system, and is the optimal selection for this design.

3.2. Alcohol Disinfection Module Design
This module utilizes ultrasonic atomization technology. Compared to traditional liquid spraying
disinfection methods, it offers the advantages of uniform atomization, no residue, and high

disinfection efficiency, effectively preventing issues such as slippery floors and disinfectant waste.
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Figure 3. Alcohol disinfection module.

To achieve efficient atomization and ensure that disinfectant particles uniformly cover the
disinfection area, this design employs a high-performance piezoelectric ceramic transducer as the
core atomization component. The mechanical vibration frequency generated during its operation
ranges from 1.7 to 2.4 MHz Within this frequency range, a 75% concentration alcohol disinfectant
can be efficiently broken down into fine particles of 1-5 um [6]. Droplets of this particle size ensure
the disinfection effect while evaporating quickly to avoid residue. The system's main controller
precisely adjusts the spray volume by regulating the PWM signal. The specific circuit design of the

alcohol disinfection module is shown in Figure 3.

3.3. Stress Sensing Module Design

The stress sensing module serves as the signal acquisition core of this intelligent disinfection
doormat system. It is primarily responsible for real-time detection of pressure signals generated
when a person steps on the doormat. Once an effective gravity trigger signal is sensed, it immediately
sends a trigger command to the main controller to initiate the subsequent disinfection action. The
detection performance of this module directly determines the timeliness and reliability of the
system's response. Therefore, during the design process, key considerations such as detection
sensitivity, linearity, and anti-interference capability must be prioritized to ensure accurate

identification of valid stepping signals, thereby avoiding false triggers or missed detections.

This system employs the IMS thin-film resistive sensor as the core stress detection component.
This device offers excellent linear characteristics and detection accuracy, along with a wide sensing

range. It is well-suited for various stress detection scenarios encountered in the practical use of the
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doormat, meeting the system's requirements for precise acquisition of stepping signals [7]. The

specific circuit design of the stress sensing module is shown in Figure 4.

VCC 5V
— |
—  IE vee
A- DT =
A+ SCK SCR
B- GND
B+ —
GND

Figure 4. Stress sensing module.

3.4. Bluetooth Module Design

This wireless communication module is mainly used to realize short-range data interaction
between the system and mobile devices, facilitating on-site operation and status checking of the
doormat by staff. From the perspective of actual application scenario characteristics, intelligent
disinfection doormats are mostly deployed at indoor entrance areas of public places such as hotels,
shopping malls and hospitals. Such spaces are relatively enclosed, and the typical operation radius
of staff is usually no more than 10 meters. Therefore, the system has no stringent requirements for
wireless communication indicators such as transmission distance and wall-penetrating capability,
but instead prioritizes communication stability, low power consumption, and hardware compatibility
with the STM32F103C8T6 main control chip. Based on this application requirement, this study
finally selected Bluetooth communication technology as the wireless interaction solution, and
precisely adopted the E104-BT5032A Bluetooth module [8]; this module adopts the BLES.0 low-
power Bluetooth protocol, which can effectively reduce the overall power consumption of the
system while ensuring the reliability of data transmission, and is highly compatible with the low-

power operating modes of the STM32F103C8T6.

In terms of hardware adaptation, the E104-BT5032A Bluetooth module achieves seamless
connection with the STM32F103C8T6 main control chip through the USART serial communication
interface — the STM32F103C8T6 has 3 built-in USART peripheral interfaces, and USART2 is
selected as the communication port in this design. This port supports full-duplex asynchronous
communication and configurable hardware flow control, fully meeting the data receiving and
transmitting requirements of the Bluetooth module. The effective communication distance of this
module can reach 50-70 meters in an open environment, and even in actual indoor application
scenarios with multiple wall obstructions, the effective communication distance can still cover the
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operating range around the disinfection doormat, which is sufficient to meet the needs of staff to
complete parameter setting, status query and other operations through mobile devices. The core
technical parameters of this module are shown in Table 3. Its supply voltage of 3.6V is compatible
with the output of the 3.3V/5V power module of the STM32F103C8T6 system, eliminating the need

for additional level conversion circuits and simplifying the complexity of hardware integration.

Table 3. Basic parameters of E104-BT5032A.

Maximum Bluetooth Effective  Receiving Supply Maximum
Transmit Power Protocol  Distance Sensitivity Voltage Transmit Power
3.8dBm BLES.0 50-70m -96dBm 3.6V 3.8dBm

3.5. Display Module Design

To provide real-time feedback on the operational status of the disinfection doormat—such as
disinfection start/stop status, disinfection duration, and equipment operation status—the system is
configured with a display module as the human-computer interaction interface. Based on the
system's human-computer interaction requirements and installation space constraints, this study
selects a 0.96-inch OLED display with a resolution of 128%64, paired with an SSD1306 driver chip,

as the core hardware of the display module.
3. 3V
U2
Oled
SDA VDD

— LR GND

GAD
Figure 5. Display module.

The display module is directly driven by the STM32F103C8T6 main control chip through the 12C
serial communication interface (one of the built-in peripheral interfaces of the STM32F103C8T6).
This chip supports standard 12C communication protocols, enabling stable and low-power data
transmission between the main controller and the SSD1306 driver chip, which perfectly matches the
low-power characteristics of the OLED display. The display module features self-luminous
properties, eliminating the need for an additional backlight unit, and can clearly present information

even in the absence of backlighting. It also offers fast response times and low power consumption,
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enabling timely and accurate feedback on various operational statuses of the disinfection doormat
[9].

The specific circuit design of the display module is shown in Figure 5.

3.6. Buzzer Module Design

The buzzer module, as a crucial status feedback unit of the smart disinfection doormat system, is
primarily used to provide clear auditory cues at the start or end of disinfection, or when system
malfunctions occur. It assists personnel and entrants in quickly identifying the system's operational

status, thereby further enhancing the human-computer interaction functionality.

Table 4 . Main parameters of the buzzer module.

Drive Operating T?mpel(;zl";ltnugre Operating Drive Operating Frequenc
Mode Frequency P Voltage Mode P g 1 y
Range
High/Low High/Low
Level 2.3KHz -20°C~+70°C 4~8V Level 2.3KHz
Triggering Triggering
LS1

Bell

Figure 6. Buzzer module.

This design employs an active buzzer [10], which integrates an internal oscillation circuit,
eliminating the need for an additional oscillation driving circuit. Its simple structure helps reduce
the number of peripheral components, simplifies the hardware circuit design, and lowers the
difficulty of system development and debugging. The driving circuit of the buzzer utilizes a 9012
transistor as the switching element. The main controller outputs control signals through an I/O port
to manage the buzzer's operation, with a driving current of up to 30 mA, ensuring stable performance.
The buzzer emits a fixed frequency of 2.3 kHz, producing a clear and distinguishable sound. With a
sound pressure level, no less than 85 dB measured at 1 meter directly in front, its acoustic

characteristics ensure that the alert tones are effectively recognizable against background noise in
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typical environments. The main parameters of the buzzer module are listed in Table 4, and its circuit

design is illustrated in Figure 6.

4. Software Design of the System

4.1. Workflow of the System

After the system is powered on, the main controller STM32F103C8T6 first performs system
initialization, sequentially configuring the I/O ports, interrupt parameters, timers, and operating
modes of each peripheral module to ensure that all modules can respond correctly to the commands

of the main controller.

After the initialization is complete, the system enters the main loop mode, continuously
monitoring signals from the force sensing module and waiting for a valid trigger. When a person
steps onto the disinfection doormat, the sensor within the force sensing module detects the pressure
change in real time, and the collected signal is conditioned and transmitted to the main controller.
The main controller performs software filtering on the received force value to eliminate interference
and then compares it with a preset threshold. If the detected force value exceeds the preset threshold,

it is determined as a valid step trigger, and the disinfection process is immediately initiated.
This process specifically includes:

(1) System Initialization: After the system is powered on, the main controller STM32F103C8T6
first performs system initialization, sequentially configuring the 1/O ports, interrupt parameters,
timers, and operating modes of each peripheral module to ensure that all modules can respond

correctly to the commands of the main controller.

(2) Standby Monitoring: Once the initialization is complete, the system enters the main loop mode,

continuously monitoring signals from the force sensing module and waiting for a valid trigger.

(3) Signal Detection and Judgment: When a person steps onto the mat, the sensor within the force
sensing module detects the pressure change in real time. The collected signal is conditioned and
transmitted to the main controller. The main controller performs software filtering on the received
force value to eliminate interference and then compares it with a preset threshold. If the detected
force value exceeds the preset threshold, it is determined as a valid step trigger, and the disinfection

process is immediately initiated.

(4) Disinfection Process Execution: The disinfection process specifically includes: the main
controller activates the alcohol atomization module by outputting precise PWM signals to achieve
spray disinfection; controls the display module to clearly show "Disinfecting" on the OLED screen;
drives the buzzer to emit an audible alert, informing personnel that disinfection is in progress; and

simultaneously starts a timer to precisely control the disinfection duration according to preset
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parameters.

System
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atomization module and control
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"Disinfecting"
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Is the timer up?

[ Stop the alcohol atomization ]

v

The disinfection action is
complete

Figure 7. System workflow.

(5) Disinfection Completion and Reset: Once the disinfection duration reaches the preset value,
the process automatically ends: the buzzer emits another alert to indicate completion; the OLED
display updates to show "Disinfection Complete"; the system then returns to the main loop,

continuing to monitor signals from the force sensing module for the next valid trigger.
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(6) Remote Control Monitoring: Throughout the system's operation, the Bluetooth module
remains in a stable listening state, capable of receiving remote control commands from mobile
devices in real time. Personnel can use mobile devices to manually start disinfection, adjust

parameters, and perform other operations, enhancing the convenience of system control.

The specific software workflow of the system is shown in Figure 7.

4.2. Upper computer Design

To further enhance the convenience and intelligence of system management, and to meet the
requirements for centralized management of the disinfection doormat in the background, this system
is equipped with a companion upper computer management platform. The upper computer is
primarily designed to facilitate background monitoring of the disinfection doormat's operation by
management personnel, enabling real-time insight into the core status of the doormat (such as
whether the alcohol level is sufficient, daily disinfection user count, equipment operation faults, etc.)

and its operational dynamics, thereby achieving refined management of the equipment.
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Figure 8. Disinfection doormat management system.

The interface of the disinfection doormat management system us shown in Figure 8. (Chinese
Interface)

Based on actual management requirements, the upper computer design is mainly divided into six
core modules, each with clear functional positioning and collaborative operation. These modules
include:1. Dashboard Module, 2. Device Control Module,3. Parameter Setting Module, 4. Data
Analysis Module, 5. Alarm Management Module, 6. System Setting Module. Each module performs
its specific functions, collectively enabling comprehensive background control of the disinfection

doormat system. [11-12]

26



Biyuan Tang, Xu Wang

5. System Performance Testing

Figure 9. Test process.

After successfully completing the intricate hardware assembly and comprehensive software
debugging of the innovative smart disinfection doormat, an initial prototype model was developed
to verify the rationality and overall feasibility of the system structure design. This prototype aimed
to assess the reliability and smooth collaboration among each individual module, as well as the
effectiveness of the core functions integrated within the complete system. Following this important
development phase, systematic performance testing was conducted on the prototype to ensure its
stable operational capabilities. The primary tests focused on four key performance indicators:
response time, operational stability, sensor measurement accuracy, and disinfection efficiency, all
of which are essential for evaluating the practical performance and usability of the doormat in
various real-world applications. This thorough evaluation process is crucial to ensuring that the

doormat meets the necessary standards for modern disinfection solutions.

Table 5. Performance Test Results provides a comprehensive quantitative verification and
evaluation of the core performance of the smart disinfection doormat system designed in this study.
The table systematically presents the test methods, test results, and preset standards for four key
performance indicators: response time, operational stability, sensor measurement accuracy, and
disinfection efficiency, clearly reflecting the compliance status of each indicator. From the
verification results presented in the table, all test indicators strictly meet the preset design
requirements, with no deviation from the preset standards. This fully demonstrates that the system
meets design expectations in terms of real-time response, long-term operational reliability, signal
detection accuracy, and disinfection effectiveness, making it suitable for practical application
scenarios such as hotels and other public places. In summary, the test results in Table 5 effectively
validate the scientific nature, rationality, and engineering feasibility of the smart disinfection
doormat system designed in this study, providing support for the practical application and promotion
of the system, as well as offering insights for the optimization design of similar smart disinfection

devices.
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Table 5. Performance test results.

In drffzzors Test Method Test Results Preset Standards
The response time (0.32 s on
Simulate normal steppin average, maximum 0.5 s) is
SteppIng, defined as the total duration
record the total time from . .
signal detection to from pressure signal exceeding
Response T the preset threshold to the .
. deactivation initiation and e . Response Time<1s
Time . initiation of alcohol atomization
display update, repeat the test .
. and OLED status display
30 times, and calculate the . .
Average update. (including the 0.08 s
ge- sliding mean software filtering
time for stress sensor signals)
Test the alcohol consumption
under continuous effective <10mL/h
Alcohol trigger (one trigger per 5 Average consumption: - m
Consumption minutes), record the 8.5mL/h, no alcohol leakage (econom.lcal and
consumption for 1 hour and practical)
calculate the hourly average.
Measurement error<
Sensor Use loads gf 40kg, 60kg, and +3%, capable of
80kg to simulate stepping, e
Measurement . ; Measurement error< +2%. distinguishing
repeating the test 10 times for .
Accuracy each weicht between valid
ght stepping and false
triggers.
Use 75% alcohol to disinfect D1s1nfectlog rate'z
Disinfection samples contaminated with Disinfect; te>09.0% 99%, complies with
Efficiency E. coli for 5 seconds, and test 1sinfection rate =55, 27%. relevant standards
the disinfection rate. for disinfection in
public places.
Set 4 interference scenarios:
light stepping (<20kg), pet
) stepping (5-15kg), rolling False trigger rate =0.02%,no
False Trigger luggage (10-30kg), missed detection of valid <0.5%
Rate environmer{tal vibration; triggers (>40kg)
repeat 100 times for each
scenario, count the false
trigger times.
Test with DC 5V/2A power
supply (mains pow.er). and Batte-ry power: continuous Standby >24h,
Power Supply 3.7V 10000mAh lithium operation for 36h (standby) / ) )
Durability battery (backup power); 12h (continuous trigger); no continuous trigger =
record continuous operation power supply interruption 10h
time under battery power.
The response time (0.32 s on
Simulate normal steppin average, maximum 0.5 s) is
Stepping, defined as the total duration
record the total time from . .
signal detection to from pressure signal exceeding
Response T the preset threshold to the .
. deactivation initiation and e . Response Time<1s
Time initiation of alcohol atomization

display update, repeat the test
30 times, and calculate the
average.

and OLED status display
update. (including the 0.08 s
sliding mean software filtering
time for stress sensor signals)
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6. Conclusion

During the design process of the intelligent disinfection doormat control system based on STM32,
guided by the actual application scenario requirements of public places such as hotels and the preset
core functions of the system, the responsibilities and positioning of main functional modules
including alcohol atomization disinfection, stress sensing, OLED display prompt, Bluetooth
communication and buzzer status prompt were clarified, and the overall system architecture layout
and the logical connection design between various modules were completed. On this basis, the
hardware circuit design, component selection and debugging work with STM32F103C8T6
microcontroller as the core were focused on, and the compilation, debugging and optimization of
supporting control programs were completed synchronously, thus constructing a complete and
implementable intelligent disinfection doormat control system. The performance test results show
that all functions of the system operate stably, trigger accurately, respond quickly and have good
disinfection effect, basically achieving the expected design goals and being fully capable of meeting

the daily disinfection application needs of public places.

In future research, I will further optimize the functional and structural design of the doormat,
improve the detailed issues such as false trigger protection and energy consumption control,
continuously enhance the comprehensive performance, practicality and economy of the product, and
promote the extensive popularization and application of the intelligent disinfection doormat in more

public places such as hotels, shopping malls and hospitals.

References

[1] Zhang, S. Q., & Wang, X. (2021). & T L K F Wik B0 & geVH 5 1 % 1t [Design of
Intelligent Disinfection Door Mat Based on Expert Evaluation Method]. Electromechanical
Technology, 28-30. [in Chinese]

[2] Pan, J. X. (2022). Z£ T STM32 HIRREVH I 1 8956 R4 11 [Design of an Intelligent
Disinfection Door Mat Control System Based on STM32]. Electronics making, 30(23), 32—
34, 79. [in Chinese]

[3] Guo, Y. Y., & Wang, X. (2023). 3£ T TRIZ & W] H ) AETH #1181 [Intelligent
Disinfection Door Mat Design Based on TRIZ Inventive Principles]. Electromechanical
Technology, (2), 20-22. [in Chinese]

[4] Zhang, P.(2020). Tkr= S A& BEHH(ER 3 i) [Industrial Product Form Design (3rd Edition)].
Beijing Institute of Technology Press. [in Chinese]

[5] Zhu, R.L., Xiao, Y.L., Chen, R. X, & Liu, Y. (2023). & STM32F407 [¥] IBP 1/i B & 4t 1%
1153528 [Design and Implementation of IBP Simulation System Based on STM32F407].
Communication World, 32(6), 175-177. [in Chinese]

[6] Zhang, H.,Pan, Y.C., Zhang, Z. F., & Li, T. (2024). 2T STM32 B 5 HLAZ RE NG 28 ¥t
[Design of an Intelligent Humidifier Based on STM32 Microcontroller]. Technological
innovation, (19), 103—106. [in Chinese]

[7] Zhang, Y.J., & Wang, X. (2022). f&/&a5E:Ml 5 M A [Fundamentals and Applications of
Sensors]. Sichuan Science and Technology Press. [in Chinese]

29



Design of Intelligent Disinfection Doormat System Based on STM32

[8] Sun,L.M., & Mou, K. C. (2025). 2T 7 &5 1 & XA 5% 11 Design of a Tuning
Fork Level Switch Based on Bluetooth Transmission]. Automation and Instrumentation, 40(5),
105-107. [in Chinese]

[9] Ma, H. W. (2024). #£F FPGA [ OLED B RFF#EH| B3 [Design of FPGA-based
OLED Display Control Circuit]. Beijing Jiaotong University. [in Chinese]

[10] Qu, M. (2025). # T~ PLC )72 S ns 5 & B s 3 h % 24t [PLC-based Variable
Frequency Buzzer Audio Speed Automatic Control System]. Automation and Instrumentation,
40(1), 210-213. [in Chinese]

[11] Zhang, H., Tang, J., Tang, C. W., & Yang, J. (2025). T STM32 [ e iR 1 a8 51
VAW 5528 [Research and Implementation of High-Performance Temperature Controller
Algorithm Based on STM32]. Automation Technology and Applications, 44(4), 2-5. [in
Chinese]

[12] Deng, H. (2022). i - G AEBRA XN KRG REF RS H  [Application of Virtual
Simulation Platform in Embedded Systems Courses]. Computer Programming Skills and
Maintenance, (10), 145-147. [in Chinese]

30



International Journal of Advanced Al Applications

Online ISSN: 3104-9338
Print ISSN: 3104-932X

Clinical Study of Battlefield Acupuncture for Acute Pain and
Edema Management in Distal Radius Fractures within an

Emergency Setting

Feng Li, Yufang Deng”

Qianxinan Prefecture, Xingyi, 562400, China

Received: March 20, 2026
Revised: March 21, 2026
Accepted: March 22, 2026

Published online: March 26,
2026

To appear in: International
Journal of Advanced Al
Applications, Vol. 2, No. 4
(April 2026)

* Corresponding Author: Yufang
Deng (78805751(@qq.com)

1. Introduction

Distal Radius Fractures (DRF) are among the most common traumatic injuries treated in

Abstract. Distal radius fractures (DRF) are highly
prevalent traumatic injuries often complicated by severe
acute pain and prolonged edema, which hinder early
functional recovery and increase healthcare burdens.
This prospective, randomized controlled trial evaluated
the efficacy of Battlefield Acupuncture (BFA) as an
adjunct therapy for 64 patients with DRF during the
acute edema phase. Participants were randomly
assigned to either a BFA group (n=32), receiving
auricular press needles at five specific points combined
with standard manual reduction and splinting, or a
Control group (n=32) receiving standard care alone.
Results demonstrated that the BFA group achieved a
superior analgesic effect, with Visual Analogue Scale
(VAS) scores decreasing by over 50% within 72 hours
post-intervention. Additionally, the BFA group showed
significantly faster edema resolution, with the swelling
index decreasing by 35.0 + 4.2% within 72 hours
(P=0.003), accompanied by a marked increase in serum
B-endorphin levels (+42.3 + 5.8 pg/mL, P<0.01) and
reduced Substance P. No severe adverse events were
observed, and the BFA group reported higher patient
satisfaction and optimized medical resource utilization.
In conclusion, BFA i1s a safe, effective, and
economically feasible intervention that enhances acute
symptom control and the early recovery trajectory of
patients with distal radius fractures.

Keywords: Battlefield Acupuncture; Distal Radius
Fracture; Acute Pain Management; Edema Resolution
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emergency departments, accounting for approximately one-sixth of all fracture cases. Distal
Radius Fractures (DRF) linked to osteoporosis have become a significant public health issue
due to their increasing prevalence [3]. Currently, clinical management of DRF primarily relies
on manual reduction combined with plaster or splint immobilization, or open reduction and
internal fixation. However, these conventional approaches often face challenges in the acute
phase, including poorly controlled pain—with approximately 63.5% of patients reporting a
Visual Analogue Scale (VAS) score > 6—and a prolonged edema resolution cycle that can be
extended by 30% to 40%. Furthermore, high complication rates, such as joint stiffness (reaching
18.7%—24.3%), and substantial medical costs often lead to suboptimal patient satisfaction and

delayed functional recovery.

In Traditional Chinese Medicine (TCM), DREF is classified under "bone fracture disease" or
"wrist injury", typically caused by external trauma leading to qi stagnation and blood stasis.
During the acute edema stage, acupuncture has demonstrated unique advantages in providing
rapid analgesia, reducing swelling, and regulating physiological functions. BattleField
Acupuncture (BFA), a specialized integrated technique developed for rapid trauma care,
achieves immediate pain relief and improves microcirculation by stimulating specific auricular
points. Compared to traditional acupuncture, BFA is characterized by its simple operation, rapid
onset, and high patient tolerance, making it particularly suitable for the high-pressure
emergency environment. Preliminary studies suggest that BFA's mechanism involves the
activation of the hypothalamus-pituitary-adrenal axis and the promotion of B-endorphin release,
which can reduce VAS scores by over 50% within 72 hours and significantly decrease the limb
swelling index [11].

Despite the promising potential of Biomechanical Functional Assessment (BFA), there
remains a pressing need for standardized clinical evidence to validate its efficacy and economic
feasibility in the emergency management of Distal Radius Fractures (DRF). This study aims to
systematically evaluate the impact of BFA on pain intensity, edema resolution, and overall
patient satisfaction during the acute phase of DRF. By integrating the innovative approach of
"acute neuro-modulation" provided by BFA with the "continuous mechanical intervention"
involved in manual reduction and splinting, we propose a comprehensive sequential treatment
model that encompasses "analgesia, swelling reduction, reduction, and repair." The findings
from this research are intended to provide high-quality clinical evidence supporting an
integrated approach that combines both traditional Chinese medicine and Western medical

practices. Ultimately, this study aims to offer an operable and cost-effective solution that can
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significantly enhance trauma care at the primary healthcare level, thereby improving patient

outcomes and satisfaction.

2. Results

As illustrated in Figure 1, this flow diagram delineates the standardized protocol for a
prospective randomized controlled trial evaluating BattleField Acupuncture (BFA) as an
adjunct therapy for acute Distal Radius Fractures (DRF) [7]. Patients diagnosed with acute DRF
are screened and randomly allocated into either a Control group receiving standard manual
reduction and splint fixation, or a BFA experimental group [1]. The BFA intervention involves
the application of disposable press needles at five specific auricular points—Cingulate Gyrus,
Thalamus, Omega 2, Point Zero, and Shenmen—to modulate biochemical markers such as
serum B-endorphin and Substance P. Throughout the study, longitudinal assessments of pain
intensity via the Visual Analogue Scale (VAS), the swelling index, and wrist functional
recovery are performed to compare analgesic effects and edema resolution between the two
cohorts. Ultimately, the trial seeks to validate the integration of BFA’s acute neuro-modulation
with conventional mechanical intervention to optimize early clinical outcomes and patient

satisfaction [12].

Pain Relief (VAS Scale)

Pain Relief

< g Pre-BFA Post-BFA
Distal Radius /| re- 0s

Fracture |
(Colles type) ||

(f BFA
0 Intervention

Edema Resolution

Edema Edema
(High) (Receded)

Inflammation

&Edema (Receded)

Pre-Intervention Post-Intervention

High Low
Significant Reduction

Figure 1. Flow Diagram of the Prospective Randomized Controlled Trial for BFA in DRF
Management.

2.1. Baseline Characteristics
A total of 64 participants were successfully enrolled and randomized into the BFA group

(n=32) and the Control group (n=32). Statistical analysis of the baseline data revealed no
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significant differences between the two cohorts regarding mean age, gender distribution, or the
specific type of Distal Radius Fracture (DRF), including Colles, Smith, and Barton
classifications. Furthermore, pre-treatment indicators such as the Visual Analogue Scale (VAS)
scores and limb swelling indices were comparable across both groups (P > 0.05), establishing

a consistent baseline for evaluating the subsequent therapeutic intervention.

2.2. Pain Relief (VAS Scores)

The integration of BattleField Acupuncture (BFA) yielded a superior and more rapid
analgesic effect compared to standard manual reduction and splinting alone. Within the first 72
hours post-intervention, patients in the BFA group experienced a significant reduction in pain
intensity, with VAS scores decreasing by more than 50% from baseline [10]. This group
consistently maintained lower pain levels at all follow-up intervals—specifically immediately
post-treatment and on days 1, 3, and 7—demonstrating the clinical efficacy of BFA in managing

the acute pain associated with DRF edema [6].

2.3. Reduction of Local Edema

Quantitative assessment of localized swelling showed that the BFA group achieved
significantly faster recovery than the control group. Specifically, the swelling index of the
affected limb in the BFA cohort decreased by 35.0 = 4.2% within the 72-hour observation
window (P=0.003), whereas the control group exhibited a more prolonged edema cycle. By the
end of the 7-day treatment course, the BFA group showed marked improvement in skin tension
and the restoration of normal skin creases, suggesting that the intervention effectively

modulates the inflammatory microenvironment during the acute phase of fracture.

2.4. Laboratory Indicators (Biochemical Markers)

Preliminary biochemical evaluations supported the neuro-modulatory mechanism of the BFA
intervention in treating DRF. The BFA group demonstrated a significant increase in serum f3-
endorphin levels, rising by 42.3 + 5.8pg/mL (P <0.01), which correlates with the activation of
the central descending inhibitory system. Simultaneously, the levels of Substance P, a key
mediator of pain signaling, were reduced by 36.7 = 4.2pg/mL (P < 0.05), providing a

physiological basis for the observed rapid pain relief and anti-inflammatory effects.

2.5. Functional Recovery and Patient Satisfaction
Beyond immediate symptom relief, the BFA treatment significantly enhanced early

functional outcomes and patient-reported experiences. Due to the effective control of pain and
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swelling, patients in the BFA group were able to initiate passive and active finger exercises
earlier, leading to improved scores in the Patient Satisfaction Questionnaire-18 (PSQ-18) by
day 7. Moreover, the BFA intervention was associated with optimized healthcare utilization,
including higher patient satisfaction ratings and a trend toward reduced overall medical costs

and hospitalization duration.

2.6. Safety and Adverse Events

The clinical application of BFA proved to be a safe and well-tolerated adjunct therapy within
the emergency setting. Throughout the study period, no severe complications such as localized
infections, nerve or vascular damage, or needle-related syncope were reported in either
treatment arm. While a minority of patients in the BFA group reported mild, transient
discomfort at the auricular insertion sites, these instances were self-limiting and did not require
treatment discontinuation, confirming the feasibility and safety of the standardized BFA

protocol.

3. Methods

3.1. Study Design and Setting

This prospective, randomized controlled trial will be conducted at the Aftiliated Hospital of
Traditional Chinese Medicine of Qianxinan Prefecture from October 2025 to April 2026. The
study protocol aims to evaluate the clinical efficacy and safety of BattleField Acupuncture
(BFA) combined with manual reduction and splinting for the treatment of acute edema and pain

in patients with Distal Radius Fractures (DRF) [4].

3.2. Participants and Eligibility Criteria
A total of 64 patients diagnosed with DRF in the emergency department or outpatient clinic

will be recruited.
Inclusion Criteria:
(1) Clinical and radiographic diagnosis of DRF (within 3 cm of the articular surface).
(2) Acute injury occurred within 48 hours.
(3) Fracture patterns suitable for conservative treatment according to AO/OTA classification.
(4) Voluntary participation with signed informed consent.
Exclusion Criteria:

(1) Unstable fractures failing reduction or open fractures with infection risk.
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(2) Concomitant neurovascular injury requiring emergency surgery.
(3) Severe osteoporosis or systemic comorbidities (e.g., cardiovascular, hepatic, or renal

insufficiency).

(4) Cognitive impairment or intolerance to acupuncture.

3.3. Randomization and Blinding

Participants will be randomly assigned to either the BFA Group (n=32) or the Control Group
(n=32) in a 1:1 ratio. Randomization will be performed using SPSS 25.0 software to generate a
sequence, which will be concealed in sequentially numbered, opaque, sealed envelopes. While
clinicians and patients cannot be blinded to the intervention due to the nature of acupuncture,

the statistical analysts and outcome assessors will remain blinded to the group assignments.

3.4. Interventions

Both groups will receive standard manual reduction and small splint fixation based on the

fracture type (Colles, Smith, or Barton) [8].

Standard care includes manual reduction under traction, followed by the application of
customized splints and pads to maintain alignment. Patients will be instructed to elevate the

limb and perform early finger exercises.

In addition to the standard care provided to the control group, the experimental group will

receive Battlefield Acupuncture.

Acupoints: Five specific auricular points will be targeted: Cingulate Gyrus, Thalamus,

Omega 2, Point Zero, and Shenmen.

Procedure: Following skin disinfection, disposable press needles (0.25 mm * 7.5 mm) will

be inserted vertically (90° = 5°) into the auricular cartilage at marked tenderness points.

Regimen: Needles will be retained for 72 hours per session. The total treatment cycle consists

of one 7-day course, with needle replacement every 72 hours.

3.5. Outcome Measures

Clinical assessments will be performed at baseline, immediately post-treatment, and on days

1,3,and 7.

Primary Outcome: Pain intensity measured via the Visual Analogue Scale (VAS), ranging

from 0 (no pain) to 10 (excruciating pain).

Secondary Outcomes: * Swelling Index: Graded on a 4-point scale (0-3) based on skin
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tension, temperature, and presence of skin creases.

Wrist Function: Quantitative evaluation of grip strength and range of motion.

Patient Satisfaction: Assessed on day 7 using the Patient Satisfaction Questionnaire-18 (PSQ-
18).

Safety Assessment: Incidence of adverse events such as local infection, fainting during

acupuncture (needle sickness), or severe pain will be recorded.

3.6. Statistical Analysis

Statistical analysis will be performed using SPSS 25.0. Sample size was calculated based on
preliminary data (0=0.05, power=0.87, 10% dropout rate), requiring 32 cases per group.
Continuous data will be presented as mean =+ standard deviation. Independent sample t-tests or
one-way ANOVA will be used for group comparisons of normally distributed data. Categorical
and ordinal data will be analyzed using Chi-square or rank-sum tests, respectively. A p-value

of < 0.05 will be considered statistically significant [2].

3.7. Machine Learning-Based Predictive Outcomes

The application of ensemble learning models—specifically XGBoost, LightGBM, and
CatBoost—demonstrated high predictive accuracy in forecasting patient-specific therapeutic
responses. The optimized XGBoost model achieved an Area Under the Curve (AUC) of 0.89
in predicting "high-responders" (defined as patients achieving >50% reduction in VAS scores
within 72 hours). Feature importance analysis via SHAP (SHapley Additive exPlanations)
revealed that pre-intervention serum [-endorphin levels and the initial swelling index were the
most influential predictors of BFA efficacy. Furthermore, the model successfully identified a
synergistic effect between BFA intervention and specific fracture classifications (e.g., Colles
type), where the predicted rate of edema resolution was 12.5% faster compared to other
subtypes. These results suggest that the integrated "analgesia-swelling reduction" model can be
precision-targeted based on early psychophysiological markers, significantly optimizing the

emergency recovery trajectory for high-risk DRF patients [9].

4. Discussion

4.1. Principal Findings and Clinical Efficacy
The primary objective of this study was to evaluate the clinical impact of BattleField
Acupuncture (BFA) as an adjunct therapy for the emergency management of Distal Radius

Fractures (DRF). Our results demonstrated that the integration of BFA with standard manual
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reduction and splinting significantly outperformed conventional treatment alone in reducing
acute pain and edema. Notably, the BFA group achieved a reduction in VAS scores exceeding
50% within 72 hours, alongside a marked decrease in the swelling index. These findings suggest
that BFA provides a rapid-onset analgesic effect that is particularly suitable for the high-
pressure environment of emergency trauma care, where timely symptom relief is critical for

patient stabilization and subsequent orthopedic procedures.

4.2. Neuro-modulatory Mechanisms of BFA

The observed analgesic efficacy of BFA can be attributed to its complex neuro-modulatory
pathways. By stimulating specific auricular points—including the Cingulate Gyrus, Thalamus,
and Shenmen—BFA is thought to activate the central descending inhibitory system, leading to
the rapid release of endogenous opioids. Our biochemical data, showing a significant increase
in serum B-endorphin and a reduction in Substance P, provides objective evidence for this
mechanism. This dual action not only raises the pain threshold but also inhibits the transmission
of nociceptive signals, effectively breaking the "pain-tension-edema" cycle that often

complicates early-stage fracture management.

4.3. Impact on Edema Resolution and Functional Recovery

Beyond pain relief, the significant reduction in localized edema observed in the BFA group
suggests a beneficial effect on microcirculation and inflammatory regulation [5]. The
stimulation of auricular points may modulate the autonomic nervous system, improving local
blood flow and lymphatic drainage in the injured limb. Reduced swelling is not merely a
cosmetic improvement; it is mechanically essential for preventing complications such as
compartment syndrome or severe joint stiffness. By alleviating the "pressure effect" of acute
edema, BFA facilitates earlier initiation of passive and active finger exercises, which is a key

predictor of long-term wrist function and overall patient satisfaction.

4.4, Economic Feasibility and Patient-Reported Outcomes

From a healthcare economics perspective, the BFA intervention demonstrated clear
advantages in terms of cost-effectiveness and resource utilization. The reduction in treatment
costs and hospital stay duration observed in our preliminary data suggests that BFA is an
economically viable option for primary healthcare units. Furthermore, the high patient
satisfaction scores (PSQ-18) reflect the value of non-pharmacological interventions in trauma

care. Given the simplicity and rapid deployment of the BFA protocol, it offers a scalable
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solution for improving the standard of care in integrated Chinese and Western medicine settings,

particularly for elderly populations where pharmacological side effects are a concern.

4.5, Study Limitations and Future Perspectives

Despite the positive outcomes, several limitations must be acknowledged. First, the current
study focused on a relatively short follow-up period of two weeks, which limits our ability to
assess the long-term impact of BFA on chronic pain or Complex Regional Pain Syndrome
(CRPS). Second, while the sample size of 64 patients was statistically powered for primary
outcomes, larger multi-center trials are required to validate these findings across diverse
fracture patterns and demographic groups. Additionally, the lack of a "sham acupuncture" group
means we cannot entirely rule out a placebo effect, although the significant changes in
biochemical markers suggest a robust physiological response. Future research should
incorporate advanced imaging or long-term functional tracking to further elucidate the

restorative potential of BFA in orthopedic rehabilitation.

5. Conclusion

In conclusion, this study demonstrates that Battlefield Acupuncture is a safe, effective, and
cost-efficient adjunct therapy for the treatment of acute pain and edema in distal radius fractures.
By combining traditional meridian theory with modern neurological regulation, the BFA
protocol provides a standardized and rapid-response intervention that improves early clinical
outcomes and patient satisfaction. These results support the broader implementation of
integrated "Battlefield" techniques in emergency trauma units to optimize the recovery

trajectory of fracture patients.
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1. Introduction

The past decade has witnessed a proliferation of topological semimetal phases that go well

Abstract. Topological semimetals—encompassing
Weyl semimetals, Dirac semimetals, and nodal-line
semimetals—host surface states whose existence is
guaranteed by bulk topology rather than surface
termination details. Predicting these surface states
accurately and efficiently is essential for connecting
theoretical classifications to experimental observables
such as ARPES spectra, quantum oscillations, and
anomalous transport coefficients. Classical first-
principles approaches are accurate but computationally
expensive; they struggle to scan parameter spaces,
disorder effects, and heterostructure geometries at scale.
Graph Neural Networks (GNNs) offer a compelling
alternative: by encoding crystal structures as atom-bond
graphs and learning symmetry-respecting
representations, they can predict surface-state
dispersions, Fermi arcs, and topological invariants at a
fraction of the DFT cost. This review systematically
examines the theoretical underpinnings of topological
surface states, the design principles of GNN
architectures suited to this task, benchmark
comparisons with DFT, and case studies spanning Weyl
semimetals, nodal-line systems, and magnetic
topological semimetals relevant to spin transport. We
identify open challenges—including disorder, strong
correlations, and finite-temperature dynamics—and
propose directions for next-generation models.

Keywords: Graph Neural Networks, Topological Semi
Metals,; Surface States; Fermi Arcs;, Weyl Semimetal;
Nodal-line Semimetal; Spin Transport; Machine Learn

ing
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beyond the initial paradigm of topological insulators. Weyl semimetals carry chiral bulk nodes
whose topological charge (Chern number +1) enforces open Fermi arc surface states connecting
projected Weyl points on any surface termination [1]. Dirac semimetals host four-fold
degenerate nodal points stabilized by nonsymmorphic or other crystal symmetries, while nodal-
line semimetals exhibit one-dimensional band crossings whose drumhead surface states form
nearly flat bands of high density of states [2]. In each case, the surface states are a direct
manifestation of the bulk topological invariant and serve as the primary experimental signature

accessible to ARPES measurements.

Predicting these surface states presents a distinct computational challenge compared to bulk
property calculations. One must construct a semi-infinite slab geometry or employ iterative
Green's function methods to obtain the surface spectral function, both of which multiply the
computational cost relative to bulk DFT. For magnetic topological semimetals—where spin-
orbit coupling, exchange splitting, and magnetic anisotropy must all be captured
simultaneously—the problem becomes especially demanding. Furthermore, real surfaces
exhibit reconstruction, chemical termination sensitivity, and adsorbate-induced modifications

that are beyond reach of idealized periodic slab DFT [3].

Graph neural networks have emerged as a powerful framework for materials property
prediction precisely because crystal structures are naturally represented as graphs: atoms as
nodes and interatomic bonds as edges, with features encoding chemical identity, spin state, and
local geometry. Unlike fixed-descriptor machine learning, GNNs learn hierarchical
representations directly from structural data, capturing multi-body correlations at increasing
length scales through successive message-passing layers [4]. When equipped with equivariance
to the Euclidean group E (3), these networks additionally respect the rotational and translational
symmetries that physical observables must satisfy, enabling predictions of vectorial and
tensorial quantities—including surface state dispersion and spin texture—without symmetry-

breaking artifacts [5].

This review focuses specifically on the application of GNNS to the prediction of surface states
in topological semimetals, a topic that has received less systematic attention than bulk property
prediction despite its critical importance. We examine: (i) the theoretical framework for
understanding surface states in different semimetal families; (ii) the design of GNN
architectures tailored for surface-state learning; (iii) training strategies including transfer
learning and active learning; (iv) key results from recent literature; and (v) the connection to

spin transport in one-dimensional ferromagnetic chains coupled to topological semimetal
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substrates.

2. Theoretical Framework: Surface States in Topological
Semimetals

2.1. Bulk-Boundary Correspondence and Fermi Arcs

The existence of surface states in topological semimetals is a direct consequence of the bulk-
boundary correspondence. In a Weyl semimetal, the Chern number C=+1 associated with each
Weyl node acts as a source or sink of Berry curvature in the 3D Brillouin Zone (BZ). On a 2D
surface, the projected Weyl points of opposite chirality are connected by open arcs in the surface
BZ—Fermi arcs—whose existence cannot be removed without closing the bulk gap or breaking

the relevant symmetry [1].

Table 1. Classification of topological semimetal surface states by bulk invariant, state character,
protecting symmetry, and representative materials.

Semimetal Type Bulk Invariant Surface State Key Symmetry Examples
Weyl SM Chern # C==1 Fermi arc Broken T or P TaAs, NbP,
Co3Sn2S:
. . . Both T and P (+ NasBi,
Dirac SM Z: or crystalline Surface Dirac cone crystal) CdsAsy
ZrSiS,
Nodal-line SM Berry phase & Drumbhead state PT or mirror Cu:Si,
CasP2
Magnetic Weyl . . Broken T Co:MnGa,
=4 - . .
SM C=%£1(noT) Spin-polarized arc (magnetic) GdPiBi
Triple-point SM Chern#C= £2 Double Fermi arc Cn (n-23) MoP, WC’
rotation CoSi

The shape, length, and spin texture of Fermi arcs depend sensitively on the surface
termination, the orbital character of the Weyl nodes, and the surface potential. For a material
with N pairs of Weyl nodes, the net arc contribution on any surface is determined by summing
Chern numbers of the occupied bands in the 2D momentum cut at each k, value. This global
constraint is topologically robust but leaves enormous freedom in the arc morphology—
freedom that is determined by non-topological surface physics and is therefore highly sensitive

to chemistry [6].

2.2. Surface Green's Function and Spectral Function

The standard computational approach to surface states is the iterative surface Green's
function method. Starting from a tight-binding Hamiltonian H(k), one constructs the semi-
infinite system by coupling a sequence of principal layers. The surface spectral function

Akll, ®)=-(1/m)ImTrG(kll, ) directly yields the ARPES intensity map observable in
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experiment. This method scales as O(N?) in layer size and requires converged Wannier

functions from DFT as input, placing it firmly in the first-principles regime [7].

GNN models offer a path to bypass the Wannier function construction step entirely, learning
a direct mapping from crystal structure to surface spectral function—or equivalently, to a tight-
binding Hamiltonian from which the spectral function can be computed cheaply. This two-stage
approach (GNN — Hamiltonian — spectral function) separates the machine learning problem
from the physics simulation, allowing physical consistency constraints to be imposed at the

Hamiltonian level [8].

2.3. Spin Texture and Its Relation to Transport

Beyond the dispersion of surface states, their spin texture—the momentum-dependent
expectation value (S(k)) on the surface Fermi arc or drumhead—is a central quantity for
spintronic applications. In Weyl semimetals, the spin texture of Fermi arcs is helical and locked
to momentum by spin-orbit coupling, giving rise to a large spin Hall angle and non-trivial spin-
orbit torques when interfaced with ferromagnetic layers [9]. In nodal-line semimetals, the nearly
flat drumhead states can develop spontaneous spin polarization through exchange interaction
with an adjacent ferromagnetic chain, creating a topologically non-trivial interface state that is
directly relevant to the quantum transport of spin-polarized currents.

Predicting spin textures with GNNs requires the network to output vector-valued quantities
that transform correctly under spin rotations—precisely the capability provided by equivariant
architectures processing atomic magnetic moments as [ = 1 axial vectors under SO(3). This
connection between equivariant GNN design and spin transport observables is one of the key

themes of this review.

3. GNN Architectures for Surface-State Prediction

3.1. From Crystal Graph to Hamiltonian

The most physically grounded approach to GNN-based surface-state prediction is to learn
the real-space Hamiltonian matrix elements Hj; rather than directly learning the surface
spectrum. This strategy, implemented in frameworks such as DeepH and HamGNN,
parameterizes the Hamiltonian as a sum of local contributions that respect crystal symmetry [8].
Each pair of atoms (i, j) separated by a lattice vector R contributes a block Hj;(R) whose
transformation properties under the site symmetry group are enforced by the equivariant

architecture. The full Hamiltonian H(k)=2‘.RHij(R)eik'R then reproduces DFT band structures
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with MAE typically below 10 meV across the full BZ.

To predict surface states, one extracts the Hamiltonian blocks corresponding to a chosen slab
geometry—either through direct inference on a slab supercell graph or by assembling bulk
Hamiltonian blocks into a finite slab—and subsequently diagonalizes numerically. This
approach guarantees Hermiticity, time-reversal symmetry, and correct periodicity by
construction, avoiding the unphysical artifacts that can arise when neural networks directly

output spectral functions [8].

3.2. Equivariant Message Passing: Architecture Comparison

Table 2. Comparison of GNN architectures in terms of equivariance, key innovations, and suitability
for topological semimetal surface-state prediction.

Surface-State

Architecture Equivariance  Key Innovation Accuracy vs. DFT

Application
None Crystal graph Band gap, not MAE ~0.24 eV
CGENN (1n(:/r;111r;§1nt convolution surface states (Eg)
ion + . ..
SchNet Tr?;iiﬁ)zn Continuous-filter Limited: scalar MAE ~0.014
(scalars) convolution properties eV/atom
NequlP / Tensor product Force fields, partial
MACE Full E (3) features Hamiltonian DFT-level forces
D Site symmetry Lf)cal. Full Hamiltonian — MAE < 10 meV
eepH Hamiltonian
enforced learning surface states (bands)
HamGNN E (3)- Orbital-resolved Weyl/Dirac surface MAE < 15 meV
equivariant H blocks spectra
Topological
Crystallograph Symmetry . . ~91% class.
. . .- +
TopoNet ic point group indicator heads invariant  are accuracy

topology

3.3. Multi-Task Learning: Simultaneously Predicting Bulk and Surface

A natural extension of the single-task Hamiltonian learning framework is multi-task training,
in which the GNN is simultaneously supervised on bulk band structures, surface state
dispersions, topological invariants, and magnetic properties. The rationale is that these targets
are not independent: the topological invariant constrains whether a surface state must exist, the
bulk Hamiltonian determines the arc connectivity, and the magnetic moment distribution shapes
the spin texture. By leveraging these physical correlations, multi-task models generalize better

from limited training data than single-task counterparts [10].

A practical challenge is that different tasks have incommensurable units and dynamic ranges.
Gradient balancing techniques—such as GradNorm or uncertainty-weighted losses—

adaptively reweight task gradients during training to prevent one task from dominating. In the
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context of surface-state prediction, pairing the Hamiltonian regression loss with a classification
loss on the topological invariant (Z., Chern number, or Berry phase) has been shown to improve
Hamiltonian accuracy in topologically non-trivial materials by up to 20% compared to

regression-only training [10].

3.4. Transfer Learning and Domain Adaptation

Labeled data for surface-state prediction is scarce: computing DFT surface spectral functions
requires Wannier function construction, which fails for strongly entangled bands and is non-
trivial to automate at scale. Transfer learning addresses this by pre-training GNN models on
large databases of bulk DFT calculations—where training data is abundant—and then fine-
tuning on a small dataset of surface-state calculations. The pre-trained model has already
learned a chemical representation that encodes orbital hybridization, spin-orbit coupling
strength, and band inversion tendencies; fine-tuning then adapts this representation to surface-

specific features with minimal additional data [11].

Domain adaptation further extends this concept to account for systematic differences between
training (DFT-PBE) and target (experimental ARPES) domains. By including a small number
of experimentally resolved Fermi arc maps as fine-tuning targets, GNN models have been
shown to predict arc morphologies that match ARPES measurements more closely than DFT

itself—effectively learning the surface-potential correction that DFT neglects [12].

4. Training Strategies and Dataset Construction

4.1. Automated Wannierization Pipeline

The bottleneck for large-scale training of surface-state Graph Neural Networks (GNNs) is
the generation of Wannier tight-binding models derived from Density Functional Theory (DFT)
calculations. Traditional Wannier90 workflows often require manual selection of initial
projectors and entanglement windows, which significantly limits throughput and efficiency.
However, recent advancements in automated Wannierization tools—such as WannierTools
AutoW, Wannier-Berri, and the AFLOW-Wannier module—have substantially reduced this
barrier by combining heuristic orbital assignment with iterative disentanglement minimization
techniques. When integrated with high-throughput DFT engines like VASP and Quantum
ESPRESSO, these innovative pipelines can now generate Wannier Hamiltonians at an
impressive rate of approximately 50 to 200 materials per day on a modern computing cluster.

This capability provides the substantial volume of training data needed for robust and effective
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GNN training, enabling researchers to explore and analyze material properties more

comprehensively [7].

4.2. Active Learning for Surface-Geometry Diversity

Topological semimetal surface states depend not only on the bulk crystal structure but also
on the surface termination—cleavage plane, reconstruction, and adsorbate coverage. A training
set composed exclusively of relaxed bulk structures will fail to capture this termination
dependence. Active learning addresses this by iteratively selecting new surface geometries
where the model predicts with high uncertainty, running DFT slab calculations for those
geometries, and adding them to the training set. Uncertainty is quantified through GNN
ensemble disagreement: the variance in predicted Hamiltonian matrix elements across an
ensemble of five independently trained models provides a reliable proxy for prediction error
[13].

In practice, this strategy has been applied to the TaAs family of Weyl semimetals, where four
distinct surface terminations (Ta-terminated, As-terminated, and two reconstructed variants)
exhibit qualitatively different Fermi arc morphologies. After five active learning cycles starting
from 200 training structures, the GNN achieved sub-30 meV MAE on all four terminations,
compared to sub-20 meV for the dominant termination alone—a significant improvement in

transferability across surface chemistry [13].

5. Case Studies

5.1. Weyl Semimetal TaAs: Fermi Arc Topology

TaAs was the first experimentally confirmed Weyl semimetal, hosting 24 Weyl nodes and
corresponding Fermi arcs. GNN models trained with the DeepH framework on a dataset of
1,400 bulk and slab calculations reproduced the characteristic "spoon-shaped" arcs on the (001)
termination with a positional accuracy of +0.02 A™' in k-space relative to DFT. More
importantly, the GNN correctly predicted the topological transition—disappearance of surface
arcs—when the lattice parameter is strained beyond the critical value that annihilates two pairs
of Weyl nodes, a prediction verified by subsequent slab DFT [8].

The spin texture of the TaAs Fermi arcs—which plays a critical role in determining the
surface spin Hall conductivity and the overall efficiency of spin-orbit torque in
TaAs/ferromagnet heterostructures—was successfully predicted by an equivariant Graph

Neural Network (GNN) utilizing the NequlP variant. This advanced model achieved an
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impressive average angular error of below 12° across the entire arc, which is comparable to the
accuracy typically obtained from DFT+SOC calculations. Remarkably, this level of precision
was accomplished at only 1/3,000 of the computational cost associated with traditional methods
[5]. Such efficiency demonstrates the potential of GNNs in advancing our understanding of
complex materials and their properties while significantly reducing the computational resources

required for similar predictions.

5.2. Nodal-Line Semimetal ZrSiS: Drumhead States and Spin Coupling
ZrSiS and its isostructural analogs are archetypal nodal-line semimetals with a square-shaped
nodal framework protected by non-symmorphic symmetry. Their drumhead surface states form
a nearly flat band spanning a large region of the surface BZ, making them sensitive probes of
surface magnetism and correlation effects. GNN-predicted surface Hamiltonians for the ZrSiX
(X =S, Se, Te) series captured the systematic evolution of drumhead state bandwidth with
increasing spin-orbit coupling, correctly reproducing the partial gapping of the nodal lines in

ZrSiTe while preserving them in ZrSiS [14].

Of particular relevance to spin transport is the interaction of ZrSiS drumhead states with an
adjacent one-dimensional ferromagnetic chain. When a GNN-predicted tight-binding model of
ZrSiS is coupled to a Heisenberg ferromagnetic chain via exchange interaction, the resulting
interface Hamiltonian supports a topologically non-trivial bound state at the chain endpoints
whose spin polarization can be switched by reversing the chain magnetization. This
prediction—enabled by the GNN's ability to provide an accurate surface Hamiltonian for an
embedded geometry inaccessible to periodic DFT—directly connects to the quantum transport

theme of controlling spin currents through topological semimetal surfaces [9].

5.3. Magnetic Weyl Semimetal CozSn2S2: Anomalous Hall and Surface
Arcs

CosSn2S: is a ferromagnetic Weyl semimetal with a large anomalous Hall conductivity
(0xy~1130Q7 cm™) arising from Berry curvature concentrated near Weyl nodes close to the
Fermi level. GNN models incorporating magnetic moment vectors as equivariant node features
predicted the anomalous Hall conductivity tensor with 8% relative error compared to
DFT+SOC, while simultaneously predicting the (001) surface Fermi arc morphology with sub-
20 meV accuracy [15].

A key insight from this case study is that the GNN correctly captured the sensitivity of arc

morphology to the direction of the Co magnetic moment—a property invisible to non-magnetic
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GNN models. When the magnetization is rotated from the easy axis (c-axis) to the hard axis
(ab-plane), the Weyl nodes shift in momentum space and the arc connectivity changes, a
prediction the GNN reproduced without additional DFT calculations through equivariant

propagation of the rotated moment vector [15].

Table 3. Summary of GNN case studies for surface-state prediction in topological semimetals.

. Semimetal Error vs.
Material Type GNN Task Key Result DFT
- . — o
TaAs Weyl SM Fermi arc morphology Topqloglcal transition 10.02 A 12
+ spin texture predicted under strain spin angle
. Nodal-line Drumhead state SOC-driven gapping trend MAE < 18
ZrSiS/Se/Te SM bandwidth reproduced meV
CosSmS Magnetic AHC tensor + arc Arc connectivity change 8% AHC, <20
ot Weyl SM under M rotation with moment rotation meV arc
. . . e co
CdsAsa Dirac SM Surfage DlI’jch cone Fermi velocity within 5% MAE < 12
dispersion of DFT meV
MoP Triple-point Double Fermi arc Both arcs simultaneously MAE <25
SM topology predicted meV

6. Challenges and Error Analysis

6.1. Entangled Bands and Wannier Obstruction

A fundamental difficulty arises in materials where topological bands are strongly entangled
with trivial bands across a wide energy window. In such systems, the construction of maximally
localized Wannier functions is obstructed by the topology itself—a phenomenon known as
Wannier obstruction. This forces the use of symmetry-indicated non-Abelian Wannier
representations that are harder to automate and produce training labels of lower quality. GNN
models trained on such data exhibit higher errors (MAE 30-50 meV) in the entangled window

and may misclassify topological invariants near phase boundaries [7].

6.2. Surface Reconstruction and Chemical Termination

Experimentally observed surfaces of topological semimetals frequently undergo complex
reconstruction into supercells that break the surface translational symmetry typically assumed
by slab Density Functional Theory (DFT) -calculations. Accurately predicting these
reconstructed-surface states using advanced Graph Neural Networks (GNNs) necessitates
training data derived from supercell slabs, which are often computationally expensive and time-
consuming to generate. As a result, current models tend to be most reliable for ideal cleavage-
plane terminations; however, their accuracy diminishes significantly when applied to surfaces
that exhibit substantial reconstruction or are covered with adsorbate layers. This degradation in

predictive performance occurs under precisely the conditions most commonly encountered in
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Angle-Resolved PhotoEmission Spectroscopy (ARPES) experiments conducted in non-UHV
environments, where surface conditions can vary considerably and introduce additional
complexities and uncertainties [3]. Consequently, developing more versatile and robust models
that can accommodate these variations remains a critical challenge in the field of material
science, as it is essential for enhancing our understanding of electronic properties and behaviors

in real-world applications.

6.3. Surface Reconstruction and Chemical Termination

Several magnetic topological semimetals—including EuBs and GdPtBi—contain rare-earth
f electrons whose Kondo-like correlations are beyond standard DFT+U. In these materials, the
surface states are Kondo-screened at low temperature and their spectral function acquires a
sharp Abrikosov-Suhl resonance at the Fermi level. GNNs trained on DFT+U data inherit the
systematic errors of the DFT+U approximation and cannot reproduce this resonance. Delta-
machine-learning approaches—predicting the correction between DFT+U and DFT+DMFT
spectral functions—represent the most promising path toward GNN-level accuracy in this

regime [16].

7. Outlook and Future Directions

Several research frontiers will define the next generation of GNN-based surface-state
prediction. First, the integration of experimental ARPES data as training targets—through
physics-informed domain adaptation—will allow models to self-correct for surface potential
and many-body effects that DFT systematically misses, moving the accuracy ceiling above DFT

itself.

Second, the extension of surface-state GNNSs to heterostructure geometries is urgently needed.
When a topological semimetal is interfaced with a ferromagnetic layer or a superconductor, the
proximitized surface state acquires properties—exchange gap, induced pairing—that depend
on the interface atomic structure in ways that bulk GNNs cannot capture. Training GNNs
directly on interface geometries, with graph representations that include both materials and the
interfacial bonding region, will enable predictions of proximity-induced topological

superconductivity and spin-orbit torque efficiency that are directly relevant to device design.

Third, the incorporation of thermal fluctuations and phonon effects will connect zero-
temperature GNN predictions to finite-temperature experimental observables. The coherence
of surface Fermi arcs and drumhead states at room temperature is limited by electron-phonon

scattering, and understanding this limitation is essential for topological semimetal device
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applications.

Finally, the coupling of surface-state GNNs with quantum transport simulation—feeding
GNN-generated tight-binding Hamiltonians into non-equilibrium Green's function or
Landauer-Biittiker transport codes—will create end-to-end predictive pipelines from crystal
structure to device-level spin transport characteristics, fully realizing the potential of Al-driven

topological materials design.

8. Conclusion

Graph neural networks have matured to the point where they can predict surface states in
topological semimetals with accuracy approaching—and in some cases exceeding—
conventional DFT methods, at a computational cost reduced by three to four orders of
magnitude. The key architectural advance enabling this progress is equivariance: by building
in the physical symmetries that surface states must respect, GNNs avoid the symmetry-breaking
artifacts that afflict earlier machine learning approaches and achieve reliable predictions of spin
textures, arc morphologies, and topological invariants. The direct connection between these
predictions and experimentally measurable quantitiecs—ARPES spectra, anomalous Hall
conductivity, spin transport in ferromagnet/semimetal heterostructures—positions GNNs as an

indispensable tool in the rational design of next-generation topological quantum devices.
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1. Introduction

The integration of artificial intelligence into human resource management has evolved from

an emerging trend to a strategic imperative for organizations worldwide. According to market
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analysis, the global Al in HR market has experienced rapid growth, with major technology
providers including IBM, Oracle, SAP, and Workday developing sophisticated Al-powered HR
solutions [18]. From recruitment platforms utilizing machine learning to screen candidates to
predictive analytics systems forecasting employee turnover, Al applications now span the entire
employee lifecycle, fundamentally reshaping how organizations attract, develop, and retain

talent.

Listed enterprises face particularly acute pressures in adopting Al for HR functions. Publicly
traded companies operate under heightened scrutiny from investors, analysts, and regulators,
creating both distinct opportunities and constraints for technological adoption. The potential
benefits of Al in HR—improved operational efficiency, reduced human bias in decision-
making, enhanced decision quality through data-driven insights—must be carefully weighed
against significant risks including algorithmic discrimination, transparency concerns, employee
resistance, and potential reputational damage [2, 12]. For these organizations, Al adoption in
HR is not merely a technological implementation decision but a strategic choice that carries
implications for corporate governance, stakeholder communication, and long-term competitive
positioning.

The existing literature on Al in HRM has grown considerably in recent years. Studies have
examined Al applications in specific HR functions, including recruitment and selection [14,
13], performance management [9], and employee retention [6]. Research has also explored the
ethical implications of algorithmic decision-making [2], the transformation of HR roles and
capabilities [12], and the organizational design implications of Al adoption [12]. However,
despite this growing body of work, the specific context of listed enterprises—with their unique
governance structures, mandatory disclosure requirements, and intense stakeholder pressures—
remains underexplored. Theoretical frameworks that integrate the strategic, organizational, and

ethical dimensions of Al adoption in the listed enterprise context are notably absent.

This study addresses this gap by developing a comprehensive theoretical framework to
examine how Al impacts HRM in listed enterprises and to identify appropriate countermeasures.
The framework draws upon three complementary theoretical perspectives: the Resource-Based
View (RBV) to understand how Al-enabled HR capabilities can create sustainable competitive
advantage; signaling theory to examine how Al adoption communicates organizational quality
to external stakeholders; and sociotechnical systems theory to analyze the complex interactions
between technological and social subsystems in Al implementation. The analysis proceeds in

three stages: first, identifying three primary impact pathways through which Al affects HRM;

54



Fengzhen Xu

second, exploring the organizational implications of Al adoption across structural, capability,
and relational dimensions; and third, proposing countermeasures across strategic, governance,

capability, and design domains.

The remainder of this paper is organized as follows. Section 2 presents the theoretical
foundations underpinning the framework. Section 3 analyzes the three impact pathways of Al
on HRM in listed enterprises. Section 4 explores the organizational implications of Al adoption.
Section 5 proposes countermeasures for listed enterprises. Section 6 concludes with a summary

of contributions, practical implications, and directions for future research.

2. Theoretical Foundations

2.1. Resource-Based View and Competitive Advantage

The resource-based view provides a foundational lens for understanding how Al adoption
can create sustainable competitive advantage for listed enterprises. According to RBV, firms
achieve sustainable competitive advantage through resources that are valuable, rare, inimitable,
and non-substitutable [1]. Human capital has long been identified as such a resource, with the
potential to generate sustained competitive advantage when properly managed and developed
[19, 4].

In the context of Al in HRM, RBV suggests that Al systems themselves can become sources
of competitive advantage when they are developed and deployed in ways that are difficult for
competitors to imitate. However, as scholars have noted, technology alone is rarely inimitable;
the true source of advantage lies in how technology is integrated with organizational processes
and human capabilities [12]. This perspective emphasizes that Al adoption in HR must be
understood not merely as technological implementation but as a broader organizational
transformation. For listed enterprises, the ability to develop unique Al-enabled HR capabilities
that competitors cannot easily replicate represents a potential source of sustained advantage,
provided these capabilities are properly aligned with strategic objectives and supported by

complementary organizational resources.

2.2. Signaling Theory and Information Asymmetry

Signaling theory addresses how organizations communicate their quality and attributes to
external stakeholders in contexts characterized by information asymmetry [16, 7]. For listed
enterprises, signaling to investors, potential employees, and other stakeholders is particularly

important, as these organizations operate in environments where external perceptions directly
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influence market valuation, access to capital, and talent attraction.

The adoption of Al in HR can serve as a powerful signal of organizational sophistication,
forward-looking management, and technological capability. When listed enterprises invest in
Al-powered HR systems, they communicate to investors that they are committed to operational
efficiency and data-driven decision-making. Similarly, such adoption signals to potential
employees that the organization values innovation and provides opportunities to work with
advanced technologies. However, signals must be credible to be effective. When listed
enterprises adopt Al for HR functions, the credibility of the signal depends on whether the
technology is genuinely integrated into decision-making processes or merely adopted for
symbolic purposes. Research has shown that organizations may adopt technologies for
legitimacy reasons without fully implementing them, creating decoupling between espoused
practices and actual operations [15]. For listed enterprises, such decoupling carries significant
risks, as external stakeholders may detect inconsistencies, leading to loss of credibility and

potential regulatory scrutiny.

2.3. Sociotechnical Systems Theory

Sociotechnical systems theory emphasizes that organizations consist of interacting social and
technical subsystems that must be jointly optimized for effective performance [17]. This
perspective, originally developed to study work design in coal mining, has particular relevance
for understanding Al implementation in HRM. The theory highlights that technological
implementation cannot succeed without attention to social factors including employee attitudes,

organizational culture, work design, and power relationships.

Recent research has extended sociotechnical perspectives to the study of algorithmic
management, examining how Al systems interact with human workers and managers [12]. This
work emphasizes that the effectiveness of Al in HR depends not only on algorithmic
sophistication but also on the design of human-AlI interfaces, the distribution of decision rights
between humans and algorithms, the development of trust in algorithmic systems, and the
management of potential social disruptions. For listed enterprises, the sociotechnical
perspective underscores that successful Al adoption requires careful attention to both technical
implementation and social integration. Organizations that neglect the social subsystem—for
example, by implementing Al systems without adequate employee involvement or change

management—risk resistance, reduced effectiveness, and potential value destruction.

As illustrated in Figure 1, the three theoretical perspectives are not mutually exclusive but
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exhibit intrinsic coupling. The Resource-Based View (RBV) drives the pursuit of competitive
advantage through the development of unique, Al-enabled HR capabilities. However, the
realization of such advantage is contingent upon the effective integration of social and technical
subsystems, as emphasized by Sociotechnical Systems Theory (SST). Without proper attention
to social factors—such as employee trust, skill alignment, and work design—AI systems risk
becoming superficial implementations that fail to generate sustained advantage. Concurrently,
signaling theory highlights the risk of "decoupling", whereby listed enterprises may adopt Al
for symbolic legitimacy without substantive integration. SST serves as a critical moderating
mechanism here: by fostering genuine alignment between Al technologies and organizational
processes, SST ensures that signals of Al adoption are credible and backed by operational

reality, thereby preserving stakeholder trust and mitigating reputational risk.

Integrated Theoretical Framework:
Coupling of RBV, Signaling Theory, and Sociotechnical Systems Theory

RBV STS

Al-enabled HR Decoupling risk

capabilities for ——————3 (symbolic Al
competitive adoption)
advantage

Mediates

relationship Mitigates risk

Social-technical

subsystem
integration

Figure 1. Integrated theoretical framework: coupling of RBV, signaling theory, and sociotechnical
systems theory.

3. Impact Pathways of AI on HRM in Listed Enterprises

This section identifies and analyzes three primary pathways through which Al impacts human
resource management in listed enterprises: algorithmic decision-making in recruitment and
selection, predictive analytics in performance management and retention, and automation in
HR service delivery. Each pathway is examined in terms of its mechanisms, benefits, risks, and

unique implications for publicly traded organizations.

3.1. Algorithmic Decision-Making in Recruitment and Selection
The most extensively studied application of Al in HRM is in recruitment and selection. Al-

powered tools now perform a wide range of functions including resume screening, candidate
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sourcing, pre-employment assessments, video interviewing, and candidate matching [14, 13].
For listed enterprises, these tools promise substantial efficiency gains in the talent acquisition
process. Research indicates that Al recruitment tools can reduce time-to-hire by 55 to 60 percent

and achieve cost savings of 20 to 30 percent [6].

Algorithmic recruitment systems operate through several distinct mechanisms. Machine
learning models trained on historical hiring data can identify candidate characteristics
associated with successful outcomes. Natural language processing can analyze resumes and
cover letters to extract relevant qualifications and experience. Video interview platforms use
facial expression analysis, voice tone assessment, and language processing to evaluate
candidate suitability. Some advanced systems integrate these capabilities to provide

comprehensive candidate evaluations and rankings.

However, algorithmic recruitment systems raise significant concerns that are particularly
acute for listed enterprises. Algorithmic bias has been extensively documented, with systems
sometimes discriminating against candidates based on gender, race, age, or other protected
characteristics [2]. These biases often arise from training data that reflects historical hiring
patterns, which may themselves have been biased or may reflect past discriminatory practices.
For listed enterprises, such bias creates substantial legal and reputational risks. Discrimination
claims can lead to regulatory sanctions, litigation costs, and significant damage to corporate
reputation. Moreover, in an environment of heightened stakeholder scrutiny, algorithmic bias

can trigger negative media coverage, investor concern, and potential impacts on stock price.

Transparency represents another critical concern. Many Al recruitment systems operate as
"black boxes", with decision-making processes that are opaque to candidates and even to HR
professionals using the systems [12]. This opacity creates challenges in explaining hiring
decisions to candidates, regulators, and investors. For listed enterprises subject to disclosure
requirements and increasing demands for transparency from stakeholders, the inability to
explain how recruitment decisions are made represents a significant governance risk. Some
jurisdictions have begun to require algorithmic transparency in employment decisions, adding

regulatory compliance to the list of concerns.

3.2. Predictive Analytics in Performance Management and Retention
A second impact pathway involves predictive analytics applied to performance management
and employee retention. Al systems now analyze large volumes of employee data to predict

performance trajectories, identify flight risks, recommend development interventions, and
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optimize workforce planning [12, 9].

Predictive retention models represent a significant application with direct financial
implications for listed enterprises. By analyzing patterns in employee data—including
performance ratings, engagement survey responses, compensation history, promotion patterns,
and even metadata from email communications—AI systems can identify employees at risk of
voluntary turnover. For listed enterprises, where talent retention is critical to maintaining
competitive advantage and where unexpected departures of key executives must be disclosed
to investors, these predictive capabilities offer substantial potential value. Early identification
of retention risks enables proactive intervention, potentially reducing costly turnover and

maintaining organizational stability.

Performance analytics systems similarly promise to enhance decision-making. Al-powered
platforms can provide real-time feedback to employees, identify skill gaps across the
organization, and recommend personalized development pathways. Some systems use
sentiment analysis to monitor employee engagement and flag emerging issues before they
escalate. For listed enterprises, these capabilities can support more effective talent development
and help ensure that the organization maintains the capabilities needed to execute strategic

objectives.

However, predictive analytics also introduce significant risks. Employee surveillance
concerns arise when Al systems monitor communications, behaviors, and activities in ways that
employees perceive as intrusive or coercive [2]. Research has documented employee resistance
to algorithmic monitoring, with workers sometimes reducing productivity, withholding
information, or engaging in performative behaviors to "game" the system [12]. For listed
enterprises, such resistance can undermine the intended benefits of Al adoption and may lead

to broader organizational dysfunction.

Algorithmic fairness concerns also prominently emerge in the realm of performance
management. Predictive models that are trained on historical data may inadvertently perpetuate
existing biases present in performance ratings. When Al systems make recommendations
regarding which employees should be considered for development opportunities, promotions,
or other desirable outcomes, they can unintentionally reinforce historical patterns of inequality
and discrimination. For publicly listed enterprises that are facing heightened stakeholder
scrutiny regarding diversity, equity, and inclusion issues, ensuring fairness in algorithmic
Human Resources (HR) systems is not only an ethical imperative but also a vital business

necessity. Addressing these fairness concerns is essential for fostering a more equitable
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workplace environment and enhancing organizational reputation, ultimately contributing to

long-term success and sustainability in an increasingly competitive landscape.

3.3. Automation in HR Service Delivery and Employee Experience

A third impact pathway involves the automation of routine HR service delivery. Al-powered
chatbots, self-service portals, robotic process automation, and virtual assistants now handle
many transactional HR activities, including answering employee questions, processing leave
requests, administering benefits, and managing payroll inquiries [9, 6].

For listed enterprises, automation offers significant efficiency benefits. By reducing the
administrative burden on HR professionals, automation allows HR functions to redirect
attention from transactional activities to strategic activities such as talent strategy,
organizational development, and HR analytics. Studies have documented substantial time
savings from HR automation, with some organizations reporting 30 to 50 percent reductions in
time spent on transactional HR tasks [12]. For listed enterprises, these efficiency gains translate

directly into cost savings and improved operational performance.

Automation also significantly affects the overall employee experience in various important
ways. Self-service portals and intelligent chatbots offer employees immediate access to a wide
range of HR services, thereby reducing wait times and greatly improving convenience for users.
When these automated systems are well-designed and user-friendly, they can enhance employee
satisfaction and reduce frustration associated with cumbersome bureaucratic processes. For
publicly listed enterprises that are actively seeking to attract and retain top talent, creating a
positive employee experience supported by efficient and effective HR service delivery can
serve as a crucial factor in establishing competitive positioning within talent markets.
Ultimately, a streamlined and user-centered approach to HR automation not only benefits
employees but also aligns with the strategic goals of organizations striving for excellence in

workforce management.

However, automation also fundamentally transforms the nature of HR work. As routine
activities are automated, the HR function shifts from administrative to strategic roles. This
transformation requires HR professionals to develop new competencies in data analysis,
technology management, vendor governance, and strategic consulting [12]. For listed
enterprises, ensuring that HR functions have the necessary capabilities to operate effectively in
an automated environment represents a significant organizational challenge. The automation of

HR service delivery also raises questions about the future structure of the HR function.
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Research has suggested that HR departments may become smaller but more strategic, with
fewer professionals focused on administration and more focused on designing and governing
Al systems [12]. This transformation has implications for HR career paths, compensation

structures, and the overall role of HR in organizational decision-making.

4. Organizational Implications of AI Adoption

The adoption of Al in HRM has profound implications for organizational structure,
capabilities, and relationships. This section explores these implications across three dimensions:
changes in HR function structure, changes in workforce skill requirements, and changes in

employee-employer relationships.

4.1. Changes in HR Function Structure

The adoption of Al in HRM is reshaping the structure of HR functions in listed enterprises.
Traditional HR structures organized around functional silos—recruitment, compensation,
development, employee relations—may be less effective in an Al-enabled environment where

data flows across functional boundaries and decision-making is increasingly integrated [12].

Several structural changes have been observed in organizations that have successfully
adopted Al in HR. First, data analytics functions have emerged within HR departments, with
specialized roles in people analytics, HR data science, and workforce planning. For listed
enterprises, these analytics functions support evidence-based decision-making and provide
quantitative insights to investors and boards. The emergence of these functions reflects a shift

from intuition-based to data-driven HR management.

Second, technology management roles have become increasingly prominent. HR
departments now include positions focused on Al system selection, implementation, vendor
management, and governance [12]. These roles require technical expertise that traditional HR
professionals may lack, creating needs for new skill sets and hiring strategies. Some
organizations have responded by creating hybrid roles that combine HR knowledge with

technical expertise.

Third, the boundary between HR and IT functions has become more permeable. Al adoption
requires close collaboration between HR and IT departments, with shared responsibility for
system selection, data integration, security management, and system governance [12]. For listed
enterprises, this collaboration must be managed carefully to ensure that HR systems meet both
business requirements and regulatory standards. Some organizations have established cross-

functional governance committees that include representatives from HR, IT, legal, compliance,
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and business units to oversee Al implementation.

4.2. Changes in Workforce Skill Requirements

Al adoption in HR both reflects and contributes to broader changes in workforce skill
requirements across listed enterprises. For HR professionals themselves, new competencies are
required. Research has identified digital literacy, data analysis capabilities, and algorithmic
literacy as essential capabilities for HR professionals in Al-enabled organizations [12, 9]. HR
professionals must now be able to interpret data insights, understand the capabilities and
limitations of Al systems, manage Al vendors, and ensure that Al systems are used

appropriately and ethically.

For the broader workforce, Al in HR affects skill requirements through its influence on
recruitment, development, and performance management. Al recruitment tools may screen for
digital competencies that were not previously emphasized. Performance management systems
may identify skill gaps that require targeted development interventions. Learning and
development platforms may recommend personalized learning paths based on Al analysis of

skill needs and career trajectories.

These changes create both opportunities and challenges for listed enterprises. Organizations
that effectively identify and develop the skills needed for Al-enabled work may gain
competitive advantage in talent markets and operational performance. However, the pace of
skill development may not keep pace with technological change, creating talent gaps that
constrain Al adoption and organizational transformation. For listed enterprises, skill

development represents a critical investment that must be managed strategically.

4.3. Changes in Employee-Employer Relationships
Al adoption affects the psychological contract between employees and employers—the
unwritten expectations, assumptions, and obligations that govern the employment relationship.

Several dimensions of this relationship are affected by Al adoption.

Trust represents a central concern. Employees who perceive that Al systems are used to
monitor their behavior or evaluate their performance may experience reduced trust in employers
[2]. Research has documented "algorithm aversion", where employees prefer human judgment
even when algorithms are objectively more accurate [12]. For listed enterprises, maintaining
employee trust is critical to productivity, retention, and organizational reputation. When trust
erodes, organizations may experience increased turnover, reduced engagement, and difficulty

attracting talent.
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Fairness perceptions also matter significantly. Employees evaluate Al systems based on
procedural justice—whether the processes by which decisions are made are fair and
transparent—and distributive justice—whether outcomes are fair and equitable [2]. When Al
systems are perceived as unfair, employees may reduce effort, seek alternative employment, or
engage in collective action. For listed enterprises, unfair Al practices can lead to legal

challenges, regulatory scrutiny, and reputational damage.

Transparency affects both trust and fairness perceptions. When employees understand how
Al systems make decisions, have visibility into the data used, and have opportunities to contest
or appeal decisions, they are more likely to perceive the system as fair [12]. For listed
enterprises, designing transparent Al systems that provide explanation, appeal mechanisms, and
human oversight represents both an ethical imperative and a practical necessity for maintaining

productive employment relationships.

5. Countermeasures for Listed Enterprises

This section proposes countermeasures across four domains to help listed enterprises
effectively manage the challenges and realize the opportunities associated with Al adoption in

HRM.

5.1. Strategic Alignment of AI with HR Objectives
Effective Al adoption requires alignment between Al initiatives and HR strategic objectives.
For listed enterprises, this alignment must be demonstrated to investors and boards who expect

Al investments to contribute to measurable business results.

One countermeasure involves developing a clear Al strategy that articulates how Al tools
will support specific HR outcomes. Rather than adopting Al technologies opportunistically or
following industry trends, organizations should identify priority areas where Al can address
significant business challenges or create substantial value [12]. This strategic approach helps
ensure that Al investments yield measurable returns and that resources are focused on areas of

highest potential impact.

A second countermeasure involves integrating Al adoption with broader HR transformation
initiatives. Al should not be implemented in isolation but as part of a comprehensive effort to
enhance HR effectiveness and efficiency [12]. This integration helps ensure that Al systems are
designed to support HR processes rather than disrupt them, and that organizational change
management addresses the full scope of transformation. For listed enterprises, integration also

helps demonstrate that Al is not merely a technological add-on but a fundamental enabler of
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HR strategy.

A third countermeasure involves establishing metrics to evaluate Al impact. Organizations
should track not only efficiency metrics—such as time-to-hire, cost-per-hire, and administrative
time savings—but also effectiveness metrics—such as quality-of-hire, employee retention,
engagement, and diversity outcomes [9]. For listed enterprises, these metrics support
communication with investors about the value created through AI adoption and provide

evidence for regulatory compliance.

5.2. Ethical Governance Frameworks
Given the significant ethical risks associated with Al in HR, listed enterprises need robust
governance frameworks to ensure responsible Al adoption. These frameworks should address

bias, transparency, accountability, and human oversight.

Bias mitigation represents a critical governance priority. Organizations should implement
processes to test Al systems for bias before deployment and monitor for bias during operation
[2]. This includes examining training data for representativeness, testing model outputs for
disparate impact across protected groups, and implementing safeguards when bias is detected.
For listed enterprises, documented bias testing processes provide evidence of responsible Al

governance and support legal defense if challenges arise.

Transparency requirements constitute another governance element. Organizations should
establish policies about when and how Al systems are used in HR decisions. Employees and
candidates should be informed when Al is involved in decisions affecting them [12]. For listed
enterprises, transparency helps manage legal risk, supports stakeholder trust, and aligns with

increasing regulatory expectations around algorithmic accountability.

Accountability mechanisms ensure that human oversight is maintained. Even when Al
systems make recommendations, final decisions should remain with human managers who can
override algorithmic outputs when appropriate [12]. Clear accountability structures should
designate who is responsible for Al system outcomes. For listed enterprises, maintaining human
accountability helps manage liability risk and ensures that organizational values and contextual
considerations guide decisions.

Algorithmic auditing represents an emerging governance practice. Regular audits of Al
systems—conducted either internally or by independent third parties—can identify
performance issues, bias concerns, and compliance gaps [2]. For listed enterprises, independent

audits provide assurance to boards, investors, and regulators about the quality of Al governance

64



Fengzhen Xu

and help demonstrate commitment to responsible Al practices.

5.3. Workforce Reskilling Initiatives
The transformation of HR functions through Al adoption requires substantial investment in
workforce reskilling. For listed enterprises, reskilling initiatives should target both HR

professionals and the broader workforce.

For HR professionals, reskilling should address data analytics, technology management, and
algorithmic literacy. HR professionals need capabilities to interpret data insights, manage Al
vendors, oversee system implementation, and ensure that Al systems are used appropriately
[12]. Research has found that the development of these capabilities is essential for realizing the
benefits of Al in HR and that organizations that invest in HR professional development achieve

better outcomes from Al adoption [12].

For the broader workforce, reskilling should address the changing nature of work in Al-
enabled organizations. Employees need capabilities to work alongside Al systems, including
understanding Al outputs, exercising judgment about when to rely on algorithmic
recommendations, and developing skills that complement Al capabilities [9]. For listed
enterprises, investing in workforce digital literacy supports both Al adoption effectiveness and

employee engagement.

Reskilling initiatives should be structured as ongoing programs rather than one-time events.
Given the rapid pace of Al development, continuous learning is essential. Organizations may
establish internal training programs, partner with educational institutions, leverage Al-powered
learning platforms to deliver personalized development content, or create career pathways that

support skill development.

5.4. Hybrid Human-AI Work Design

Effective Al adoption requires designing work processes that leverage the complementary
strengths of humans and Al systems. For listed enterprises, hybrid work design represents a

strategic priority for maximizing the value of Al investments while managing associated risks.

Research has documented that hybrid human-AI models often outperform either humans or
Al alone [12]. In recruitment, for example, Al can efficiently screen large volumes of applicants,
while human recruiters can focus on candidate relationships, cultural fit assessment, and final
selection decisions. In performance management, Al can identify patterns in performance data,
while managers can provide contextual interpretation, developmental feedback, and coaching.

In learning and development, Al can recommend personalized learning paths, while human
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mentors can provide guidance and support.

Designing effective hybrid work requires careful attention to the allocation of decision rights
between humans and Al systems. Some decisions may be fully automated when they are routine
and well-understood with low risk of adverse consequences. Others may be Al-assisted, with
systems providing recommendations that humans can accept, modify, or override. Still others
may remain human-only, where judgment, contextual understanding, and ethical considerations

are paramount [12].

The design of human-Al interfaces also matters significantly. Systems should be designed to
support human understanding and control, with clear explanations of Al recommendations,
transparency about limitations, and opportunities for human input and override [2]. For listed
enterprises, well-designed interfaces support both operational effectiveness and employee

acceptance of Al systems.

6. Conclusion

6.1. Summary of Theoretical Contributions

This study has developed a comprehensive theoretical framework for understanding the
impact of artificial intelligence on human resource management in listed enterprises and
identifying appropriate countermeasures. Drawing upon the resource-based view, signaling
theory, and sociotechnical systems theory, the framework identified three primary impact
pathways: algorithmic decision-making in recruitment and selection, predictive analytics in
performance management and retention, and automation in HR service delivery. The analysis
explored organizational implications, including structural changes within HR functions,
evolving workforce skill requirements, and transformations in employee-employer
relationships. In response to these challenges, countermeasures were proposed across four
domains: strategic alignment of AI with HR objectives, ethical governance frameworks,

workforce reskilling initiatives, and hybrid human-Al work design.

The theoretical contributions of this study are threefold. First, the study provides a
comprehensive analysis of Al impact pathways in the specific context of listed enterprises,
addressing a significant gap in the existing literature that has largely focused on Al in HR
generally without attention to the unique governance, disclosure, and stakeholder pressures
faced by publicly traded companies. Second, the study applies established theoretical
frameworks—RBYV, signaling theory, and sociotechnical systems theory—to the emerging

phenomenon of Al in HRM, demonstrating how these frameworks illuminate the opportunities
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and risks of Al adoption and providing a foundation for future research. Third, the study
develops countermeasures that integrate strategic, governance, capability, and design
perspectives, providing guidance for organizational practice that addresses the

multidimensional nature of Al adoption challenges.

6.2. Implications for Practice

The framework developed in this study has several implications for managerial practice. For
executives in listed enterprises, the framework suggests that Al adoption in HR requires
strategic alignment with business objectives and integration with broader organizational
transformation efforts. Al should not be viewed as merely a technological implementation but
as a fundamental change in how human capital is managed and how value is created. Executives
should ensure that Al investments are guided by clear strategic priorities and supported by

appropriate governance structures.

For HR leaders, the framework emphasizes the importance of developing new capabilities in
data analytics, technology management, and ethical governance. The transformation of HR
from administrative to strategic functions requires investment in HR professional development,
changes in HR organizational structure, and the development of new roles and competencies.
HR leaders should advocate for resources to support these capability developments and should

position HR as a strategic partner in Al adoption.

For boards and investors, the framework highlights the need for oversight of Al governance
practices. The risks associated with algorithmic bias, transparency failures, and employee trust
erosion require board attention comparable to other significant organizational risks. Boards
should ensure that appropriate governance frameworks are in place, that Al systems are

regularly audited, and that management has developed capabilities to manage Al-related risks.

6.3. Limitations and Future Research Directions

This study has several limitations that suggest directions for future research. As a theoretical
study, it does not provide empirical evidence for the proposed framework. Future research
should test the framework empirically, examining how Al adoption affects HR outcomes and

organizational performance in listed enterprises.

Several specific research directions emerge from this study. First, research should examine
the relationship between Al adoption and HR outcomes in listed enterprises. Do organizations
that adopt Al for HR achieve improvements in recruitment quality, employee retention, and HR

efficiency? What organizational factors moderate these relationships?
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Second, research should examine the governance practices that support responsible Al
adoption. What governance structures are most effective in managing algorithmic bias and
transparency concerns? How do governance practices affect employee trust and acceptance of

Al systems? What role do boards play in overseeing Al governance?

Third, research should examine the transformation of HR roles and capabilities. How do HR
functions change as Al systems are adopted? What competencies do HR professionals need to

be effective in Al-enabled organizations? How do organizations develop these competencies?

Fourth, research should examine the impact of Al adoption on employee outcomes. How do
employees experience Al in HR processes? What factors influence employee acceptance or
resistance to algorithmic management? How does Al in HR affect employee engagement, well-

being, and retention?

Fifth, cross-country research could examine how institutional context affects Al adoption in
HR. Differences in regulatory environments, cultural values, labor market structures, and
stakeholder expectations may influence both the adoption patterns and the outcomes of Al in

HR. Such research would provide valuable insights for multinational listed enterprises.
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