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Abstract. University laboratories are the core carriers of teaching, research, and
the cultivation of innovative talents. Their fire safety is directly related to the
safety of teachers and students and the stability of the campus. This paper takes
the Trajectory Intersection Theory as the core analytical framework to system-
atically deconstruct the intersecting causes of human unsafe behavior and mate-
rial unsafe states in the accident, combined with the indirect catalytic effects of
environmental factors and management defects, to reveal the evolution mecha-
nism of laboratory fire and explosion accidents. Based on this, a “four-in-one”
laboratory fire safety management system is constructed, which includes per-
sonnel control, Al intelligent IoT, “risk grading+dynamic control” management
and smart fire protection technology, providing theoretical reference and prac-
tical paths for the standardization of laboratory safety management, precise ac-
cident prevention, and long-term governance.
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1 Introduction

With the rapid development of Chinese higher education and scientific research, the
number of university laboratories, types of experiments, and frequency of hazardous
operations have been continuously increasing. Laboratory safety has become a top
priority in campus security governance. On March 20, 2026, a sudden flash explosion
occurred in a laboratory at the Materials Science and Engineering College, Chongqing
University, causing one graduate student to die and three students to be injured, with
laboratory equipment destroyed and structural damage. The official preliminary in-
vestigation showed that[1] the accident was caused by improper experimental opera-
tion, accompanied by multiple issues such as equipment aging, ventilation failure,
alarm system malfunction, and delayed emergency response. Based on the existing
reports, it can be inferred that this accident was a typical “hu-
man-material-management-environment” multiple-factor compounded safety respon-
sibility accident. This incident has sounded another alarm for national university la-
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boratory safety management, posing the urgent need to accurately identify risks, in-
terrupt accident chains, and establish long-term mechanisms.

Foreign university laboratory safety management started earlier, forming a system
centered on risk pre-control, standardized operations, and full-process supervision,
such as the U.S. OSHA laboratory safety standards and the EU REACH regulations for
research premises, emphasizing closed-loop management of personnel qualifications,
equipment calibration, hazardous chemical control, and emergency drills. Domestic
scholars have conducted extensive research on laboratory safety, focusing on directions
such as hazardous chemical management, electrical safety, emergency systems, and
digital supervision. However, most studies focus on single-point optimization. There is
a lack of systematic and empirical research based on accident causation theories. There
is a need for further strengthening in-depth analysis and theoretical transformation of
recent typical accidents. The Trajectory Intersection Theory, as a classic accident
causation theory, can clearly reveal the core logic of “human-material” intersecting to
trigger accidents, making it suitable for the complex safety analysis needs of laboratory
scenarios.

This paper applies the Trajectory Intersection Theory to the university laboratory
fire safety scenario, improves the accident causation analysis framework for laborato-
ries, and enriches the research results at the intersection of safety science and engi-
neering, and management science, providing theoretical support for laboratory safety
management.

2 Theoretical Basis and Empirical Applicability

2.1  The Core Connotation of the Trajectory Intersection Theory

The Trajectory Intersection Theory posits that an accident occurs when the trajectory of
human unsafe behavior and the trajectory of material unsafe states intersect in the same
time and space[2]. In production and experimental activities, the behavioral trajectory
of people and the state trajectory of materials are independent. When they intersect due
to management defects and environmental inducements, accidental energy is released,
ultimately leading to an accident. Among them: The trajectory of human unsafe be-
havior includes weak safety awareness, violation of operating procedures, insufficient
skills, and errors in emergency response. The trajectory of material unsafe states in-
cludes aging and faulty equipment, failure of safety devices, lack of control over haz-
ards, and inadequate fire safety facilities. The indirect causes include missing man-
agement systems, ineffective implementation of regulations, inadequate safety training
and education, and unreasonable environmental layout, which are key factors that
accelerate the intersection of the two trajectories. The theoretical model is shown in
Figure 1.
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Fig. 1. Schematic diagram of the trajectory crossover theoretical model

University laboratory accidents are characterized by suddenness, coupling, and de-
structiveness[3]. Most fire and explosion accidents simultaneously involve human
violations and equipment/facility hazards. The Trajectory Intersection Theory can
accurately locate the direct causes and indirect roots of accidents, helping managers to
take targeted actions from the four dimensions of “people, material, management and
environment” to interrupt the intersection, eliminate hazards and prevent accidents,
providing a clear analytical logic and control thought for laboratory safety manage-
ment.

2.2 The Empirical Adaptability of Theory in Laboratory Settings

Based on a statistical analysis of 137 laboratory fire and explosion accidents in col-
leges and universities nationwide from 2020 to 2024 by the Ministry of Emergency
Management (Table 1), 89.78% of the accidents involved dual human-object trajec-
tory intersections[4]. Accidents caused solely by a single human factor or a single
material hazard accounted for 5.84% and 4.38%, respectively, and accidents triggered
by a single factor did not result in serious casualties or significant property damage. In
contrast, accidents involving overlapping human-object trajectories combined with
management and environmental factors had casualty rates and economic losses 7.6
times and 12.3 times higher than single-factor accidents respectively. The data fully
validate the core applicability of the trajectory intersection theory in analyzing the
causes of laboratory accidents in colleges and universities and also demonstrate the
significant catalytic effect of management and environmental factors on accident
evolution.

Table 1. Statistics of Causes of Laboratory Fire and Explosion Accidents in National Universi-

ties from 2020 to 2024.
Cause Type Number of  Proportion(%) Average casualties per  Average direct economic
accidents incident loss / 10,000 yuan
Human-object trajectory crossing 123 89.78 1.82 112.65
A single human factor 8 5.84 0.25 14,82
Single-state hazard 6 4.38 0.17 9.63
Human-object interaction Manage-
105 76.64 2.15 138.92

ment/environmental factors
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3 Hazards Analysis in University Laboratories

3.1 Trajectory of Human Unsafe Behaviors (Direct Cause 1)

Personnel in university laboratories have weak safety awareness and do not strictly
adhere to safety operating procedures. When conducting high-risk experiments, they do
not comply with the laboratory safety access system and dual-person operation man-
agement requirements. They lack the ability to identify and predict risks in dangerous
situations such as gas leaks and equipment abnormalities. Most experimental personnel
are students with insufficient experience, who have luck and energy-saving psychol-
ogy, making them prone to carelessness. Some personnel have not received systematic
and standardized specialized training in high-risk experimental operations and emer-
gency response, have an insufficient grasp of the operating principles of equipment and
the characteristics of hazards, and after discovering abnormal conditions, fail to follow
standard procedures to immediately cut off power, evacuate, and raise the alarm, or
even engage in incorrect disposal behaviors, which can lead to serious accident con-
sequences.

3.2 Trajectory of Material Unsafe States (Direct Cause 2)

Some equipment and facilities in university laboratories have been in service for too
long. For example, the performance of fume hoods has declined, and the exhaust ca-
pacity is insufficient, leading to the ineffective removal of flammable vapors. Some
electrical wiring insulation layers are damaged, easily causing electric sparks and
forming effective ignition sources. The key safety facilities such as flammable gas
alarm devices and fire automatic alarm systems are not functioning properly and cannot
issue timely warning signals when risks appear. In addition, the storage and manage-
ment of flammable and explosive reagents and gases are not standardized. The fixing
and pressure-reducing devices for high-pressure gas cylinders have safety hazards. Fire
extinguishers, emergency showers, eyewash stations, and other fire and emergency
facilities are insufficient. The evacuation routes do not meet fire safety standards,
which further exacerbate the risk and severity of accidents.

3.3 Management Deficiencies and Environmental Factors (Indirect
Causes)

The laboratory safety responsibility system has not been effectively implemented.
Daily inspections and hazard investigations are often superficial, and there is a clear
absence in the approval process and process supervision for high-risk experiments,
failing to curb risks from the source. Safety training and emergency drills are mostly on
the surface, failing to achieve full coverage and practical training, resulting in per-
sonnel safety literacy and emergency response capabilities that are difficult to meet
actual needs. At the same time, the spatial layout of the laboratory is unreasonable, the
safety distance between experimental benches, reagent cabinets, and equipment is
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insufficient[5], and the ventilation and explosion-proof conditions do not meet the
standard requirements, further increasing the likelihood of an accident.

4 Construction of a Safety Management System Based on
Trajectory Intersection Theory

To intervene in the development of the risk paths of people and things, and to contin-
uously strengthen the management and environment as defense lines, fundamentally
preventing disasters caused by the interaction between people and things. Guided by
the Trajectory Intersection Theory, a “four-in-one” laboratory safety management
system is constructed to interrupt the accident intersection chain, as shown in Figure 2.
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Fig. 2. Trajectory intersection theory model for "four-in-one" laboratory safety management
system

4.1 Improve Personnel Control Throughout the Entire Process of
Admission, Training and Assessment

Firstly, establish a standardized admission mechanism and a hierarchical classification
training system. All personnel entering the experiment must pass the online security
assessment module and complete a security knowledge assessment that matches the
risk level of their laboratory. Only after passing the assessment can they obtain ex-
perimental operation permissions. Implement differentiated training programs for
laboratories with different risk levels: set basic safety admission conditions for teachers
and students who enter the laboratory for the first time, verify their completion of
previous safety learning and signing of safety responsibility agreements; For personnel
entering high-risk laboratories such as chemistry and special equipment, they need to
complete additional certification of their abilities in hazardous chemical standard
operation, special equipment use, fire emergency response, and evacuation to ensure
that the training content is highly adapted to the on-site risks.

Secondly, improve the dynamic assessment and permission linkage management
mechanism. Implement an annual safety education retraining and review system, and
recommend that personnel related to first and second level high-risk laboratories un-
dergo a safety capability review and certification every six months. Establish personal
security training files based on the information management platform, and bind the
assessment results with experimental operation permissions in real time. Those who
fail the assessment will have their admission qualifications automatically suspended by
the system.
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Thirdly, deepen the cultivation of safety culture and performance incentive orienta-
tion. Regularly carry out safety culture publicity and typical case warning education,
make fire safety practical training and emergency comprehensive drills mandatory, and
create a campus safety culture atmosphere where all staff attach importance to safety
and master fire safety skills. At the same time, establish a safety performance integra-
tion evaluation system, incorporate the implementation of fire safety into the core
indicators of laboratory evaluation and personal evaluation, and implement a safety
“one vote veto” system; Strictly implement accountability for units and individuals
who fail to fulfill their responsibilities and rectify hidden dangers in a timely manner,
promote the formation of a long-term mechanism of “promoting rectification through
assessment and construction through evaluation”, and gradually realize the transfor-
mation from rigid institutional constraints to conscious safety culture[6].

4.2  Laboratory Al Intelligent IoT

Traditional laboratory safety management relies on manual inspections and discrete
information systems, making it difficult to achieve accurate perception and rapid re-
sponse to dynamic risks. The Internet of Things is a new generation of information
technology based on the modes of IoT, human IoT, and human human IoT, with the
architecture of perception layer, network layer, and application layer. It is an emerging
network technology and industrial model that has received high attention in recent
years and has broad prospects. In terms of safety monitoring of university laboratories,
Internet of Things equipment such as doors, windows, water, electricity (switches),
large precision instruments and equipment (such as confocal microscope, gel imaging
system, high-speed freezing centrifuge, Kjeldahl nitrogen meter, etc.) and key me-
chanical equipment are deployed in the laboratory. Through a series of digital sensors
such as light, humidity, smoke, vibration, inductance, temperature, etc., the perception
layer can be built through Internet of Things sensing technology to achieve active
monitoring, real-time control, and enhance the initiative and accuracy of laboratory risk
sensing. Integrate Al systems with existing laboratory management systems (including
access control systems, hazardous chemical management systems, safety hazard in-
vestigation systems, monitoring systems, etc.) and IoT devices to establish a unified
laboratory safety data platform, achieving global awareness and collaborative analysis
of laboratory safety situations[7].

Based on IoT sensor data information, Al can be used to intelligently analyze and
determine laboratory safety, and generate laboratory safety risk diagnosis reports. If a
safety warning threshold is triggered, the diagnostic information will be actively
pushed to the Al intelligent dialogue/chatbot end. Then, the Al intelligent robot will
actively push warning information to the digital terminal of laboratory safety man-
agement personnel to attract their attention and solve the problem of laboratory safety
being isolated during holidays. Al pushes relevant safety regulations interpretations,
safety tips, and other warm reminders to teachers, guiding students to pay attention to
safety precautions and operating procedures[8]. As shown in Figure 3.
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4.3 Implement the Management System of “Risk Grading+Dynamic
Control” Management

Based on risk classification, universities construct a dynamic control system
throughout the entire cycle. In the risk classification process, multidimensional evalu-
ation indicators are developed based on the inherent risk characteristics of different
types of laboratories: for example, chemical laboratories focus on considering the
inventory of flammable and explosive chemicals, reaction hazards and ventilation
conditions; Biological laboratories focus on the level of bacterial and toxin species, as
well as the protection level of biosafety cabinets; Mechanical laboratories focus on
equipment operating loads and the risk of metal dust accumulation; Electronic labor-
atories focus on circuit complexity and power consumption as core indicators; Special
equipment laboratories strictly evaluate equipment calibration results and operating
years; For other types of laboratories, the main standard is the completeness of basic
fire-fighting facilities.

By conducting comprehensive qualitative analysis, identifying important hazards,
semi quantitative job safety analysis and semi quantitative risk level determination, the
laboratory risk levels are divided into I to IV, corresponding to major risk, high risk,
medium risk, and low risk respectively, as shown in Table 2. In terms of dynamic
control, establish a process management and continuous improvement mechanism of
level adaptation and real-time adjustment. The I and II level risk laboratories imple-
ment a daily self inspection and weekly school campus joint inspection, equipped with
intelligent smoke detectors and temperature sensors for real-time monitoring; The III
level risk laboratories implement weekly self inspection and monthly hospital level
inspection, regularly updates emergency response plans as well; The IV level risk
laboratories adopt a monthly self inspection and quarterly department level inspection,
approach to strengthen basic safety training. If there are changes such as adding new
experimental projects or replacing large equipment in the laboratory, such as intro-
ducing new reaction devices in chemical laboratories or expanding electrical equip-
ment in electronic laboratories, the risk level needs to be reassessed and control
measures need to be adjusted synchronously.
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Table 2. Risk Classification and Typical Examples of University Laboratory Safety.

Risk classifica-  Risk corre- Typical Examples

tion spondence

(1) Containing toxic, flammable, explosive, and corrosive substances
I level major risk (2) Use Class III pressure vessels with ultra-high pressure
(3) Lack of overall and systematic safety management
(1) Workplace with dust explosion risk
L (2) Lack of SOP for large instruments and equipment
11 level high risk . . . . .
(3) Incorrect classification of experimental waste, mixing can result in
severe consequences
(1) Flammable materials are stored around small heating equipment such
. . as oven
III level medium risk . . . . .
(2) Using glassware or pillows without proper handling according to
regulations
(1) Improper wearing of personal protective equipment such as lab coats

IV level low risk . . . .
(2) The storage cabinet for items was not closed in a timely manner

4.4  Promote Smart Fire Protection Technology

Build a smart fire comprehensive control platform that integrates real-time monitoring,
intelligent warning, and rapid disposal. Intelligent sensing terminals are installed at key
points such as laboratory fire-fighting equipment, electrical circuits and ventilation
pipelines. Through Al intelligent monitoring equipment, multi-dimensional data such
as equipment operating parameters, cable temperature, smoke concentration and per-
sonnel operation behavior are collected in real time and transmitted to the centralized
management platform through the network. The platform intelligently integrates and
analyzes multi-source data to achieve early identification and early warning of fire
hazards. For example, when an abnormal increase in electrical line temperature is
detected, the system immediately issues a warning and pushes alarm information to
urge management personnel to quickly investigate and handle the situation, truly re-
alizing the pre emptive risk prevention and control. On this basis, further deepen the
application of big data and artificial intelligence technology. By establishing a data
analysis model, deep mining of massive information such as historical fire data and
daily safety inspection records is carried out to accurately identify the risk evolution
law, and achieve scientific prediction and development trend analysis of fire occur-
rence probability.

Starting from blocking two key accident trajectories at the source, a “four-in-one”
laboratory safety management system covers the construction of an active and
three-dimensional safety management system for university laboratories through per-
sonnel control, Al intelligent [oT, “risk grading+dynamic control” management and
smart fire protection technology.
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5 Conclusion

The theory of trajectory intersection provides a scientific and systematic framework for
understanding the complex causes of laboratory fire risks in universities. To intervene
in the development of the risk paths of people and things, and to continuously
strengthen the management and environment as defense lines, fundamentally pre-
venting disasters caused by the interaction between people and things. The construction
of a “four-in-one” management system based on this theory, which includes personnel
control, Al intelligent IoT, “risk grading+dynamic control” management and smart fire
protection technology, can interrupt the two key accident trajectories from the source,
achieving precise and long-term control of laboratory safety. In the future, by building
a digital twin of lab safety, we can simulate and predict how risks evolve in real time,
making the leap from passive response to proactive warning and intervention.
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