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Abstract: This paper conducts a
comprehensive and systematic investigation
into the developmental trajectory, technical
fundamentals, and application significance
of safety helmet impact testing machines
within the realm of modern industrial
production. By means of a meticulous
comparative analysis of pertinent national
and international standards, and in
conjunction with concrete engineering case
studies, this study elucidates the practical
implementation scenarios of safety helmet
impact testing machines across diverse
sectors, including construction, mining, and
power industries. The research findings
indicate that, as a pivotal apparatus for
assessing the performance of personal
protective equipment, the safety helmet
impact testing machine is instrumental in
enhancing workplace safety standards and
mitigating head injury incidents.
Additionally, this article delves into the
developmental trends of intelligent testing
systems and the novel challenges posed to
testing technologies by the utilization of new
materials. These discussions provide a
theoretical foundation for quality control of
safety helmets and work safety management,
thereby contributing to the advancement of
this field.
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1. Introduction

1.1 Research Background and Significance
In contemporary industrial production contexts,
head injuries represent a primary cause of
severe workplace injuries and fatalities.
Statistical data indicate that in sectors such as
construction, mining, and manufacturing,

work-related accidents involving head trauma
account for 15–20% of annual incident totals,
with a substantial proportion directly linked to
safety helmet failures. As a critical component
of personal protective equipment, the
protective performance of safety helmets is
directly correlated with worker safety [1]. As
the core apparatus for evaluating the impact
resistance of safety helmets, the safety helmet
impact testing machine plays a pivotal role in
ensuring product quality, regulating the PPE
market, and guiding occupational safety
practices [2, 3].

1.2 Research Status at Home andAbroad
Since the early 20th-century adoption of safety
helmets in industrial environments, the
evolution of impact testing technology for
these devices has progressed from simple
mechanical apparatuses to intelligent sensing
systems. International regulatory bodies,
including the International Organization for
Standardization (ISO), American National
Standards Institute (ANSI), and Chinese
national standards (GB), have each established
corresponding testing protocols for safety
helmets [4, 5]. Recent advancements in sensor
technology, data acquisition systems, and
computer simulation have driven continuous
improvements in the accuracy and automation
of safety helmet impact testing machines,
yielding more objective and reliable test
results [6, 7].

1.3 Research Contents and Methods
This study employs literature review,
comparative analysis, and case study
methodologies to systematically outline the
technological evolution of safety helmet
impact testing machines. It details their
operational principles and testing
methodologies, analyzes their application
landscapes across diverse industries, and
illustrates the role of test outcomes in guiding
safety helmet design and manufacturing
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improvements through empirical case analyses.
Over 60 domestic and international research
outputs from the past decade, along with more
than 10 industry standards, were incorporated
into the research, ensuring its
comprehensiveness and alignment with current
academic frontiers [8, 9].

2. Technical Principles of Safety Helmet
Impact Testing Machines

2.1 Basic Structure andWorking Principle
The safety helmet impact testing machine
comprises four primary subsystems: the
impact system, clamping system, measurement
system, and control system. The impact system
generates controlled drop impacts, while the
clamping system secures the safety helmet and
anthropomorphic headform. The measurement
system records dynamic parameters such as
acceleration and displacement during impact,
and the control system manages test conditions

and data acquisition [10, 11]. In compliance
with international standards, the test utilizes a
steel impactor with a diameter of 100 ± 5 mm
and mass of 5.00 ± 0.01 kg, which is dropped
freely from a height of 1 m to strike the helmet
apex. During testing, the measurement system
captures the impact acceleration experienced
by the headform and calculates the impact
force to evaluate the helmet's energy
absorption performance [12, 13].

2.2 Comparative Analysis of Main Testing
Standards
Current key international standards for safety
helmet testing include ISO 3873:2021
Industrial Safety Helmets, ANSI/ISEA
Z89.1-2014 Industrial Head Protection
Equipment, and GB 2811-2019 Head
Protection – Safety Helmets. Table 1 presents
a comparison of the testing requirements and
methodologies specified in these standards:

Table 1. Parameter Requirements of Different Standards
Parameter/Standard ISO 3873 2021 ANSI/ISEA Z89.12014 GB 28112019
Impact Hammer Mass 5kg±0.01kg 5lb ± 0.02lb (approx. 2.27kg) 5kg±0.01kg

Impact Height 1m±0.01m 2.03m±0.03m 1m±0.01m

Transmitted Headform 20kg metal
headform

20lb (approx. 9.07kg)
headform

20kg metal
headform

Test Temperature -10℃~50℃ -18℃~70℃ -20℃~50℃
Absorption Performance Requirement HIC≤4900 HPC≤4000 HIC≤4900
The table illustrates notable variations in
testing conditions across standards, with
disparities in impact height and headform mass
primarily contributing to non-comparable test
outcomes. Consequently, explicit adherence to
target testing standards is imperative during
safety helmet product design and certification
processes.

2.3 Data Acquisition and Analysis Methods
Modern safety helmet impact testing machines
incorporate high-precision sensors and data
acquisition systems, enabling real-time
recording of acceleration, displacement, and
time parameters during impact events.
Analysis of these data facilitates evaluation of
key safety helmet attributes, including impact
energy absorption, puncture resistance, and
electrical insulation performance. Studies
indicate a strong correlation between impact
force magnitude and peak acceleration
experienced by the helmet during testing.
Current consensus in the field posits that peak

accelerations exceeding 1000g (where g
denotes gravitational acceleration) on the
anthropomorphic headform may induce
craniocerebral injuries such as concussion,
while values surpassing 2000g are associated
with severe head trauma. Consequently, a
primary design objective for safety helmets is
to restrict peak impact acceleration within
clinically validated safe thresholds.

3. Engineering Applications of Safety
Helmet Impact Testing Machines

3.1 Applications in the Construction
Industry
The construction industry exhibits one of the
highest safety helmet usage rates globally.
Studies demonstrate that proper utilization of
standards-compliant safety helmets can reduce
the risk of head injuries by over 60%. During
construction activities, these helmets must not
only mitigate impacts from falling debris but
also resist mechanical damages such as
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collisions and frictional wear. To ensure
protective performance, construction
enterprises commonly implement periodic
sampling inspections of safety helmets. For
instance, a major Beijing-based construction
conglomerate conducted inspections on over
5,000 helmets purchased between 2018 and
2022, revealing an 8.7% non-compliance rate.
Predominant issues comprised inadequate
impact energy absorption (5.3%) and failure to
meet puncture resistance standards (3.4%).
Through enhanced supplier management and
rigorous product testing, the enterprise reduced
the non-compliance rate to 2.1%, leading to a
significant decline in head injury incident
rates.

3.2 Applications in the Mining Industry
Mining operations, characterized by complex
environments with elevated risks of falling
debris and collisions, necessitate stringent
performance criteria for safety helmets.
Empirical evidence indicates that 35% of head
injury incidents in mining are attributable to
safety helmet malfunction, underscoring the
need for enhanced impact absorption and
puncture resistance capabilities. To address
this, a South African gold mining company
integrated state-of-the-art impact testing
equipment to perform 100% quality
inspections on purchased helmets, ensuring
compliance with a 5-kg steel hammer drop test
from 1.8 m height. Following implementation,
the enterprise recorded a 42% reduction in
head injury rates and a 30% extension in
helmet service life, yielding substantial
economic and safety improvements.

3.3 Applications in the Electric Power
Industry
The operational environment in the electric
power industry harbors unique hazards,
necessitating safety helmets that not only
exhibit robust impact protection but also
comply with specialized requirements such as
electrical insulation and high-temperature
resistance. In the 2015 revised safety
regulations of the State Grid Corporation of
China, it is explicitly stipulated that helmets
used in electrical work must pass four
fundamental tests: impact resistance, puncture
resistance, electrical insulation performance,
and flame retardancy. A provincial electric
power research institute conducted

comparative evaluations on 30 commercially
available electrical safety helmets, revealing
that approximately 15% of products failed to
meet electrical insulation standards and 8% did
not satisfy impact energy absorption criteria.
By implementing strict safety helmet access
protocols and periodic inspection mechanisms,
the province’s power system achieved a 38%
reduction in head injury incident rates,
highlighting the critical role of safety helmet
impact testing machines in ensuring
occupational safety within this sector.

3.4 Applications in the Manufacturing
Industry
In manufacturing environments where workers
are frequently engaged in mechanical
operations and material handling, safety
helmets serve as indispensable personal
protective equipment (PPE). A German
automotive manufacturer has integrated safety
helmet impact testing into its product design
and evaluation protocols, systematically
simulating impact scenarios under diverse
operational conditions to optimize helmet
structure and material selection. The improved
helmets exhibit a 15% reduction in weight and
a 20% enhancement in wearer comfort while
maintaining full protective performance,
garnering widespread acclaim from frontline
workers.

4. Analysis of Typical Cases

4.1 The Quality Improvement Project of
Safety Helmets in a Construction
Enterprise
In 2019, a major Shanghai-based construction
firm experienced a series of head injury
incidents attributed to cracked safety helmets.
Investigations revealed that the primary cause
was non-compliant quality in purchased
helmets. In response, the enterprise integrated
state-of-the-art impact testing equipment,
established a robust quality control framework,
and implemented 100% incoming inspections
for supplier-provided helmets. During the
project’s implementation phase, over 1,200
helmet samples were tested, leading to the
disqualification of three non-compliant
suppliers and optimization of two procurement
procedures. One-year post-intervention
statistics demonstrated a reduction in head
injury rates from 0.35‰ to 0.12‰, alongside a
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76% decrease in helmet-related complaints,
underscoring substantial economic and safety
improvements.

4.2 Custom Development Project of Safety
Helmets for a Mine
A Shanxi-based coal mining enterprise
collaborated with a safety helmet manufacturer
to develop specialized helmets for harsh
underground operational environments. During
the R&D phase, a safety helmet impact testing
machine was utilized to perform over 30
material property tests and structural
optimizations. The result was a novel mining
safety helmet featuring superior impact
resistance and wearer comfort. Constructed
from composite materials, the new helmet is
20% lighter than conventional models, with a
15% improvement in impact resistance and a
30% enhancement in air permeability.
Following deployment, miner satisfaction
increased by 45%, and the head injury incident
rate decreased by 38%, illustrating the critical
role of impact testing machines in guiding new
product development for safety helmets.

5. Technical Challenges and Development
Trends

5.1 Limitations of Existing Technologies
While the technology of safety helmet impact
testing machines has become well-established,
several limitations persist. First, current testing
standards primarily focus on unidirectional
vertical impacts, whereas real-world
workplace impacts often occur from diverse
angles, potentially leading to discrepancies
between laboratory results and actual
performance. Second, existing testing
equipment struggles to simulate safety helmet
performance under complex environmental
conditions (e.g., low/high temperature,
humidity), which can degrade material
properties and protective efficacy. Additionally,
traditional testing approaches lack the
capability to evaluate performance degradation
in helmets subjected to repeated impacts, a
common scenario in prolonged industrial use.

5.2 The Development of Intelligent Testing
Systems
Driven by advancements in sensor technology,
artificial intelligence (AI), and the Internet of
Things (IoT), safety helmet impact testing

machines are undergoing a transformative shift
toward intelligent systems. The
next-generation testing platforms not only
automate the entire testing workflow but also
leverage machine learning algorithms to
analyze large-scale test datasets, enabling
predictions of safety helmet service life and
performance degradation trends. As an
illustrative case, a intelligent testing system
developed by a research consortium employs
acceleration signal feature analysis during
impact events to quantify internal material
damage in safety helmets, thereby facilitating
accurate predictions of their remaining useful
life.

5.3 Testing Challenges Brought about by the
Application of New Materials
The adoption of advanced materials in safety
helmet manufacturing introduces new
challenges for conventional testing
methodologies. For example, carbon fiber
composites and 3D-printed materials exhibit
superior mechanical properties but
demonstrate distinct failure mechanisms
compared to traditional materials,
necessitating the development of novel testing
protocols and evaluation metrics. Additionally,
the integration of nanomaterials imposes
stricter requirements on testing precision due
to their size-dependent mechanical behaviors.

6. Conclusions and Prospects

6.1 Research Conclusions
This article presents a systematic investigation
into the technical principles of safety helmet
impact testing machines and their practical
engineering applications. The study
demonstrates that as a core apparatus for
evaluating safety helmet protective
performance, these testing machines play a
pivotal role in enhancing workplace safety and
mitigating head injury incidents. Through
comparative analysis of international testing
standards, the influence of test conditions on
evaluation outcomes is elucidated; empirical
case studies further illustrate how testing data
inform quality control practices for safety
helmets.

6.2 Future Prospects
The future technological evolution of safety
helmet impact testing machines will follow
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three primary development trajectories: First,
the intelligentization of testing equipment.
Through the integration of advanced sensor
technologies and artificial intelligence (AI),
full automation of the testing workflow and
intelligent data analysis for predictive insights
can be achieved. Second, the diversification of
testing environments. By developing
sophisticated environmental simulation
systems, these machines will enable precise
replication of complex operational scenarios,
including multi-directional impacts and
extreme conditions (e.g., temperature,
humidity). Third, the international
harmonization of testing standards. Efforts to
promote convergence and alignment of global
regulatory frameworks will facilitate
standardized development across the
international safety helmet industry, enhancing
interoperability and compliance.
Overall, driven by the continuous emergence
of novel materials, advanced manufacturing
processes, and the ever-evolving complexity of
industrial environments, the technology
underpinning safety helmet impact testing
machines will undergo continuous evolution
and innovation. These advancements will
provide stronger technical safeguards for
enhancing workplace safety standards.
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