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Abstract. This study offers a systematic analysis of academic research on super-
hydrophobic drag reduction. by utilizing two visualization tools named
VOSviewer and Bibliometrix of R. We analyzed 407 articles on this area from
the web of science database. The authors, journals, organizations and countries
in the research on superhydrophobic drag reduction are discerned. In addition,
the evolution trend was explored through keyword co-occurrence analysis to find
the research focus and to predict the future development in this area. The results
conjunctively achieved by VOSviewer and Bibliometrix will enhance under-
standing of the research on superhydrophobic drag reduction through a compre-
hensive quantitative analysis and assist scholars with future directions in this
area.
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1 Introduction

Superhydrophobic drag reduction is a technology that passively reduces the friction of
interfaces between solid surfaces and water ['-?]. A surface is deemed superhydrophobic
when it possesses a contact angle larger than 150° and a contact angle hysteresis less
than 5°. These surfaces exhibit such unique characteristics as a result of the integration
of the special micro-nanostructures and low surface energy of the materials they consist
of B, Due to superhydrophobicity, air pockets, also called plastron, could be formed at
the interface of solid surfaces and water. This provides air lubrication and minimal di-
rect contact of liquid and substrate, which results in the exceptional properties of drag
reduction 7. Likewise, many plants and animals in nature present a similar property
such as lotus leaves !, butterfly wings 1), water striders’ legs ['%), fish scales ['!l, which
has originated early researchers to bring up the idea of hydrophobicity and has also
offered new insights into developing artificial superhydrophobic surfaces for drag re-
duction applications.

Superhydrophobic drag reduction has been of great interest in recent decades due to
its potential to reduce the drag or friction force exerted on floating vehicles, underwater
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devices and pipelines and consequently to lower the substantial energy consumption
and fuel costs ['>4. On the other hand, aggregation of seaweed on superhydrophobic
surfaces is difficult, thus diminishing the accumulation of biofouling, which may cause
severe friction force ['*1. As the application scenario presents a tremendous demand for
energy saving in marine devices and pipelines, the field of superhydrophobic drag re-
duction has been continuously developing to face with the common topic of resources
and global warming for the human kind ['%!71, Given its significant influence, a com-
prehensive understanding of evolution and trends of superhydrophobic drag reduction
empowers researchers and manufacturers to make well-informed decisions. Technol-
ogy forecasting is crucial in guiding research and engineering, and can therefore mini-
mize the wastage of resources for academia and industries. This could be achieved
through qualitative review and quantitative bibliometrics '), Related papers have pro-
vided an overview of the current status of superhydrophobic drag reduction, focusing
on the up-to-date theory optimization and performance improvement. Development and
challenges of this area have been discussed from the aspect of qualitative review while
prediction through statistical analysis evidence is not yet present in literature. There-
fore, bibliometric analysis is adopted in this study to provide quantitative information
and could yield predictions on the trend of this research area.

In this work, a comprehensive bibliometric and visualization analysis of superhy-
drophobic drag reduction is conducted. Previous scientific publications are systemati-
cally gathered and the annual publishing distribution is evaluated to identify growth
trends. Prominent authors, organizations, countries and journals are then discussed to
show the most influential figures and work in this field. Research trends are analyzed
through evolution of keywords followed by predictive insights to future directions. This
study presents the development of this area in a direct quantitative way, facilitating a
clear understanding to trace the origin and development in this field. Additionally, the
analysis and prediction of the research trend help guide the readers on the evolution and
recognition of new directions.

2 Method

2.1 Data Collection

Web of Science was chosen as the source for obtaining data to implement bibliometric
analysis in this study. The search query was the keywords “superhydrophobic” or “su-
perhydrophobicity” and the keywords “drag reduction” applied to “TI (title)”, “AB (ab-
stract)” and “AK (author keyword)”. Preliminary results showed that 619 relevant pa-
pers are found to build up the base for the subsequent analysis. The results showed a
time frame covering 21 years with no relevant publications existing before 2005.

To ensure the integrity and reliability of the database, the results were screened fol-
lowing the guidelines of the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis, the widely acknowledged procedure for database filtering. Three main
aspects which were removal of duplicate record and non-English-language documents
and inclusion of journal articles and conference proceedings were considered in the
initial identification stage. A total of 558 documents underwent this screening stage.
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The titles and abstracts were then reviewed to check the relevance to the topic. Some
unidentified review articles and unrelated articles in previous steps were excluded and
407 documents remained for the bibliometric analysis.

2.2 Software for Bibliometric and Visualization Analysis

The data analysis and visualization software used in this study was VOSviewer 1.6.20
and bibliometrix of R 4.5.1. VOSviewer was used to investigate authors, journals, or-
ganizations and keywords through the co-occurrences. Bibliometrix of R was used to
calculate the annual trend of publications and journals and also the frequency and evo-
lution of keywords.

3 Results and Discussion

3.1 Time Trend of Publications

The 407 papers used in this study were written by 1360 authors from 321 organizations
in 137 journals, citing 8615 papers from 1935 journals. Data regarding the annual pro-
duction of the papers are presented in Figure 1. Notably, superhydrophobic drag reduc-
tion first appeared in 2005 with two papers published. The area really began to develop
in 2009 after two years of zero production. The annual volume of the published papers
rose gradually and reached a maximum of 49 in 2024, as the record for the year 2025
was not complete. The quantitative examination of the number of papers offers decisive
proof that superhydrophobic drag reduction has evolved to a crucial technology.
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Fig. 1. The production of papers in the field of superhydrophobic drag reduction.
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3.2 Publications and Collaborative Networks of Authors, Regions,
Organizations and Journals

3.2.1 Bibliometric Analysis of Authors.

Authors’ contribution to this area regarding the number of their publications is
shown in Figure 2. The size of each node corresponds to an author's number of publi-
cations, while connecting lines indicate collaborative relationships, which often arise
from shared research interests, teamwork, and significant funding support. Liu XW,
Zhang HF, Hu HB and Rothstein J are the most authoritative figures in this area. Liu
XW’s research interest is in fabrication of biomimetic structure on aluminum or steel
for drag reduction. His team has published 13 related papers cited 482 times. Rothstein
J has authored 9 influential papers mainly on drag reduction in turbulent flow, cited
over 1100 times. Hu HB has published 8 papers cited over 400 times. He has presented
work on both micro-nanostructure design/fabrication for superhydrophobic drag reduc-
tion and plastron research, which is cutting-edge work in this area.
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Fig. 2. The most relevant authors in the field of superhydrophobic drag reduction.

3.2.2 Analysis of Countries and Regions.

Figure 3 presents the 10 most productive countries of the corresponding authors.
These countries have provided the most publications in terms of superhydrophobic drag
reduction. The blue box indicates single-country production and the orange box indi-
cates the multiple production. According to the analysis, China was the most productive
country with 192 articles published and cited over 4700 times. USA was the second
with 95 articles cited over 5900 times. UK was the third with 24 articles cited over 1800
times. Regarding the number of publications and average citations, these three countries
outperformed all other countries, posting around nearly 70 percent of all the articles.
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Fig. 3. The most productive countries in the field of superhydrophobic drag reduction.

3.2.3. Analysis of Organizations.

The most pertinent affiliation indicates how one institute has excelled in the partic-
ular area. The research expertise and the apparatus are the reason the institutes can spe-
cialize. Figure 4 shows that the number of most publications from a single affiliation is
21, achieved by Harbin Institute of Technology and Tsinghua University affiliation
number. Chinese Academy of Sciences and Northwestern Polytechnical University are
also active organizations that are in collaboration with the previous top two. Other af-
filiations that are productive in this area include University of Massachusetts, Univer-
sity of Alberta, University of California, Los Angeles and Virginia Commonwealth
University.
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Fig. 4. The co-occurrence of organizations of the corresponding researchers.

3.2.4 Analysis of Journal Publications and Impact.

In this section most relevant sources of publisher in superhydrophobic drag reduc-
tion are presented to analyze how the journal is empowering the specific research areas.
The top 10 journals are shown in Table 1. Considering the number of published articles
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and total citations, Physics of Fluids and Journal of Fluid Mechanics are the dominant
journals in this area. The most relevant sources indicate how recent journals have em-
phasized superhydrophobic drag reduction and contributed sufficient publications in
this domain.

Table 1. Top 10 journals with the highest number of publications.

Rank Journal IF(2024) JCR(2024) Article Citation
1 Physics of fluids 43 Ql 47 3008
2 Journal of Fluid Mechanics 39 Ql 28 1594
3 Langmuir 39 Q2 19 697
T et T R
5 Applied Surface Science 6.9 Q2 17 712
6 ACS Applied Materials & Interfaces 8.2 Q1 14 628
7 Physical Review Fluids 2.8 Q2 13 271
8 Chemical Engineering Journal 13.2 Q1 12 426
9 Surface & Coatings Technology 6.1 Q1 11 321
10 Microfluidics and Nanofluidics 2.5 Q2 9 311

3.3  Statistics of Keywords and Trends of Topics

3.3.1 Growth and Trends of Topics.

Figure 5(a) represents the evolution of the top keywords in superhydrophobic drag
reduction. The vertical axis indicated the cumulative occurrences and the horizontal
axis indicates the publication year. The term “drag reduction” showed an excellent per-
formance curve, indicating continuous development in this area. The keyword appeared
most is “drag reduction” (184 out of 407 occurrences) and “superhydrophobic” (85 out
of 407 occurrences), reflecting the core topics in this field. The second-most frequent
terms are “turbulent” “plastron” “slip” “bioinspired”, etc., which are key directions ad-
dressed in literature. Other available keywords, though not that frequent, highlight ad-
ditional topics within the discipline.

The trend of research topics of superhydrophobic drag reduction could be more spe-
cifically visualized through time distribution in Figure 5(b). In this visualization, the
navy blue indicates lower frequency of discussion in early stages, transitioning into
light yellow as the topics record more occurrences. The term “slip” emerged early in
this research area, inferred from conventional experiments including particle image ve-
locimetry and pressure drop analysis to quantify drag reduction effect. The keyword
“laminar flow” appeared before “turbulent flow”, reflecting a shift of research focus
from simpler to more complex flow conditions. Subsequently Later the keywords “plas-
tron” “robustness” appeared, indicating the rise of research interest into the long-term
stability of the superhydrophobic surfaces. This implies that research attention is more
concentrated to practical performance. Other keywords are about the fabrication meth-
ods and diverse functions of superhydrophobic surfaces. The keyword “laser ablation”
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(10 occurrences) indicates that it has become the most widely studied and adopted fab-
rication route. Additional keywords such as "anti-icing," "anti-corrosion," "anti-foul-
ing," and "wear resistance" point to a growing trend toward developing multifunctional
superhydrophobic surfaces. Anti-corrosion (11 occurrences) appears most frequently
among these topics, while anti-fouling specifically addresses applications in water ve-
hicles - both topics primarily corresponding to marine device applications. Research on
anti-icing (5 occurrences) properties emerged later with less frequency, indicating tech-
nological innovations extending to other industries.
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Fig. 5. (a) An outgrowth of top 30 keywords and (b) keyword distribution over time.

The most recent research topic is “underwater drag reduction”, while in comparison
“microchannel” frequently appeared in early research work, indicating that researchers’
view turns into practical use of superhydrophobic surfaces in real waters instead of lab-
based experiment setup. Considering previous research focus in this field, the topic
“underwater drag reduction” is believed to be a highly promising direction. Recent ad-
vances in understanding plastron and robustness have laid some groundwork for under-
water implementation. Meanwhile, progress in fabrication methods supports the devel-
opment of superhydrophobic surfaces of underwater devices and vehicles. Addition-
ally, investigations into multifunctional surfaces could provide possible solutions to
adapting to complicated real-world conditions. This also suggests that interdisciplinary
collaboration will play a key role in the field, driving important advancements in areas
such as renewable energy, ocean engineering and environmental engineering through
superhydrophobic technologies. All these developments are paving the way to yielding
a breakthrough in underwater drag reduction applications, which is the ultimate objec-
tive in this field.

3.3.2 Socio-economic Impacts.

As previously noted, the topic superhydrophoic drag reduction is closely related to
energy conservation and environment protection. Multifunctional surfaces were devel-
oped to address the need for energy and environment from different perspectives. Re-
lated keywords such as drag-reduction, self-cleaning, anti-fouling, anti-corrosion were
examined and quantified to explore trends how such surfaces are designed to yield the
energy and environment benefits. The academia has consistently focused on energy
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saving challenges with the core topic drag reduction addressed throughout full stages.
Later, research focus expanded to self-cleaning, anti-fouling and anti-corrosion with 24
occurrences in total, aiming to develop multifunctional surfaces to better realize energy
savings in practical applications. However, the integration of these functions remains
in its early stages; although interest has surged in recent years, the volume of publica-
tions is still limited. Judging from section 3.2.3, most author affiliations are universities
and academic institutions. Participation from industries are rarely seen. This shows that
there is still a long way to go before the technologies are fully implemented in industries
and generate economic benefits.

4 Conclusions

Superhydrophobic drag reduction is a topic that has been intensively studied over the
years with numerous articles contributing to its development. While the understanding
of this area is presented by some highly-rated review papers, a comprehensive quanti-
tative analysis remains lacking, which could show an essential perspective in the re-
search evolution. This study uncovers the development of superhydrophobic drag re-
duction from 2005 to 2025 by bibliometric and visualization analysis using a combina-
tion of VOSviewer and Bibliometrix. According to the 407 articles collected from the
Web of Science, important publications, authors, journals and affiliations are identified
and the network is analyzed. Hot topics and research trends are subsequently predicted.
This study achieves some insights from the literature and summary of the existing stud-
ies with quantitative results. This will assist scholars to better understand the develop-
ment in this field and to find the key journals, authors and publications they are inter-
ested in. Last but not least, predictions concluded from the bibliometric analysis present
current focus and can provide possible ideas for future research.

This study is helpful for providing a comprehensive framework that can inform fu-
ture inquiry. Nevertheless, some limitations should be acknowledged. First, the samples
in this study are captured from a single database. Although WoS covers a wide range
of journals, it does not encompass all relevant work in the field. Work from some jour-
nal and conferences providing more insights and latest findings in the field is not in-
cluded currently. Second, although the bibliometric analysis conducted through spe-
cialized software is objective, the interpretation of the results involves subjectivity. Dif-
ferent researchers may have different recognition on even the same data. By multiple
discussions among authors and larger amount of related publications to be analyzed,
the subjective interpretation may be overcome. Addressing these two aspects would
enhance the study in the future.

Acknowledgments

The authors would like to thank Jianghan University for the support to prepare this
work. No funding was received for conducting this study.
The authors declare that they have no conflict of interest.



166

Y. Fuetal.

References

1.

11.

13.

14.

T. Kouser, H. Zulfigar, M. Misbah, L. Alhems, Passive Drag Reduction Technologies,
CHEMBIOENG REVIEWS 10 (2023) 1110-1122.
https://doi.org/10.1002/cben.202300044.

. M. Liravi, H. Pakzad, A. Moosavi, A. Nouri-Borujerdi, A comprehensive review on recent

advances in superhydrophobic surfaces and their applications for drag reduction,
PROGRESS IN ORGANIC COATINGS 140 (2020).
https://doi.org/10.1016/j.porgcoat.2019.105537.

G. Liu, Z. Yuan, Z. Qiu, S. Feng, Y. Xie, D. Leng, X. Tian, A brief review of bio-inspired
surface technology and application toward underwater drag reduction, OCEAN
ENGINEERING 199 (2020). https://doi.org/10.1016/j.oceaneng.2020.106962.

. J. Jeevahan, M. Chandrasekaran, G.B. Joseph, R.B. Durairaj, G. Mageshwaran, Superhy-

drophobic surfaces: a review on fundamentals, applications, and challenges, JOURNAL OF
COATINGS TECHNOLOGY  AND RESEARCH 15 (2018) 231-250.
https://doi.org/10.1007/s11998-017-0011-x.

. M. Kavalenka, F. Viilliers, S. Lischker, C. Zeiger, A. Hopf, M. Rohrig, B. Rapp, M. Worgull,

H. Holscher, Bioinspired Air-Retaining Nanofur for Drag Reduction, ACS APPLIED
MATERIALS & INTERFACES 7 (2015) 10651-10655.
https://doi.org/10.1021/acsami.5b01772.

B. Peifer, C. Callahan-Dudley, S. Mékiharju, Air Layer on Superhydrophobic Surface for
Frictional Drag Reduction, JOURNAL OF SHIP RESEARCH 64 (2020) 118-126.
https://doi.org/10.5957/js1.2020.64.2.118.

. J. Yue, H. Zheng, X. Cheng, H. Tian, J. Bai, N. Jiang, A review on the research progress of

turbulent drag reduction and gas layer stability on superhydrophobic surfaces, JOURNAL
OF HYDRODYNAMICS 37 (2025) 100-114. https://doi.org/10.1007/s42241-025-0010-9.

. S.S. Latthe, C. Terashima, K. Nakata, A. Fujishima, Superhydrophobic Surfaces Developed

by Mimicking Hierarchical Surface Morphology of Lotus Leaf, MOLECULES 19 (2014)
4256-4283. https://doi.org/10.3390/molecules19044256.

Y. Chen, Y. Hu, L.-W. Zhang, Effective Underwater Drag Reduction: A Butterfly Wing
Scale-Inspired Superhydrophobic Surface, ACS APPLIED MATERIALS & INTERFACES
16 (2024) 26954-26964. https://doi.org/10.1021/acsami.4c04272.

. J.-Z.Ma, H.-Y. Lu, X.-S. Li, Y. Tian, Interfacial phenomena of water striders on water sur-

faces: a review from biology to biomechanics, ZOOLOGICAL RESEARCH 41 (2020) 231—
246. https://doi.org/10.24272/j.issn.2095-8137.2020.029.

D. Chauhan, P.K. Nagar, K. Pandey, H. Pandey, Bioinspired anti-fouling membranes fea-
turing novel tilted sharkskin patterns, JOURNAL OF MEMBRANE SCIENCE 717 (2025).
https://doi.org/10.1016/j.memsci.2024.123575.

. J. Chen, Z. Guo, Durable superhydrophobic coating with energy-saving drag reduction and

anti-icing  properties, CHEMICAL ENGINEERING JOURNAL 516 (2025).
https://doi.org/10.1016/j.cej.2025.164088.

Y. Zhang, Z. Zhang, J. Yang, Y. Yue, H. Zhang, A Review of Recent Advances in Super-
hydrophobic Surfaces and Their Applications in Drag Reduction and Heat Transfer,
NANOMATERIALS 12 (2022). https://doi.org/10.3390/nano12010044.

Z.Zheng, X. Gu, S. Yang, Y. Wang, Y. Zhang, Q. Han, P. Cao, Underwater Drag Reduction
Applications and Fabrication of Bio-Inspired Surfaces: A Review., Biomimetics (Basel,
Switzerland) 10 (2025). https://doi.org/10.3390/biomimetics10070470.



15.

16.

17.

18.

Research Trends in Superhydrophobic Drag Reduction: a ... 167

T. Rasitha, N. Krishna, B. Anandkumar, S. Vanithakumari, J. Philip, A comprehensive re-
view on anticorrosive/antifouling superhydrophobic coatings: Fabrication, assessment, ap-
plications, challenges and future perspectives, ADVANCES IN COLLOID AND
INTERFACE SCIENCE 324 (2024). https://doi.org/10.1016/j.¢is.2024.103090.

M. Liu, L. Ma, Drag reduction methods at solid-liquid interfaces, FRICTION 10 (2022)
491-515. https://doi.org/10.1007/s40544-021-0502-8.

Y. Liu, M. Wu, Z. Zhang, J. Lu, K. Xu, H. Zhu, Y. Wu, B. Wang, W. Lei, A review on
applications of functional superhydrophobic surfaces prepared by laser biomimetic manu-
facturing, JOURNAL OF MATERIALS SCIENCE 58 (2023) 3421-3459.
https://doi.org/10.1007/s10853-023-08217-9.

P. Lyu, X. Liu, T. Yao, A bibliometric analysis of literature on bibliometrics in recent half-
century, JOURNAL OF INFORMATION SCIENCE (2023).
https://doi.org/10.1177/01655515231191233.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's

Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Research Trends in Superhydrophobic Drag Reduction:a Bibliometric and Visualization Analysis



