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Engineering science and technology serve as engines driving the 
development of human society [1]. Here, we use the term 
engineering fronts to represent crucial directions in engineering 
that are having a major impact on and will lead the future develop-
ment of engineering science and technology, providing important 
guidance for cultivating and developing new, high-quality produc-
tive forces in the future. Global engineering science and technology 
have entered a new cycle of innovation activity, with continuous 
breakthroughs being made in new technologies, fields, and sectors 
[2]. To analyze and predict the development trends of engineering 
science and technology and guide the innovation frontiers in this 
field, the Chinese Academy of Engineering (CAE) has organized 
Global Engineering Fronts research every year since 2017, selecting 
and publishing annual reports on engineering research and devel-
opment fronts on a global scale [3]. More specifically, engineering 
research fronts focus on the exploration of basic principles and 
fundamental theories, while engineering development fronts 
emphasize technological development and practical applications. 

The 2024 Global Engineering Fronts research is organized across 
nine domains, encompassing 53 disciplinary directions: mechani-
cal and vehicle engineering; information and electronic engineer-
ing; chemical, metallurgical, and materials engineering; energy 
and mining engineering; civil, hydraulic, and architectural engi-
neering; environmental and light textile engineering; agriculture; 
medicine and health; and engineering management. The selection 
process employs a research methodology characterized by deep 
interaction between expert judgment and data analysis. The over-
all research process consists of four stages: data mining, data anal-
ysis, expert study, and expert interpretation. 

During the data mining stage for the year 2024, a co-citation 
clustering analysis was conducted on 2.013 million high-impact 
Science Citation Index (SCI) journal and conference papers pub-
lished between 2018 and 2023 in the Web of Science database, 
with citation frequencies in the top 10%. This analysis yielded 
195 000 key topics; through indicator screening, 734 hotspots in 
engineering research fronts were then identified. To obtain candi-
date hotspots for engineering development fronts, text clustering 
was also performed on 530 000 high-impact patent families in 
the Derwent Innovation patent database that were among the 
top 10 000 in their respective discipline groups in terms of citation 
frequency and were applied for during 2018–2023. 
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In the data analysis stage, bibliographic and information experts 
conducted a relevant analysis of the papers and patent data for 
each identified hotspot to derive the progress of research through 
data analysis. In the expert study stage, the final 92 engineering 
research fronts and 92 engineering development fronts were deter-
mined, primarily through methods such as surveys of domain 
experts, expert discussions, and expert revisions. In addition, tech-
nology roadmaps were completed for key directions among the 
engineering research and development fronts. In the expert inter-
pretation stage, authoritative experts from various key engineering 
fields were invited to provide in-depth interpretations of the cur-
rent status, development trends, and key development areas of 
their respective fronts. 

The Global Engineering Fronts for this year fall into four main 
streams: Firstly, the new generation of information technology, 
represented by artificial intelligence (AI), continues to maintain 
strong development momentum. It is increasingly becoming a 
foundational technology driving the advancement of other key 
technologies. Its penetration into multiple industries—such as 
manufacturing, materials, construction, environmental protection, 
biology, transportation, and healthcare—is accelerating, and new 
application scenarios are continuously being explored, driving dis-
ruptive and collective breakthroughs in related engineering science 
and technology fields. 

Secondly, low-carbon energy technologies are rapidly evolving. 
Energy conversion and storage technologies are continuously 
breaking through bottlenecks in safety, energy density, capacity 
scale, endurance, service life, and economy. The shift of renewable 
energy toward high capacity, high efficiency, safety, and stability is 
accelerating, and the complementary and deep integration of tradi-
tional and renewable energy is being established. Research and 
development of various types of batteries, such as all-solid-state, 
sodium-ion, and solar batteries, as well as hydrogen production 
and storage materials and devices, have become new frontiers of 
the energy field. 

Thirdly, key technologies are emerging intensively within the 
field of materials. The demands of complex application scenarios 
continuously drive the advancement of materials engineering 
fronts toward multifunctionality, high performance, and increasing 
toughness. The design and development of a new generation of 
composite materials with integrated structure and function,
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integrated materials and devices, and metamaterials have become 
new frontiers of global materials science and technology. 
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Fourthly, the field of life sciences, represented by synthetic biol-
ogy, gene editing, brain science, and regenerative medicine, contin-
ues to nurture new transformations. Explorations in areas such as 
biosynthetic feed, biology breeding, and bioengineered organs are 

providing innovative solutions to many practical problems 
currently faced by humanity and have broad development 
prospects. 

Table 1 
Fronts of mechanical and vehicle engineering. 

Engineering research fronts Engineering development fronts 

Ship digital twin system Deep underwater communication and positioning technology 
Offshore floating solar power generation Integrated control technology for the air–sea collaborative heterogeneous unmanned systems 
Scene parsing based on depth images Comprehensive detection technology for low-altitude unmanned aerial vehicle 
4D-printed shape memory polymers Technology for perception and cooperative control of unmanned surface vessel swarms 
Multi-frequency GNSS PPP High-precision distance recognition technology based on image features 
High-speed super-resolution ultrasound imaging Intelligent embodied AI robotic system 
Phase-change energy storage Continuous ceramic fiber-reinforced metal matrix composites 
Composite structures for multi-scale energy absorption Modular advanced armed robot system 
Micro-supercapacitor Hydrogen fuel aeroengine 
Triboelectric nanogenerator based on cellulose aerogels Prediction of wavy trajectory of hypersonic glide warheads in near space 

GNSS: global navigation satellite system; PPP: precise point positioning. 

Table 2 
Fronts of information and electronic engineering. 

Engineering research fronts Engineering development fronts 

Basic theory and methodology of embodied intelligence Integrated intelligent remote sensing monitoring technology for air, space, 
land, and sea 

Theory and design of wafer-scale system-on-chip Wafer-level bonding technology for heterogeneous integration 
Low-altitude information network system and integrated communication and sensing 

technology 
Intelligent computing technology based on large domain models 

Design, manufacturing, and testing of large-scale high-precision metasurface 
devices 

Theory of multimodal perceptual and cognitive intelligence 

High-performance compute-in-memory chip based on novel non-volatile 
memory 

Ultra-high sensitivity cross-scale defect detection technology 

Intelligent scientific computing driven by data and physical laws Precise control technology for medical micro/nano robots 
Distributed planning and intelligent cooperative control for large-scale satellite 

clusters 
Industrial super-resolution optical microscope 

Ultra-large-scale integrated optical computing chips Digital twin system based on hybrid modeling 
Theory and method of all-optical deep computational imaging Security testing and evaluation technology for AI 
Semantic communication theory and technology based on AI Integration technology of satellite, cloud, computing, and network 

Table 3 
Fronts of chemical, metallurgical, and materials engineering. 

Engineering research fronts Engineering development fronts 

Controllable modulation of thermodynamic and kinetic properties in 
high-capacity solid-state hydrogen storage materials 

Key materials and preparation technology for all-solid-state batteries 

Design and discovery of novel smart materials based on machine 
learning 

Key technologies and equipment for multi-process integrated additive manufacturing of 
metals 

Purification and separation of similar elements in metallurgical 
processes 

Green long-life seawater electrolysis hydrogen production systems and seawater mineral 
resources 

Electrode material design and the reaction mechanism of ultra-low 
temperature Li-ion batteries 

Large-scale preparation process of high-performance solid-state hydrogen storage materials 
and the design of efficient solid-state hydrogen storage systems 

Highly biomimetic brain-like neuron materials and devices Digital twin steel manufacturing technology 
Efficient customized preparation technology for high-performance multi-component alloy 
materials 

Ultra-thin and ultra-wideband high-performance electromagnetic 
wave-absorbing materials 

Key chemical issues in photo(electro)catalytic water splitting for 
hydrogen production 

Design and industrialization of core materials for sodium-ion batteries 

Bioprobe materials based on precision medicine Design, control, and preparation of efficient electromagnetic wave-absorbing materials 
Catalytic degradation of polyolefin and polyester into valuable 

chemicals 
Digital and intelligent non-ferrous metal metallurgy processes 

Reaction mechanisms and theories of unconventional resource smelting 
processes 

Design of high-temperature flexible lightweight thermal insulation materials 
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Table 4 
Fronts of energy and mining engineering. 

Engineering research fronts Engineering development fronts 

Research on integrated CO2 capture and in situ utilization High energy density, long life, and low-cost solid-state battery technology 
Principles of compact fusion and tritium resource conversion Research and development of nuclear battery based on isotope power supply 
High-resolution remote sensing ore-forming information extraction based on 

deep learning 
Intelligent detection and recognition system while drilling under complex 
geological conditions 
Research and development of drilling technology and equipment in deep complex 
strata 

Oil and gas with wind–light–heat–storage multi-energy integrated development 
and utilization 

Research and development of devices and systems of heat storage and hydrogen 
storage 

Discovery of high ionic conductivity solid electrolytes 

Development of high-power wide-range bidirectional charging technology and 
equipment 

Study on large models of power system operation and maintenance 

Simulation and testing of principles of glass solidification (vitrification) and other 
nuclear waste disposal methods 

Source searching system based on nuclear unmanned aerial vehicle 

Experimental research on application of a new type of heat pipe reactor in space 
reactors 

Nuclear reactor DCS verification and validation method, device, and system 

Research on the sources and ore-forming processes of orogenic gold deposits Technology for identifying and locating favorable ore-forming spaces in the depth 
of granite-type uranium deposits 

In situ conversion mechanism of Chang 7 shale oil Real-time online prediction system for shale gas well productivity 
Intelligent fine characterization of deep oil and gas reservoirs Co-mining technology for coalbed methane and coal resources 
Optimization of sensor networks in intelligent monitoring systems for coal mine 

safety 
Integrated technology of CO2 mineralization filling and storage 

DCS: distributed control system. 

Table 5 
Fronts of civil, hydraulic, and architectural engineering. 

Engineering research fronts Engineering development fronts 

Mechanisms of extreme flood and drought disasters and risk regulation in river basins 
under changing environment 

Intelligent scheduling technology and equipment for hydro–wind– 
photovoltaic–storage hybrid system 

Urban planning and architectural design methods empowered by large models Intelligent simulation and resilience enhancement technology for urban 
drainage systems 

Intelligent operation and safety assurance of new energy transportation systems Large scale 3D real scene modeling and dynamic updating 
Physics-informed neural networks for solving engineering mechanics problems and 

applications 
Intelligent coordination and safety assurance of low-altitude and ground 
transportation systems 
Carbon reduction techniques for planning infrastructure renewal in urban 
areas 

Hybrid computational paradigm for intelligent mapping 

Low carbonization and properties optimization of ultra-high performance concrete Structure–function integrated technology of organic composite materials in 
complex environments 

Mechanisms and control of dynamic disaster of long tunnel in extreme environments Intelligent construction and maintenance of infrastructure under extreme 
climatic conditions 
Low-cost building-integrated photovoltaic system and implementation 
technology 

Advanced oxidation/reduction technology for removing organic pollutants from water 

Intelligent design theory for green and low-carbon engineering structures Modular building structural system and its intelligent construction 
Mechanisms and optimization of built environment health impacts in urban 

communities 
Autonomous unmanned system localization and mapping technology 

Table 6 
Fronts of environmental and light textile engineering. 

Engineering research fronts Engineering development fronts 

Synergistic effects of pollution reduction and carbon mitigation in energy 
transition 

Low-maintenance decentralized water treatment technologies and equipment 

AI-driven sustainable water treatment technology Traceability and risk control of multi-media pollution based on big data mining 
Nanoconfinement-enhanced pollutant degradation technology Carbon sequestration and storage construction materials 

Technologies for dynamic monitoring and feedback of water quality for smart water 
treatment 

Assessment of potential environmental and health risks from new particles 

Control mechanisms of extraordinary enrichment of rare earth elements in deep-
sea environments 

Application of intelligent models in the field of meteorology and oceangraphy 

Research on AI application in intelligent grid forecasting Path planning technology for autonomous underwater vehicles based on deep 
reinforcement learning 

Data-driven optimization of high-resolution ocean numerical models Application of digital twin technology in climate research 
Research on nanofiber materials for wound healing Innovative utilization of novel food microbial resources 
Risk assessment and control of emerging contaminants in food Nano green printing technology 
Non-food biomass liquid fuels Fiber-based solar cells
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Table 7 
Fronts of agriculture. 

Engineering research fronts Engineering development fronts 

Genetic basis for important agronomic traits and environmental adaptation in 
crops 

Biosynthesis and efficient utilization of protein feed 

Mechanisms of emergence, transmission, and control of antimicrobial resistance 
in animal-derived bacteria 

Crop intelligent design and synthetic biology breeding 

Compound hazard effects and control mechanisms of multi-pollutants in 
agriculture 

The development of novel diagnostic reagents for animal diseases 

The regulatory mechanism for the formation of important traits in livestock and 
poultry 

The development of high-performance detection reagents for hazardous 
substances in animal-derived foods 

Research on autonomous agricultural unmanned operation systems Pesticide big data integration and intelligent traceability 
Discovering of plant key immune receptors and the downstream components Precision coupling of crop water-fertilizer and intelligent system and equipment 
Network mechanism of gut microbiota interaction with feed ingredients in 

livestock and poultry 
Technology for organic waste utilization and ecological management 

The spectrum and epidemiology of pathogens in wildlife Intelligent aquaculture platform and equipment for deep and distant seas 
Targeted development of markers for horticultural corps breeding based on big 
data 

Environmental adaptability mechanism of important traits of forest trees 

Molecular design of high-quality production for horticultural crops The regulation of wood hierarchical structures and the fabrication of functional 
wood-based composites 

Table 8 
Fronts of medicine and health. 

Engineering research fronts Engineering development fronts 

Human immunity: decoding, assessing, intervening, and rebuilding The gene editing technology for targeted large DNA fragment insertion 
Construction and application of big data system for cohort study Life spatiotemporal omics technology 
Tissue-wide cellular atlases AI-assisted early screening and diagnosis of cancer 
Tumor immunotherapy resistance Human phenome analysis technology 
Epigenetic mechanisms in human tissue regeneration limitation AI-assisted surgical navigation system 
Cross-species organ transplantation research General-duty cancer vaccines 
Aging assessment and prognosis for aging-related diseases Organoid-on-chip in anti-cancer drug screening 
Life course exposure and health research Bioengineering human organs 
Development of novel drugs targeting membrane proteins or nuclear receptors Brain–computer interface chip 
Biosynthesis of TCM bioactive compounds Large language models in medical decision support 

TCM: traditional Chinese medicine. 

Table 9 
Fronts of engineering management. 

Engineering research fronts Engineering development fronts 

Research on the optimization of engineering management based on generative 
AI 

Data and model-driven intelligent mathematical programming algorithms 

Long-term impact of machine behavior and large AI models on human 
decision-making 

Development of large model technologies and scenario libraries for closed-loop data 
in autonomous driving 

Modeling and enhancing resilience in urban physical–information–social 
systems 

Cloud–edge–end data collaborative management platform for engineering 
construction 

Comprehensive optimization and evaluation of green energy systems Emotionally and intellectually capable digital humans for service innovation 
Key technologies for urban ecological risk early warning, control, and resilience 
enhancement 

Research on digital carbon emission monitoring, calculation methods, and 
spatiotemporal feature evolution 

Public risk perception in complex social information networks Urban streetscape perception technology and spatial feature identification methods 
Research on the digital twin model simulation and virtual–physical interaction 

methods for buildings 
Research on big data coupling, assimilation, and intelligent perception for 
atmospheric environment prediction 

Research on supply chain management and optimization strategies under the 
carbon neutrality goal 

Privacy computing methods and systems in environmental intelligence 

Research on climate finance asset pricing and risk management Edge–cloud collaborative evolution of large and small models 
Ethical research on generative AI algorithms Key technologies for multidimensional state perception and optimized scheduling in 

complex manufacturing systems 

7

References 

[1] Xi sends congratulatory letter on 30th anniversary of Chinese Academy of 
Engineering [Internet]. Beijing: The State Council of the People’s Republic of 
China; 2024 Jun 3 [cited 2024 Nov 20]. Available from: https://english. 
www.gov.cn/news/202406/03/content_WS665d8055c6d0868f4e8e7cd6.html. 

[2] He J, Yao J, Chen X, Liu F, Zhu H. Do civil engineering fronts emerge from 
interdisciplinary research? Front Struct Civ Eng 2023;17(1):1–9. 

[3] Yan J, Mu Z, Zheng W. 2023 global engineering fronts. Engineering 2023;31:4–7. 
[4] Project Group of Global Engineering Fronts of Chinese Academy of Engineering. 

Engineering fronts 2024. Beijing: Higher Education Press; 2024.

https://english.www.gov.cn/news/202406/03/content_WS665d8055c6d0868f4e8e7cd6.html
https://english.www.gov.cn/news/202406/03/content_WS665d8055c6d0868f4e8e7cd6.html
http://refhub.elsevier.com/S2095-8099(24)00658-1/h0010
http://refhub.elsevier.com/S2095-8099(24)00658-1/h0010
http://refhub.elsevier.com/S2095-8099(24)00658-1/h0015

	2024 Global Engineering Fronts
	References




