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Abstract 
The Greenwood-Tripp (GT) model is considered here for setting up a database with
all the papers available in Scopus that used this GT model from 1972 up to 2025.
After showing how the GT model can be applied for determining the friction force
in mixed and boundary lubrication regimes, this database is then analysed by using
bibliometric tools implemented in Bibliometrix, ScientoPy, pyBibX and VOSviewer
for identifying the trends within the application of the GT model. The resulting 
bibliometric overview is shown to be suitable for more in-depth research to exploit 
the GT model further. In this manner, for example, it is demonstrated that the
formula aiming to calculate the friction force in mixed and boundary lubrication 
regimes, respectively, persists to hold universally. However, its main application
field nowadays is centred on internal combustion engines, i.e. the ring-cylinder 
liner tribological system. 

 
1. Introduction 

In tribology, namely in all problems related to 
contact, friction and wear, the roughness of surfaces 
plays an important role. Thus, an accurate 
characterisation of roughness is essential for these 
investigations. Therefore, investigations in tribology 
would be incomplete without considering the real 
contact area. Developed in the late 1970s, the 
Greenwood-Tripp model (GT) [1] was and persists to 
be a significant theoretical advancement in tribology, 
providing a framework for understanding and 
predicting the contact behaviour of rough surfaces 
[2]. This GT model extends the earlier contributions 
of Greenwood and Williamson by addressing the 
complexities of contact mechanics between two 
rough surfaces rather than limiting the focus to a 
rough surface interacting with a smooth plane [1,3]. 

The GT model fundamentally characterises 
surface asperities as an assembly of semi-spherical 
peaks of different heights, which provides a 

statistical approach to surface roughness. This 
perspective enables the prediction of critical contact 
parameters, including the real contact area, the 
distribution of contact pressure and the correlation 
between the applied load and the separation of 
contacting surfaces [1]. The latter is necessary for 
switching between a load-controlled and 
separation-controlled description of the interaction 
between contacting rough surfaces. The separation 
meant here is the distance between the reference 
planes with respect to which the roughness of 
contacting surfaces is defined and hence measured. 

The sustained significance of the GT model 
within tribology can be attributed to its capacity to 
deliver analytical solutions for intricate contact 
situations. This feature is especially advantageous 
in various applications, such as bearings, gears and 
micro-electromechanical systems [4]. Even with 
the introduction of more sophisticated numerical 
models in recent years, a relatively recent state-of-
the-art review is provided elsewhere [5], the GT 
model remains widely considered due to its 
balance of accuracy and computational efficiency 
[6]. Hence, it still attracted the attention of many 
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scientists. As engineering surfaces evolve and new 
materials are developed, researchers continue to 
refine and adopt the GT model. This commitment 
guarantees its relevance to current issues in 
surface engineering and contact mechanics [7]. 
The continuous evolution of the GT model 
underscores its vital significance in bringing 
theoretical contact modelling together with 
practical tribological applications. 

The main objective of this study is to employ 
bibliometric analysis to evaluate the content of 
academic articles published between 1972 and 
2025 related to the GT model by using recently 
developed software packages. It will be shown that 
bibliometric analysis of a large amount of paper is 
a proper investigation modality to get a lot of 
useful information within the shortest time 
possible. On the other hand, the conducted 
bibliometric analysis can be straightforwardly used 
to set up a full view of the state-of-the-art 
concerning the GT model and identify beyond 
development trends and the gaps in the 
knowledge related to this topic too. 

Bibliometrics refers to the quantitative 
examination of academic literature, primarily 
utilising citation data to evaluate the influence of 
research articles, journals, authors and institutions 
[8]. This field offers a structured approach for 
assessing research output, influence and 
collaboration across different fields [9]. The field 
emerged with the introduction of citation indexing 
by Garfield in 1979 [10], which allowed researchers 
to track the flow of knowledge within and across 
various scientific fields. Today, bibliometric 
indicators such as the total citations, h-index [11] 
and journal's impact factor [12] play a crucial role 
in assessing academic performance. These metrics 
influence decisions related to funding, faculty 
appointments and institutional rankings [13]. 
Moreover, bibliometrics assists in identifying new 
research trends and assessing interdisciplinary 
collaborations, making it a vital tool for 
policymakers, institutions and scholars [14]. 

Bibliometric analysis is a methodical approach. 
The first step involves collecting data from 
specialised bibliographic databases such as Web of 
Science, Scopus or Google Scholar [15,16]. Following 
this, the data is preprocessed, which includes the 
removal of duplicates, disambiguation of author 
names and normalisation of institutional affiliations 
[17]. The primary analytical methods used in this 
analysis are citation analysis, co-citation analysis 
[18] and bibliographic coupling, which explore the 

connections between scientific publications [19]. 
Additionally, network analysis is applied to 
visualise co-authorship trends and research 
collaborations. Advanced bibliometric tools, such 
as VOSviewer [20] and CiteSpace [21], support 
data visualisation and clustering, facilitating the 
identification of knowledge structures and 
thematic developments in various research areas. 
As bibliometric methodologies progress, they offer 
an enhanced understanding of research impact 
and the dynamics of scientific advancement. 

The bibliometric analysis performed in the 
present study is based on the principles of how to 
write a review established by Webster and Watson 
[22] and in accordance with the guidelines 
provided by Donthu et al. [23]. Therefore, our 
contribution includes database selection, 
bibliometric data analysis and visualisation. 
 
2. Mixed and boundary lubrication regimes 
 
2.1 Three-term kinetic friction law 

The three-term kinetic friction law (3-TKFL) [24] 
expresses the load-dependent friction force F(L) in 
terms of three constitutive system parameters: the 
Derjaguin-offset F0, effective shear strength τ and 
coefficient of friction μ, as a function of the load-
dependent real contact area Ac(L) and the load L 
itself: 

  0 c( ) = + ( )+μF L F τA L L. (1) 

Formally, 3-TKFL combines Derjaguin's 
generalisation [25] of the Amontons-Coulomb 
kinetic friction law [26,27] F0 + μL with the 
Bowden-Tabor law [28] τAc(L) – both known to hold 
independently on the macroscopic length scale. In 
the former case, the friction is said to be load-
controlled, which is typical for lubricated tribological 
systems, whereas when the Bowden-Tabor term 
dominates, the friction is considered to be 
adhesion-controlled, e.g. in dry contact situations. 

The validity of 3-TKFL in the form shown in 
Equation (1), i.e. when all three terms are 
simultaneously occurring, was first shown 
numerically for nanoscopic tribological systems by 
post-processing molecular dynamics (MD) 
simulations with a properly adapted smooth particle 
method (SPM) [29]. It turned out that SPM applied 
to MD data straightforwardly permits to estimate 
the Ac(L) relative precisely [30] in comparison with 
the more accurate Voronoi tessellation providing 
the same load-dependent real contact area [24] – a 
typical quantity for continuum media and widely 



M. Ilić et al. | Tribology and Materials 4 (2025) 116-133 

 118

used in contact mechanics. However, SPM is 
computationally by far less demanding than the 
Voronoi tessellation. More exactly, it was proven 
that the three constitutive system parameters F0, τ 
and μ within 3-TKFL, as shown in Equation (1), fully 
describe the numerically seen friction vs. load 
behaviour in mixed and boundary lubrication 
regimes and also explain entirely the transition 
between these lubrication regimes [24,29]. 

In addition, a possible physical interpretation of 
SPM-estimated Ac(L) was given by ab initio 
calculating the electronic contribution to the load-
dependent real contact area [31]. Furthermore, it 
was found that the Derjaguin-offset F0 attributed 
to the adhesion determining the friction force at 
zero load when the real contact area is also 
vanishing, (i) is directly proportional to the load-
dependent entropy quantifying the structural 
disorder in the lubricant [24], and (ii) it is 
exponentially related to the dimensionless 
normalised sliding resistance area [32]. 

Remarkable beyond that 3-TKFL gathers two 
macroscopic kinetic friction laws remaining valid 
on the nanoscopic length scale, it is also according 
to Equation (1) that the coefficient of friction μ is 
neither identical with the specific friction force 
F(L)/L nor with the first derivative of the friction 
force with respect to the load F '(L) = dF(L)/L. 
Therefore, generally, the three constitutive system 
parameters F0, τ and μ entering 3-TKFL must be 
calculated via linear regression, i.e. using a least-
square fitting – as described elsewhere [24]. 
Finally, whenever the load-dependent real contact 
area goes linearly with the load, e.g. Ac(L) = Ac(0) + 
acL, which is to be expected for rough surfaces of 
Gaussian height distribution, the 3-TKFL merges 
formally into the Derjaguin-form F(L) = F0* + μ*L, 

where the apparent Derjaguin-offset F0* = F0 + 
τAc(0) and the apparent coefficient of friction μ* = 
τac + μ are definitely not constitutive systems 
parameters – as it has been shown by MD-grinding 
an atomically rough iron surface [33]. 
 
2.2 Greenwood-Williamson contact model 

A central quantity which is hard to measure 
within the 3-TKFL is the load-dependent real contact 
area Ac(L). Therefore, its numerical estimation is 
very important for determining the three 
constitutive system parameters describing the 
friction. One of the most applied contact theories 
providing realistic estimations of Ac(L) for machined 
surfaces, when the height distribution of the 
elastic asperities is found to be Gaussian (normal), 
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is the Greenwood-Williamson (GW) contact model 
[34] with all of its advantages and disadvantages, 
which can be seen in the state-of-the-art review 
elsewhere [5]. 

In Equation (2), σ is the standard deviation of 
asperity heights z relative to its mean set to zero. 
Accordingly, any main contact quantity, such as the 
number of asperities in contact Nc, the electric 
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Table 1. Main contact quantities as provided by Equation (3), where A0 is the nominal (apparent) contact area, N0 
is the total number of asperities, R is their mean radius, ρ is the specific resistivity and E* is the reduced modulus 
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Since sliding is mostly load-controlled, it is 
mandatory to express the main contact quantities 
as a function of load rather than dependent on the 
dimensionless separation between the interacting 
bodies ζ0. For this, the advantage is the fact that it 
can be shown with a probability of more than 
99.99 % that 
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where the real-valued coefficients an
(q)  ∈ (q = 0.0, 

0.5, 1.0, 1.5 and 2.5) are as listed in Table 2. 

Table 2. Coefficients of quadratic form in Equation (4) 

q a2
(q) a1

(q) a0
(q) 

0 – 0.4361 – 0.6545 – 0.7331 
1/2 – 0.4177 – 0.8914 – 0.9331 
1 – 0.4037 – 1.0962 – 0.9646 

3/2 – 0.3926 – 1.2781 – 0.8899 
5/2 – 0.3758 – 1.5940 – 0.5283 

 
2.3 Greenwood-Tripp contact model 

If the Derjaguin-offset F0 does not exist or is 
found to be negligible, the 3-TKFL in Equation (1) 
reads 

  c( ) = ( )+μF L τA L L. (5) 

This latter form is equally applicable to 
determine the friction force F(L) within the GW or 
GT model for both the mixed and boundary 
lubrication regimes when Ac(L) ≠ 0 and is linearly 
dependent on the load. The GT model, however, is 
more accurate than the GW model, and hence 
Equation (5) is typically used written as 

   
0 GTds (1)

0
sc 0

( )
= π ( )+μq L ζS S

FMEP τ ζ
S A

I , (6) 

when calculating in mechanical engineering, the 
friction mean effective pressure FMEP, is defined 
as the ratio between the friction force F(L) and the 
nominal (apparent) contact area A0. 

Note that apart from the load-dependent real 
contact area, which is estimated in both contact 
models applying the same expression, also the load 
within the GT model is a function of some surface 
roughness parameters, such as the root mean 
square roughness parameter Sq = σ, areal density 
of summits Sds = N0/A0 and the mean curvature of 
the summits Ssc = R–1, see Equation (3) and Table 1. 
Furthermore, all roughness parameters entering 

Equation (6) must be determined for the combined 
rough surface of the contacting bodies, e.g. by 
applying the sum rules of the spectral moments, 
which are separately obtained for the two 
individual rough surfaces. Note also that the 
dimensionless separation ζ0 between the 
interacting bodies is straightforwardly obtained by 
solving Equation (4) for all normal loads of interest, 
and then this ζ0 is used for computing I(1)(ζ0) either 
applying a quadrature rule while integrating into 
Equation (3) or simply inserting it into Equation (4). 
 
3. Setup of database 

Through this bibliometric analysis, we intend to 
give researchers of all engineering and natural 
science backgrounds an overview of how the GT 
model [1] expanded our understanding of friction 
and its reduction over the last fifty-five years. In 
order to fulfil this challenging goal of our 
bibliometric study, a large amount of significant 
academic publications related to the GT model 
were gathered from the Scopus database – one of 
the world's largest abstract and citation databases 
of peer-reviewed research literature and the most 
frequently used one [35]. The data from this 
database was obtained on December 11, 2024. In 
the Scopus search interface, from the search field 
dropdown menu, "Article Title, Abstract, Keywords" 
was selected and the article title "The contact of 
two nominally flat rough surfaces" was entered in 
the search box to retrieve results. On the results 
page, the "Cited by" option showed all the 
publications that have cited the mentioned article. 

In the first step, from the resulting dataset 
consisting of 1579 publications, all 33 duplicates, i.e. 
2.1% of publications, were removed, remaining in a 
total of 1546 papers to analyse, out of which 1216 
were articles, 12 books, 19 book chapters, 261 
conference papers, 2 editorial, 34 reviews and one 
retracted. Figure 1 nicely illustrates the almost 
exponential growth of publications related to the GT 
 

 
Figure 1. The growth of publications on GT model 
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model over the years, which shows a significant 
increase of interest in this model starting with 2010. 
 
4. Bibliometric analysis 

In recent years, bibliometric (scientometric) 
analysis has become a significant tool in all research 
areas for providing fresh impulses about trends 
and lack of knowledge. This study's bibliometric 
overview is obtained using ScientoPy [36] and 
pyBibX [37] for the combination of metadata 
resulting from Scopus via semantic searches in its 
database. Both of them are Python libraries and 
offer a variety of functionalities, such as 
exploratory data analysis (EDA), word cloud and an 
assortment of visualisation and analysis methods, 
making them ideal for researchers seeking a robust 
tool encompassing extensive features [37]. Some 
bibliometric features were also obtained with the 
Bibliometrix package from R [38-40]. 

The EDA report generated with pyBibX is given 
in Table 3 and summarises some main data in our 
database, for example, that there are 1546 
documents citing the original paper by Greenwood 
and Tripp, with 2965 keywords set by the 2478 
authors publishing their contribution between 
1972 and 2025. 
 
4.1 Analysis of authors 

It is also useful to know the most active and, 
hence, representative authors in a given research 
field and to cite them with their most relevant 
contributions or reference-related works. Figure 2 
provides such information with respect to the GT 
model with a particular feature, namely that it 
distinguishes between papers before and after 
2010, marking the starting year of the GT model's 
current renaissance. 

Table 3. Brief report of exploratory data analysis 
performed with pyBibX 

Main information Result 
Time span 1972 – 2025 
Total number of documents 1546 
Total number of authors 2478 
Total number of institutions 1648 
Total number of references 56,373 
Average documents per author 2.25 
Total number of authors keywords 2956 
Total number of citations 36,329 
Average citations per author 14.66 

 

 
Figure 2. Top 10 authors within the last 14 years 

dealing with GT model 

More in-depth details about the top 10 
authors listed in Figure 2 are given in Table 4 by 
using ScientoPy-based three topics growth 
indicators, which are introduced to identify 
trends and their relative/absolute development 
[36]. 

Table 4. Total number of publications, average growth rate (AGR), average documents per year (ADY), percentage of 
documents in the last years (PDLY) and h-index of the top 10 authors within the last 14 years dealing with GT model 

Rank Author Total AGR ADY PDLY h-index 
1 Rahnejat H. 79 – 0.1 4.7 89.0 32 
2 Meng X.  66 0.5 4.3 97.0 22 
3 Rahmani R. 45 0.1 3.0 100.0 22 
4 Mohammadpour M. 39 0.0 2.6 100.0 17 
5 Theodossiades S. 36 – 0.1 2.2 91.7 18 
6 Farhang K. 35 – 1.0 0.6 25.7 7 
7 Xie Y. 33 – 0.1 2.1 93.9 19 
8 Tian T. 31 0.0 1.1 51.6 17 
9 Lu X. 29 0.3 1.9 100.0 10 

10 Zhang X. 26 0.3 1.7 96.2 11 
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The average growth rate (AGR) is the average 
difference between the number of documents 
published in one year and the number of 
documents published in the previous year. It 
indicates the growth (positive number) or decline 
(negative number) on average inside a time frame. 
It is calculated using the expression 

 
e

s

Y

Y 1

e s

–P P
AGR

–
=

(Y Y )+1–

i ii=
, (7) 

where Ye is the end year, Ys is the start year and Pi 
is the number of publications in year i. 

For the Ye, ScientoPy uses the default global 
end year configured in the global option or/in 
ScientoPy command parameters. The Ys is 
calculated from Ye, according to 

 s e inY = Y (W– +1). (8) 

The width of window Win is set to 14 years. 
Thus, if the end year is 2024, the AGR is the 
average growth rate between 2010 and 2024. 

The average documents per year (ADY) is an 
absolute indicator that represents the average 
number of documents published inside within a 
time frame for a given topic. ADY is calculated 
using the formula 

 
e

s

Y

Y

e s

P
AGY =

–(Y Y )+1

ii=
. (9) 

The percentage of documents in the last years 
(PDLY) is a relative indicator that represents the 
percentage of the ADY relative to the total 
number of documentations for a given topic, and 
it is given by 

 
e

s

Y

Y

e s

P
PDLY =  100

(Y Y +1) T– ND

ii=
, (10) 

where TND denotes the total number of 
documents. 

Table 4 includes, apart from the total number 
of publications, the average growth rate (AGR), the 
average documents per year (ADY) and the 
percentage of documents in the last years (PDLY), 
as well as the author's h-index [41]. 
 
4.2 Analysis of authors' keywords 

Continuing with EDA, another way to get 
further insights about GT-related publications is to 
conduct a text analysis and create word clouds and 
n-grams. By generating word clouds and n-grams 
(n is a positive integer greater than 1) from the 
abstracts of GT-related publications, it becomes 
possible to identify common themes, topics and 
terminology used by various authors. In addition, 
the keywords chosen by the authors to describe 
the content of their publications are also 
considered in this analysis. Accordingly, as 
highlighted within the word cloud depicted in 
Figure 3, by using both the authors' keywords and 
the abstract of the publication, it becomes clear 
that the primary focus of the GT model and its 
applications is centred around friction, surfaces, 
contacts, in engines and pistons and when they are 
lubricated. 
 
4.3 Analysis of journals 

Analysing journals is a fundamental aspect of 
bibliometric research, as it facilitates the 
 

Table 5. Total number of publications, average growth rate (AGR), average documents per year (ADY), percentage of 
documents in the last years (PDLY) and h-index of the top 10 sources within the last 14 years dealing with GT model 

Rank Source title Total AGR ADY PDLY h-index 

1 Tribology International 140 0.8 8.4 90.0 40 
2 Journal of Engineering Tribology 96 0.4 5.6 87.5 26 
3 Journal of Tribology 91 0.0 3.5 58.2 29 
4 SAE Technical Papers 59 0.0 2.3 59.3 13 
5 Lubricants 45 0.6 3.0 100.0 13 
6 Tribology Transactions 39 0.1 1.5 59.0 20 
7 Wear 37 0.0 1.0 40.5 24 
8 Industrial Lubrication and Tribology 31 0.1 2.0 96.8 9 
9 International Journal of Mechanical Sciences 19 0.5 1.2 94.7 11 

10 Journal of Multi-body Dynamics 19 0.0 0.0 78.9 11 
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Figure 3. The word cloud visualisation illustrates essential concepts within tribology and mechanical engineering; 

key terms like "lubrication", "friction", "surface" and "contact" are prominently featured in this view, 
underscoring their vital role in the discipline; additional important terms, such as "wear", "engine", "bearing" 

and "material" highlight the extensive range of tribological applications and research domains; the varying font 
sizes indicate each term's relative significance, i.e. larger letters denote greater importance 

understanding of publication trends, the impact of 
academic work and the flow of knowledge. The 
term "source" usually refers to a journal, a 
conference proceeding or a book. Journals are the 
principal mediums for sharing scholars' research, 
and their analysis provides critical insights into 
which publications dominate a field, the progress 
in research areas and the academic community's 
valuation of specific scholar contributions 
[13,23,42]. 

Table 5 shows that between 2010 and 2024, 
Tribology International was the leading publisher 
of articles associated with the GT model. The 
positive AGR suggests an increase in the number of 
articles focused on the GT model. Significantly, 
Tribology International holds the highest h-index, 
which reveals that at least 40 of its GT-related 
publications were cited regularly from 2010 to 
2024. Meanwhile, certain journals have an AGR 
equal to zero, indicating that their publication 
levels have remained unchanged over the past 14 
years. 
 
5. Visualisation of gathered knowledge 

Visualization software, which might come with 
a graphical user interface such as VOSviewer [43] 
or other graphical tools, is also used during 
bibliometric analyses. 

5.1 Map of keyword co-occurrences 

The major purpose of keyword co-occurrence 
analysis is to provide a form of content analysis 
that identifies connections between keywords 
from a selected sample of publications. This 
mapping technique assists researchers in 
recognising important themes, trends and research 
clusters by investigating the frequency and co-
occurrence patterns of keywords found in a 
dataset. 

In a network representation, each node 
signifies an entity, such as an article, author, 
country, institution, keyword or journal. In Figure 
4, for example, a node represents a keyword. The 
characteristics of such a network are as follows. 
The size of the node is proportional to the number 
of the keyword's occurrence, the connections 
between the nodes specify the co-occurrence of 
the keywords, whereas the thickness of the 
connections is proportional to the total amount in 
which a particular co-occurrence appears, i.e. a 
large node stands for a keyword of high occurrence 
and a thick connection indicates a large number of 
co-occurrences between the connected keywords. 
Additionally, different colours within the network 
mark thematically different clusters, allowing for 
an in-depth analysis of the topics given by the 
nodes and their interrelationships [23]. 
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Figure 4. Network of keyword co-occurrence linked to tribology, lubrication, surface roughness and mechanical 
engineering research as generated by VOSviewer; the nodes (coloured circles) indicate specific research terms, 

and their size measures the frequency of occurrence; the edges (the connection between nodes) signify co-
occurrences, meaning that these terms are frequently appearing together in the literature; the clusters 

(different colours) group related topics, revealing some underlying themes in the field of interest 

Setting a threshold for keyword co-occurrence 
analysis in VOSviewer is crucial for filtering out less 
relevant keywords, ensuring that the visualisation 
highlights the most significant terms. This 
threshold defines the frequency required for a 
keyword to be included in the final map based on 
its occurrence in the bibliographic dataset. 

By limiting the minimum number of occurrences 
for identifying a keyword to 15, 209 keywords are 
obtained out of 8351, as seen in Figure 4, which are 
accordingly grouped into only five clusters. 
Lubrication and engine systems cluster (green 
cluster) focuses on pistons, engine lubrication, 
lubricating oils, viscosity and friction loss and 
includes internal combustion engines, crankshafts 
and bearings, i.e. tribological behaviour of 
mechanical systems. Surface roughness and contact 
mechanics cluster (red cluster) covers contact 
mechanics, rough surfaces, deformation, 
elastoplasticity and adhesion. It also investigates 
asperity contacts, plastic deformation and surface 
measurement techniques. Hydrodynamics and 
wear cluster (blue cluster) includes hydrodynamic 

lubrication, boundary lubrication and wear of 
materials. It is related to computational fluid 
dynamics, heat transfer and shear stress effects. 
Tribology and numerical simulation cluster (yellow 
cluster) explores elastohydrodynamic lubrication, 
journal bearings, numerical simulation and dynamic 
loads. It is relevant to gear mechanics, elasticity and 
iterative computational methods. Surface texturing 
and material optimisation cluster (purple cluster) 
studies cylinder liner texture, honing and higher-order 
statistics in tribology. It examines texture surfaces and 
their impact on friction and lubrication performance. 

Occurrences in Table 6, as a metric, indicate the 
frequency of a keyword's appearance within the 
bibliographic dataset, which may include publications, 
abstracts or complete text documents. A higher count 
suggests that the topic is frequently studied. 
According to Table 6, keywords with high occurrences 
(e.g. friction, lubrication, tribology, surface 
roughness, mixed lubrication and piston) represent 
core topics within the research field of tribology 
and as frequently occurring terms, they suggest 
popular or well-established research domains. 
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Figure 5. The interaction between the identified five clusters illustrates a highly interdisciplinary research field 

where mechanical engineering, materials science and computational modelling are coming together 

The VOSviewer network visualisation illustrates 
the complex interconnections among clusters, as 
seen in Figure 5, reflecting the significant 
relationships among primary research themes in 
tribology. Each cluster, identified by a unique 
colour, represents a collection of closely associated 
keywords, whereas the links between these clusters 
denote the degree of interdisciplinary impact and 
co-occurrence present in the bibliographic dataset. 

The relationship between the yellow and green 
clusters highlights the essential connection 
between friction and lubrication within the field of 
tribology. Friction, as a fundamental concept, is 
intricately associated with lubrication, which 
emphasises the necessity of developing strategies 
to mitigate wear and energy loss in tribological 
systems. This relationship is particularly 
pronounced in investigations focused on 
optimising lubricants and applying tribological 
coatings, both of which are crucial for reducing 
frictional losses. Terms such as 
"elastohydrodynamic lubrication" and "lubricant 
viscosity" serve as vital links, merging core 
tribological principles with practical applications, 
especially in the context of engine design and 
enhancing efficiency. 

The relationship between the yellow and red 
clusters underscores the essential influence of 
surface interactions on frictional behaviour. 
Surface roughness plays a pivotal role in 
tribological performance, as indicated by terms like 
"asperity contacts" and "deformation", which 
imply that changes in surface morphology can 
significantly affect wear mechanisms. Research in 
this area aims to elucidate how surface topography 
and material deformation influence friction, 
particularly in high-load scenarios such as 
aerospace, automotive and industrial machinery. 
Furthermore, the inclusion of terms such as 
"mathematical models" and "finite element 
methods" reflects a substantial dependence on 
computational simulations to forecast and control 
friction and wear, thereby increasing the efficiency 
and durability of machine elements. 

The relationship between the yellow and blue 
clusters underscores the vital connection between 
lubrication regimes and material wear. 
Hydrodynamic principles are integral to tribology, 
as evidenced by terms such as "shear stress" and 
"boundary lubrication", which pertain to 
investigations of lubricant film behaviour under 
different load and speed scenarios. The mention of 
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"wear of materials" highlights the exploration of 
material degradation processes, especially in fluid-
lubricated settings like marine engines and wind 
turbines. This relationship accentuates the 
necessity of comprehending how hydrodynamic 
and boundary lubrication conditions affect wear 
rates, ultimately informing the advancement of 
more effective lubrication techniques and wear 
resistant materials in high-performance 
mechanical systems. 

Table 6. Top five most frequently occurring keywords 
in the resulting five clusters for a threshold of 15 

Term Occurre-
nces 

Cluster 
colour 

Friction 615 yellow
Lubrication 353 red 
Tribology 351 yellow
Surface roughness 334 red 
Mixed lubrication 223 blue 
Piston 206 green 
Elastohydrodynamic lubrication 204 yellow
Piston rings 175 purple
Engine pistons 163 green 
Lubricating oils 130 green 
Surface measurement 126 red 
Engines 125 green 
Deformation 119 red 
Rough surfaces 117 red 
Film thickness 114 blue 
Hydrodynamics 111 blue 
Wear of materials 100 blue 
Journal bearings 90 blue 
Cylinder liners 76 purple
Friction coefficients 72 yellow
Piston ring 71 purple
Tribological performance 70 purple
Viscosity 64 yellow
Textures 62 purple

 
The relationship between the yellow cluster, 

representing tribology and the purple cluster, 
which encompasses piston rings and engine 
components, underscores the critical importance 
of friction and lubrication in the performance of 
internal combustion engines. Essential elements, 
like piston rings and cylinder liners, are 
significantly influenced by tribological forces, 

where excessive friction can result in increased 
wear and diminished efficiency. Research in this 
area aims to enhance engine longevity through the 
development of coating technologies, surface 
treatments and innovative lubrication methods 
designed to reduce energy losses. By optimising 
the tribological performance at the piston-cylinder 
interfaces, these investigations play a vital role in 
improving fuel efficiency, lowering emissions and 
prolonging the operational life of contemporary 
engines. The strong interconnections suggest that 
research in tribology is evolving through integrated 
approaches, combining surface engineering, 
lubrication science and numerical modelling to 
optimise performance and reduce wear and 
friction in mechanical systems. 
 
5.2 Map of keyword overlay 

In VOSviewer, a keyword overlay map is an 
essential tool for uncovering research trends, 
tracking the advancement of topics and identifying 
key or developing areas. By analysing the 
placement and colour differentiation of keywords, 
researchers and policymakers can effectively 
manoeuvre through the landscape of scientific 
knowledge, Figure 6. This analysis offers important 
perspectives on the progression of research 
themes by employing colour coding to represent 
the average year of publication or the citation 
impact associated with specific keywords. Topics 
that have been extensively researched in the past 
are typically denoted in blue, while newly 
emerging fields are indicated in yellow, 
highlighting their recent significance. 

Monitoring research development entails 
examining the transition of keyword clusters from 
blue (representing older studies) to yellow 
(indicating newer studies) over time, reflecting a 
shift in scholars' attention. Conversely, certain 
keywords may persist in blue, suggesting a 
decrease in research interest. Furthermore, in 
citation-based overlays, the use of colour aids in 
pinpointing high-impact research domains, with 
yellow keywords signifying highly cited subjects 
that exert considerable academic influence, while 
blue keywords may represent less prominent or 
nascent areas that have not yet achieved broad 
acknowledgement. This visualisation is crucial for 
identifying both established and innovative 
research trends. 

The keyword overlay visualisation in tribology 
research illustrates new trends and enduring 
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interdisciplinary links while core concepts (friction, 
lubrication and wear) remain central to the field. 
Nodes marked in yellow, including surface 
texturing and stochastic systems, indicate an 
increasing emphasis on innovative techniques 
designed to enhance tribological performance. 
These emerging fields signify a transition towards 
precision engineering, utilising computational 
modelling and investigating sustainable lubrication 
strategies. Concurrently, terms such as 
elastohydrodynamic lubrication, plastic 
deformation and adhesion underscore the 
profound interdisciplinary foundations of tribology, 
connecting materials science, physics and 
mechanical design to tackle intricate challenges 
that encompass experimental research, theoretical 
frameworks and industrial applications. 
 
5.3 Network of co-authorships 

Co-authorship analysis focuses on the 
collaborative relationships between researchers 
and their affiliated institutions and is determined 

by the volume of the number of jointly authored 
publications. This analytical approach is 
frequently employed to discern and evaluate the 
dynamics of scientific collaboration across various 
areas [44]. In the considered 1546 GT-related 
publications, 2478 authors were identified and a 
minimum threshold of three publication per 
author and a minimum number of five citations 
was set for depicting then the resulting 465 
authors fulfilling these criteria. 

A co-authorship table presents a coherent 
framework for examining academic collaboration, 
cataloguing key authors along with their 
publication output, citation impact and total link 
strength, which evaluates the strength of their 
collaborative ties. Comprehending these metrics is 
crucial for identifying prominent researchers, high-
impact publications and effective research 
networks. To enhance the comprehension of the 
co-authorship analysis, Table 7 displays the leading 
15 authors ranked by the citations within the 
current bibliographic dataset. 

 
Figure 6. The overlay visualisation of keyword co-occurrences in VOSviewer depicting the temporal dynamics of 
various research topics; the colour scheme reflects the average publication year associated with each keyword, 

where blue signifies older topics (e.g. surface roughness and piston rings), green stands for topics with sustained 
interest over time (e.g. mixed lubrication), while yellow denotes emerging trends (e.g. surface texturing and 
computational methods); the dimensions of each node represent the frequency occurrence of the keywords, 

whereas their spatial arrangement and connections depict the relationships of co-occurrence 
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Table 7. Top 15 authors within the selected 
publications related to the GT model 

Author Docu-
ments 

Cita-
tions 

Total link 
strength

Rahnejat Homer 83 2490 243 
Etsion Izhak 14 2451 15 
Bogy David B. 4 1726 6 
Chang Wei R. 3 1722 6 
Rahmani Ramin 45 1431 150 
Zhu Dong 9 1185 6 
Meng Xin 67 1173 184 
Jackson Robert L. 10 1168 6 
Jing Li 3 1095 4 
Thomas Tom R. 9 1069 5 
Green Itzhak 3 992 3 
Tian Tian 37 923 51 
Theodossiades Stephanos 37 887 94 
Bhushan Bharat 5 854 0 
Zhao Yang 5 788 7 

 
Figure 7, created using the Bibliometrix R 

package, is an advanced visualisation tool that 
provides profound insights into researchers' 
publication trends and impact over time. This 
dynamic representation allows for a 
comprehensive understanding of scholarly output 
and influence, surpassing basic metrics. The figure's 
innovative bubble chart format offers a multi-
dimensional perspective on each author's career 

development. The horizontal axis delineates the 
timeline, illustrating the progression of an author's 
work throughout the years. Each bubble denotes a 
year of publication, with its size reflecting the 
number of articles published, thus providing an 
immediate visual indication of periods 
characterised by high productivity. What makes 
this visualisation particularly effective is its use of 
colour intensity to represent citation impact. The 
different shades of blue effectively highlight both 
the quantity and quality of scholarly contributions. 
Darker bubbles represent publications that have 
received more citations, allowing viewers to quickly 
recognise an author's most significant works. 

This strategy for visualising data allows for 
multiple unique analytical perspectives. Periods 
marked by larger bubbles indicate a surge in 
research productivity, reflecting an uptick in 
publication frequency, which may be linked to 
significant projects, grants or collaborative efforts 
(career momentum). By scrutinising the size and 
colour of the bubbles, one can evaluate the delay 
between publication and citation impact, aiding in 
understanding when an author's work achieves 
notable recognition (impact lag). When this analysis 
is extended to multiple authors, the visualisation 
reveals changes in research focus, illustrating how 
topics, methodologies or trends evolve within a 
discipline (field evolution). The simultaneous 
presence of large, dark-collared bubbles for several 
authors suggests the success of collaborative 
projects that have attracted considerable citation

 
Figure 7. Visualisation of the author's production over time using the Bibliometrix R package; the size of the 
bubbles goes linearly with the number of publications per year, while colour intensity indicates the citation's 

impact; larger bubbles suggest periods of high research productivity, whereas darker colours reflect highly cited 
works; the distribution of bubbles over time helps identify career momentum, impact lag and shifts in research 

focus; simultaneous large, dark bubbles across multiple authors indicate successful collaborations, while the overall 
trend provides insights into early-career growth, peak productivity and late-career stages in academic research 
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attention (collaboration patterns). The temporal 
distribution of these bubbles can reflect various 
stages of an academic career: early-career 
researchers may demonstrate irregular yet 
increasing output, mid-career scholars typically 
reach their peak productivity, while late-career 
academics may show consistent or diminishing 
publication rates (career stage analysis). 
 
5.4 Network of co-citations 

The co-citation analysis involves the evolution 
of the publications by one or another author cited 
by other publications within the selected dataset, 
as well as the analysis of the relationships among 
these publications [44]. This approach aims to 
enhance comprehension of the fundamental 
themes emerging within the research domain 
related to the GT model. In other words, the 
relatedness is determined based on the number of 
publications cited together. Applying a minimum 
citation threshold of 20, 1130 authors satisfy this 
criterion out of 37,801. To get a picture of co-
citation defined in this way, Figure 8 shows a 
network of co-citations centred around authors 
whose research was focused on the GT model, 
indicating five significant clusters. 

The yellow cluster, named "Automotive and 
engine tribology", signifies a vital domain within 
tribology research, particularly concerning 
automotive and engine applications. Esteemed 
 

researchers such as T. Tian [45,46], J. B. Heywood 
[47], E. G. Giakoumis [48] and S. Aoyama [49] have 
made significant contributions to the development 
of internal combustion engines and lubrication 
systems. The varied composition of this cluster 
indicates a wide array of research subjects, including 
engine oil formulation, methods for reducing 
friction and strategies for controlling emissions. Its 
robust links to the green and red clusters highlight 
the relationship between lubrication science and 
surface mechanics, emphasising the necessity of 
optimising tribological characteristics to improve 
engine efficiency and longevity. 

The green cluster, named "Elastohydrodynamic 
lubrication and contact mechanics", features 
leading researchers, such as W. Wang [50], B. Zhao 
[51] and Z. Zhang [52] and is pivotal to lubrication 
theory and contact mechanics, with a particular 
emphasis on elastohydrodynamic lubrication and 
the modelling of film thickness. The extensive 
network of collaborations suggests a vibrant 
research community where core models are 
regularly enhanced to advance industrial 
lubrication solutions. This cluster plays a crucial 
role in bridging theoretical developments with 
practical applications connected to surface 
roughness (red) and hydrodynamic wear 
mechanics (blue), thereby highlighting the 
essential role of lubrication in reducing friction and 
wear across a range of engineering systems.

 
Figure 8. The co-citation network yields the intellectual framework of tribology; the nodes stand for prominent 
authors, with their size reflecting the number of citations they have received, and they are linked according to 

the co-citation frequency; different colours indicate various research clusters, highlighting the connections 
between sub-disciplines in tribology and associated areas of study 
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The red cluster, named "Surface roughness, wear 
and deformation", with representative authors such 
as H. Rahnejat [53], H. S. Cheng [54] and D. Dowson 
[55], concentrates on the vital contributions of 
surface roughness, asperities and material 
deformation to friction and wear dynamics. Its 
close connection with the green cluster illustrates 
the significant reliance of lubrication performance 
on surface topography, thereby underscoring the 
need for enhanced coatings and surface 
treatments to optimise tribological efficiency. The 
interdisciplinary nature of this research is reflected 
in its strong associations with mechanical 
engineering, tribomaterial studies and industrial 
applications, emphasising its critical role in the 
development of wear-resistant materials and the 
improvement of mechanical system longevity. 

The blue cluster, named "Nanotribology", is 
mainly influenced by B. Bhushan [56], D. Tabor 
[57], J. A. Greenwood [58], I. Etsion [59] and M. M. 
Yovanovich [60], with a focus on the study of wear, 
tribomaterials and hydrodynamics, especially at 
the nanoscale. Together, these researchers have 
established an understanding of nanoscale friction, 
adhesion and lubrication, significantly impacting 
contemporary applications within precision 
engineering, biomedical coatings and advanced 
tribomaterials. The robust links to the green 
cluster, namely, lubrication theory and the red 
cluster, i.e. surface mechanics, illustrate the critical 
influence of fluid interactions on wear, thereby 
highlighting the necessity for innovative material 
coatings and lubrication techniques to improve 
performance and longevity in high-friction settings. 

The purple cluster, named "Geological and 
seismological tribology", is represented by 
researchers including J. D. Byerlee [61], C. H. Scholz 
and J. C. Jaeger [62] and is committed to the 
exploration of geological and seismological 
tribology. This research area specifically delves into 
the frictional behaviour of fault systems, the 
mechanics of underlying earthquakes and the 
modelling of fault slip. Its relatively isolated 
position within the research network suggests that 
geotribology is a highly specialised part of 
tribology, with a limited direct overlap with 
conventional tribology dealing with lubrication and 
wear. Nonetheless, the few connections to 
mechanical tribology point to potential 
applications, particularly in rock drilling, high-
pressure friction investigations and studying 
materials under extreme stress conditions. This 
emphasises how knowledge derived from fault 

mechanics can be applied to engineering 
challenges, including deep-earth mining, 
geothermal energy extraction and material 
performance analysis in high-stress environments. 
 
5.5 Network of bibliometric coupling 

Bibliometric coupling examines the 
relationships among publications to evaluate the 
relevance of documents within a dataset based on 
their network positioning. The relatedness of 
publications is determined by the number of 
references they share. This analysis allows a 
deeper understanding of the relationships among 
publications, thereby providing insights into their 
significance within the selected dataset in terms of 
their networking roles [44]. Setting five cited 
publications per author for the minimum amount 
of sharing resulted in 229 authors that met this 
criterion, as shown in Figure 9. 

The red cluster stands for the largest and most 
interconnected group within the network, 
signifying that the authors within this cluster are 
frequently referring to similar sources. It includes 
notable researchers, such as X. Meng, X. Ma, Y. Liu, 
X. Zhang and B. Zhao, who play a pivotal role. Their 
tendency to cite overlapping references indicates a 
significant degree of collaboration or a shared 
emphasis on particular research themes. This 
cluster likely embodies a leading subfield, possibly 
concentrating on experimental and computational 
investigations in disciplines such as engineering, 
physics or materials science. The robust 
interconnections among these authors may reflect 
a well-established research domain where 
fundamental theories and methodologies are 
routinely considered and further developed. 

The green cluster constitutes a notable and 
distinct domain of research, with key contributors 
including K. Farhang, T. Tian, Q. Zhang and W. 
Wang. This cluster exhibits a moderate degree of 
connectivity to the red cluster, indicating a 
relationship between the two, albeit with separate 
research focuses. The moderate linkage suggests 
that while there is some shared literature between 
the clusters, the specific research themes may 
diverge significantly. Research within the green 
cluster focuses on theoretical modelling or 
practical applications in materials science and 
mechanical engineering. The authors associated 
with this cluster investigated topics such as 
friction, wear, lubrication and material 
characteristics or utilised mathematical models to 
enhance the understanding of tribological systems. 
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Figure 9. Visualisation of the bibliographic coupling network, elucidating the relationships among authors; the size 
of each node reflects the number of publications, while the connections between nodes indicate the intensity of 
co-citation among authors; different colours denote various research areas or communities within the discipline 

The blue cluster is characterised by a smaller 
yet densely populated group of researchers, such 
as H. Rahnejat, R. Rahmani, G. Offner, D. Dowson 
and M. Teodorescu. This cluster is somewhat 
distinct from the red and green ones, indicating a 
more focused area of research. The degree of 
isolation noticed suggests that although there may 
be some overlap with other research topics, the 
primary concentration of this cluster is on a 
specific niche within the broader research domain. 

The blue cluster is likely engaged in research 
related to computational mechanics, numerical 
simulations or advanced lubrication models. These 
areas typically involve the application of 
computational methods to model complex systems 
or analyse fluid dynamics in mechanical 
engineering with implications on material science 
and engineering design. 

The yellow minicluster consists of a small yet 
essential group of researchers, including S. Guo, C. 
Peng, K. Schmitz and Q. Zhou. This group serves as 
an interdisciplinary connector between the larger 
and more distinct red and blue clusters. Their 
research overlaps with both clusters, indicating a 
potential integration of knowledge across multiple 
disciplines. This cluster's focus involves the 

combination of experimental and theoretical 
techniques by employing computational models to 
validate experimental outcomes or utilising 
empirical data to refine theoretical models. 
Additionally, their work features cross-disciplinary 
applications, where insights from one field, such as 
computational mechanics, are applied to another. 
This bridging feature underscores the critical role 
of these researchers in promoting knowledge over 
various research domains. Authors Y. Wang and S. 
Guo appear near the intersection of multiple 
clusters, suggesting that they are working across 
disciplines, possibly integrating computational 
methods with experimental research. Authors with 
fewer connections (small nodes) are likely working 
on specialised topics or topics newer to the field. 
These researchers may introduce novel ideas that 
could later become central ones. 
 
6. Summary and conclusion 

In this contribution, the huge potential within 
the bibliometric analysis has been exploited to 
understand the relatively late and overwhelming 
success of the GT model when dealing with mixed 
and boundary lubrication regimes. For this, more 
than 1500 documents, published in the last 55 
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years and available online, related by Scopus to the 
GT model have been studied. 

The visualisation tools considered in this 
bibliometric analysis yielded various network 
maps, e.g. those of the keywords defined by the 
authors. Inspecting these network maps closely, 
especially those containing the co-occurrences and 
overlay of the keywords, it has evidenced that the 
nowadays noticed renaissance of the GT model is 
primarily thanks to its application towards 
estimating the frictional losses in internal 
combustion engines, and there as happens within 
tribological system build-up by the ring and 
cylinder liner. 
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