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Abstract: Multibody system dynamics is already a well developed branch of theoretical,
computational and applied mechanics. Thousands of documents can be found in any of the
well-known scientific databases. In this work it is demonstrated that multibody system dynamics is
built of many thematic communities. Using the Elsevier’s abstract and citation database SCOPUS,
a massive amount of data is collected and analyzed with the use of the open source visualization
tool Gephi. The information is represented as a large set of nodes with connections to study their
graphical distribution and explore geometry and symmetries. A randomized radial symmetry is
found in the graphical representation of the collected information. Furthermore, the concept of
modularity is used to demonstrate that community structures are present in the field of multibody
system dynamics. In particular, twenty-four different thematic communities have been identified.
The scientific production of each community is analyzed, which allows to predict its growing rate in
the next years. The journals and conference proceedings mainly used by the authors belonging to the
community as well as the cooperation between them by country are also analyzed.
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1. Introduction

Since the amazing designs of Leonardo da Vinci to our days, the complexity of the mechanisms
that man has used has only increased. Lighter materials, more economical designs, harder operating
conditions, etc., are some of the objectives that the mechanical engineers of our days face. Fortunately,
the level of difficulty that we face today is a reflection of the degree of development that has been
achieved in mechanical engineering.

A mechanism can be understood as a set of solids interconnected with the purpose of transferring
movements and/or forces from a source to an output [1]. The study of mechanisms has traditionally
been dealt with by the theory of machines and mechanisms. However, the complexity in the design
of mechanisms seems to be unlimited and, therefore, the interest in this branch of mechanics has
been growing over time. In a multibody system, the subject of study of multibody system dynamics,
in general, one can find rigid and flexible solids interconnected by ideal or non-ideal kinematic joints
and subjected to the action of external forces and/or movement restrictions.

The first textbook entirely dedicated to the dynamics of multibody systems appeared in 1977 and
was written by Wittenburg [2]. The computational approach seems to be a common characteristic
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of the works that fall within multibody system dynamics (MBS) and one that confers a character not
always present in the whole field of the theory of machines and mechanisms.

In 1977, supported by the IUTAM (international union of theoretical and applied mechanics),
the first international symposium on multibody system dynamics (MBS) was held in Munich. It might
be said that another important milestone was the big international conference around the MBS that
took place in Iowa City in 1983, organized by the NATO advanced study institute. In our days
there are many institutions that concentrate their interest on the MBS and in almost all conferences
on mechanical engineering a session on MBS is included. The interest continues to grow in such a
way that nowadays the already consolidated techniques of the MBS are exported to many fields of
technology, such as the dynamics of railway vehicles [3], satellites [4], or nano and micro-mechanical
systems [3,5]. In 1997, the international journal Multibody System Dynamics was born including in
its first number two review articles signed by A. Shabana [6] and W. Schielen [3] where a journey
through the history of the MBS is made and some of the applications that were most beginning to
arouse interest were pointed out. In 2007, Werner Schiehlen [7] retrospectively looked at the first
ten years of life of the journal Multibody System Dynamics, identifying a multibody system dynamics
community and pointing out the research trends during that decade. Today, there are two international
journals, Multibody System Dynamics and Proceedings of the Institution of Mechanical Engineers, Part K:
Journal of Multi-body Dynamics, fully dedicated to MBS and many others that accept contributions from
this field. The present paper proposes a step forward in the characterization of the MBS network.
By using an automated paper metadata extraction tool, together with visualization and programming
tools, a massive amount of documents will be analyzed to look for thematic communities that have
grown inside the MBS network around certain topics. This will allow to understand which are the
topics in which the research activity is more intense and to find communities that might be unknown
for many members of the MBS network. In addition, once the communities are defined this paper aims
at studying the activity trends along time.

The tools developed by MBS are supported by the most elementary laws of physics. In fact,
already d’Alembert in 1743 [8] raised the equations of a system of rigid bodies subject to certain
constraints, where the concept of reaction forces was already included. However, the first systematic
analysis of a system of interconnected bodies was made by Lagrange in 1788 [8] laying the bases of
what is today known as analytical mechanics. The equations of the first and second kind presented
by Lagrange [8] constituted the DAE systems (differential algebraic equations) and ODE (ordinary
differential equations) that describe the motion of a multibody system. Unfortunately, at that time
there were no numerical techniques nor computers that would allow to obtain the solution of any
system. Today, the complexity of the equations of motion has motivated the search for procedures that
allow them to be obtained with the least possible effort. A wide review of these procedures can be
found in the work of H. Bremer [9].

The development of computer science and numerical techniques has been, therefore, of central
importance for the consolidation of the MBS. Several general-purpose programs for the analysis and
simulation of multibody systems such as ADAMS, RECURDYN or DADS have been released to the
market. In addition, there are open source simulation codes that might be used in MBS applications.
Multibody system dynamics follows a continuous development and simultaneously offers tools in an
excellent state of maturity.

In a multibody system, the absolute motion of a solid with respect to a reference, which is
defined by a set of absolute coordinates, can be considered as the superposition of large rotations and
deformations. This motion with respect to the inertial reference is mathematically defined by the time
evolution of a set of variables. If a body is rigid, there is a minimum of six variables that completely
define its spatial motion. In addition, the motion of a rigid body can be described by a larger set of
variables that satisfies certain relationships. Such relationships translate into mathematical constraint
equations that are solved together with the system differential equations of motion. Nevertheless, if the
bodies are flexible the number of degrees of freedom is in principle infinite. The concept of symmetry
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has been used many times to find simplified and computationally efficient multibody models, either
rigid or flexible, in vehicle dynamics, biomechanics and other fields of application.

The dynamics of the rigid bodies included in a certain multibody system can be described by
different sets of coordinates. In some cases it is possible to use the Lagrange equations of the second
kind, that is, using a minimum set of coordinates equal to the number of degrees of freedom [8].
In such a case, one talks about ‘independent coordinates’. However, the use of this type of coordinate
is not systematic and, therefore, the programming of the equations of motion is reduced to some
particular cases.

Using a larger set of variables to obtain the equations of motion usually leads to less cumbersome
mathematical equations [10]. The dynamic problem can be formulated according to Lagrange’s
equations of the first kind, which constitutes a system of differential algebraic equations, and the set of
coordinates are called ‘"dependent’.

Within dependent coordinates, ‘relative’, ‘reference point coordinates’ or ‘Cartesian’ coordinates
are used. Relative coordinates refer to position or orientation of any body with respect to another one
to which it is connected [11]. On the other hand, the reference point or Cartesian coordinates refer the
position and orientation of each body to a global frame [12]. In general, reference point coordinates
contain the components of a vector of position and a set of angles or angular parameters that define
the orientation of a body reference frame in the global frame.

During the 1980s, a new methodology for a rigid multibody system based on fully Cartesian
coordinates appeared. Such coordinates were known as 'natural coordinates’ [13,14]. Unlike reference
point coordinates, which include angles or angular parameters [15], the natural coordinates are
composed of vectors of position of material points or vectors that define trajectories in solids [13], that is,
exclusively Cartesian coordinates. The method of natural coordinates allows sharing coordinates
between different solids since, in general, such coordinates belong to points or vectors that define the
kinematic joints that connect solids to each other. This feature results in a significant reduction in the
total number of coordinates required to model a mechanism. Unda et al. [16] performed a comparative
study between the use of natural coordinates and the point of reference, concluding that the number of
natural coordinates is always lower than that of the reference point coordinates.

The dynamics of flexible multibody systems (FMBS) has been a subject of major interest over time.
In 2003, Wasfy and Noor [5] published an exhaustive bibliographic review (including 877 references)
of the work carried out in the field of flexible MBS. In that reference, the different formulations for
FMBS are classified into three groups according to the type of reference frames used to define the
system variables. These three groups are the methods that use a floating frame of reference, those that
use co-rotational reference frames and those that use the inertial frame only. The description of the
deformation that a flexible body undergoes during general motion usually requires the use of a large
number of coordinates. There are many approaches that have been successfully used in MBS, each one
characterized by a certain choice of coordinates, measurement of deformations, etc.

The floating frame of reference formulation (FFR) appeared in the 1960s as a result of the research
carried out in the field of machine dynamics, aerospace applications and the finite element method [6].
As a logical extension of the formulations based on reference point coordinates, the FFR uses the
description of the motion of a moving reference frame linked to the flexible body to represent large
rotations. The motion of such a reference frame can be described using any of the coordinate sets
used for rigid solids. The most used set of coordinates has been the reference point coordinates [17].
Moreover, the natural coordinates are successfully employed to describe the motion of the floating
frame of reference [18]. In the FFR, deformation has been described by different techniques such
as the modal expansion [18] or the finite element method [17]. The FFR is mainly appropriate for
applications where deformations are small, although non-linear effects such as geometric stiffening
could also be addressed in this formulation [19]. In addition, the FFR allows the use of component
mode synthesis [17] to reduce the number of system coordinates.



Symmetry 2019, 11, 1525 4 of 27

Co-rotational formulations use a frame of reference, called the co-rotational frame, which follows
approximately the rigid body motion of each finite element. In this sense, this formulation differs from
the FFR, which uses a single reference system for all the elements of the same body. This procedure
was initially used by Belitschko and Hsieh [20] to triangular plate elements and two-dimensional beam
elements. One can follow different criteria to define the co-rotational frame in which its motion does
not need to coincide with the motion of any point of the finite element. This formulation made possible
the use of non-isoparametric elements by incremental procedures, given that these elements can only
describe small rotations. When using this approach, the use of integration methods that conserve
energy and momentum is important, especially when the number of time increments used in the
integration is large [20]. In co-rotational approaches, geometrically non-linear effects are incorporated
automatically. However, component mode synthesis is not easily applicable.

Methods based on inertial coordinates use a single reference frame to describe the general motion
of the flexible body. All variables are defined in the global inertial frame. The first applications of this
kind of method in MBS are the works of Simo [21] and Simo and Vu-Quoc [22,23]. In the formulation
of Simo [22], the position of an arbitrary point in an element is obtained by interpolation of the position
vectors of the nodes and the rotations of the extreme sections. It is possible to use a similar description
in which, instead of interpolating rotations that define the orientation of the cross section reference
frame, one interpolates the vectors of the element frame itself [14,24]. This description must include
non-linear constraints that ensure orthogonality and normality of the frame vectors. Both formulations,
that of Simo [21,22] and Avello [24], fit within the so-called "large rotation vector formulations’.

The formulation in absolute nodal coordinates, the absolute nodal coordinate formulation
(ANCEF) [17,25,26], also uses a set of coordinates defined in an inertial reference frame. This formulation
was originally developed using a local reference frame to measure the deformations of the finite
elements [17,27], so it could be considered as a co-rotational method. However, subsequent works on
this formulation focused on the use of the inertial reference frame as the unique frame to measure
deformations in the finite elements [28-31]. For this reason, non-linear deformation measures such as
Green-Lagrange stress tensor where introduced. From these works on, the ANCF can be considered a
fully inertial method. The identifying characteristic of the ANCF is the use of partial derivatives of the
nodal position vector with respect to the geometrical parameters of the elements, also called slopes,
as nodal variables, instead of small or large rotations [17]. The element mass matrix is constant in most
of the developed elements and no terms appear due to centrifugal or Coriolis inertial forces in the
equations of motion. The ANCEF lacks some of the problems associated with incremental formulations
related to the description of rigid body inertia [32]. From the work of Omar and Shabana [29], finite
isoparametric elements are parametrized as surfaces, in two-dimensional models, or volumes [30,31,33].
In beam or plate elements, shear and cross-section deformations are inherently included. The use
of a non-linear deformation measure as the tensor of Green-Lagrange together with the volumetric
description of the kinematics of beam elements gave rise to an inaccurate displacement field due to
several numerical locking effects [34,35]. With time, many of these numerical shortcomings were
overcome. Over the years, many researchers have contributed to the development of the ANCE, see,
for instance, references [36-38], and many applications have been dealt with by this formulation.
An extensive review on the use and application of the ANCF can be found in Gerstmayr et al. [39].

After briefly introducing some important issues of the multibody system dynamics, the work
described in this document is outlined as follows. In order to analyze the presence of thematic
communities within the field of multibody system dynamics, a massive amount of data has been
collected from Scopus, the well acknowledged abstract and citation database owned by Elsevier.
This information is gathered with the help of a bot as explained in the next section. This information is
processed in a visualization software called Gephi [40], which is specially designed to explore large
networks. The information is represented as a large set of nodes with connections to study their
graphical distribution and explore geometry and symmetries. A randomized radial symmetry is found
in the graphical representation of the collected information. The main results of the analysis are the
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detection of a main community and a number of thematic communities, twenty-four of which are
identified. A summary and conclusions drawn from the analysis are included in the last section.

2. Methodology

This section explains the methodology followed in this work to obtain and analyze the information
on scientific publications in the field of multibody system dynamics. The methodology consists of two
main steps. In the first step, specific software is used to gather the information from the literature,
in particular the relevant information from the publications indexed in Scopus. In the second step,
all the data obtained is processed to determine the relationship between the different elements and
graphically identify the different scientific collaboration networks.

2.1. Automatically Gathering Information

The information was obtained from the Scopus database. Elsevier’s Scopus was chosen because
of its extensive coverage of peer-reviewed journals, being slightly higher in number than that of Web
of Science [41]. To get the information, the research network bot (ResNetBot) [42] was used. ResNetBot
is a software for the automatic extraction of information from Scopus and has previously been used in
bibliometric studies in different scientific fields [43,44]. ResNetBot makes use of the API interface of
Scopus to obtain information from articles, authors and institutions. The way this bot works is shown
in the flowchart of Figure 1, which is divided into three phases:

(1) Get publication data. In the first phase ResNetBot obtains information from all publications
(journal papers, conference proceedings and books) that contain the words ‘multibody” or
‘multi-body’ in the title, abstract or keywords and are stored in the bot database.

(2) Get author data. For each unique author identification number (Author ID) extracted in the
previous phase, ResNetBot obtains and stores the information available in Scopus about the
author: Affiliations, publications and dates, number of citations and h-index.

(8) Collect collaboration networks. For each Author ID, the bot gets the Author IDs from the
co-authors it has collaborated with, along with their affiliation, city and country.

Analyzing the papers that include the words ‘multibody” or ‘multi-body” in the abstract, keywords
or title does not lead to the complete set of documents that could be included in the field of multibody
system dynamics. In fact, a significant number of papers published in the journal Multibody System
Dynamics do not meet this criterion. This research does not claim to be an analysis of the complete
literature on multibody system dynamics. Instead, this research aims at collecting a sufficiently large
amount of documents so that the different communities detected would be represented. According to
the large number of documents that are analyzed (see following sections) the objective seems to have
been fulfilled.

The data collected by ResNetBot is structured according to its corresponding field and is stored
as a set of plain-text files using the JavaScript Object Notation (JSON) format [45]. Because the
Scopus database contains a large amount of information from different sources, it is common to find
inconsistencies in the data [46,47]. Thus, for example, when checking the keywords obtained from
publications, one can find different expressions such as ‘'multi-body system dynamics’, ‘multibody
system dynamics’ or ‘"dynamics of multibody systems’ with the same meaning. To resolve this
inconsistency some of the refining algorithms of the OpenRefine software [48] have been applied,
including the nearest neighbor and key collision methods [49-51]. Finally, all collected and refined
information is organized in spreadsheets and stored in a local database.
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Figure 1. Flowchart of the implementation of ResNetBot.

2.2. Graphical Detection of Communities

Within a set of data (nodes) with common characteristics, a community consists of a group
of nodes that are more interconnected with each other than with the rest of nodes in the network.
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The problem of community detection therefore seeks to identify those nodes that, for a given special
relationship, are connected in a denser way [52,53]. In bibliometric analysis the nodes may be the
publications, and the connections the citations between them. Thus, a community could be determined
as those groups of publications that are most cited in between them. In a different analysis the nodes
may be the authors and the connections between them indicate that they have collaborated in some
publication (they are co-authors). In this case a community will be identified as that group of authors
who carry out more research together.

Given the large amount of data collected by ResNetBot, to help identify the presence of
communities it is necessary to process the information using statistical analysis and graph-based
visualization tools. The graphical representation will make it possible to visually identify the
relationship between the nodes in the network. A node is represented as a point or vertex and
the relationships between two nodes are shown with a line or edge joining both nodes. Graph-based
visualization software includes several powerful visualization tools that allow detailed analysis and
interpretation of graphical results. In this work, the open-source graph visualization tool Gephi [40]
has been used.

Among others features, Gephi allows to modify the size of the nodes and the thickness of the
edges according to some characteristics defined by the user, to group in the space the nodes that are
more interconnected and to use different colors to identify in a fast way the relation between them and
the presence of communities. For the detection of communities within the data network, Gephi uses
modularity. Modularity [54] applies objective functions for the detection of communities and provides
numerical values that represent the accuracy of the community structure. Together with the graphical
visualization of the results, Gephi also offers a comprehensive statistical analysis of the data.

3. Analysis of Scientific Production and Community Detection

In order to find a sufficiently large amount of data that could be representative of the scientific
work and authors related to multibody system dynamics, Scopus was used. An advanced query was
launched, giving as a result a list of 20,050 papers including the words ‘'multibody” or ‘'multi-body’
either in the title or in the abstract or in the keywords. The query was formulated as follows

(AUTHKEY (multibod#*) OR AUTHKEY (multi-bod*) OR
ABS (multibod*) OR ABS(multi-bodx*) OR
TITLE(multibod*) OR TITLE(multi-bodx*)).

This query was launched at the end of July 2019 and included documents from 1953 to
2020. As explained in the previous section, all the information was downloaded with the help
of the ResNetBot.

In order to process all the information in the visualization software Gephi, a list of nodes was
generated, a node being a published document which is visible in SCOPUS. It must be recalled that
SCOPUS includes journal papers, conference proceedings and books. A list of connections or edges
between the nodes is generated by using the reference of the papers. Therefore, a document appears in
the graph connected to all the documents it cites as well as to those documents that cite it. Loading the
nodes and the relations, one can extract a lot of information from this massive amount of data.

3.1. Detection of a Main MBS Community

The first important result that can be visualized in Gephi is that not all the documents should
be included in the MBS community. To explain this issue, Figure 2 is used. Figure 2a is the result of
visualizing the 20,050 nodes with their relations. The layout tool ForceAtlas2 was used to distribute the
documents using the concept of gravity to generate attraction between the nodes. Once this is done,
Figure 2a appears showing that there is a large amount of papers, distributed in a ring shaped area that
are not connected to the central community. This may be because these papers do not use the words
‘multibody” or ‘multi-body” in the same sense as the members of the community, and, in fact, they do
not cite papers that belong to the main community. Therefore, a main community called the multibody
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system community or MBS community is detected and shown for the first time in Figure 2b, where the
unconnected documents (those in the ring) have been filtered.

According to the previous procedure, after filtering, the MBS community detected has a total of
11,511 documents.

(a) (b)

Figure 2. (a) Graph of all papers including either ‘'multibody” or ‘'multi-body’ in the title, abstract or
keywords; (b) graph of all the papers in the left picture showing connection (citations) between them.

In order to understand the most important topics that describe the community, the keywords of
all the documents were collected. Using a Python subroutine, they were all translated to the lower
case and the singular forms. A total of 36,774 keywords were collected. Then, the function ‘Counter’
from the module "Collections” was used to count the number of appearances of all keywords. Table 1
shows the most utilized keywords in the document analyzed. From a view to the list of keywords,
one may conclude that:

The most used keyword is multibody dynamics.

Multibody systems documents are mainly concerned with dynamics.

Simulation is a key issue in the community.

Flexibility appears as a top issue in the community.

It is interesting that one of the well known approaches for flexible multibody systems, the absolute
nodal coordinate formulation, has achieved a high position in the rank, showing the large
development that this formulation achieved in the last years.

6. “Vehicle dynamics’, ‘optimization” and ‘friction” are highly important issues according to their

Gl PN

position in the rank of used keywords.

3.2. Detection of Thematic Communities

Within the main MBS community, one can find some thematic communities by analyzing the
modularity class of all the papers included in it. The modularity tool in Gephi, which relays the
algorithm from Blondel et al. [55], also known as the Louvain method, has been run with a resolution
parameter value of 1.0, finding 32 communities with different sizes. Modularity is a scale value that
measures the density of relations (citations) inside communities to relations outside communities.
All these communities are shown in Figure 3 in different colors. The 32 detected communities have
different sizes (number of papers included) ranging from 1103 for the biggest one to 4 for the smallest
one. Since such small sizes do not seem to realistically define a community, only the first 24 detected
communities have been analyzed in this work. The smallest of these 24 communities includes 152
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papers, which allow one to understand the goal of such a community. In what follows, the 24 analyzed
communities have been numbered from the largest (comm-1) to the smallest (comm-24).

Table 1. List of most commonly used keywords.

Keyword # of Appearances % of Appearance
multibody dynamics 1254 3.41
multibody system 751 2.04
simulation 302 0.82
dynamics 275 0.75
multibody 252 0.69
flexible multibody dynamics 226 0.61
multibody system dynamics 199 0.54
flexible multibody system 194 0.53
multibody simulation 166 0.45
finite element method 162 0.44
absolute nodal coordinate formulation 142 0.39
vehicle dynamics 140 0.38
optimization 125 0.34
friction 120 0.33
multibody model 114 0.31

Figure 3. Graph of the detected communities inside the main multibody system dynamics
(MBS) community.

Figure 3 shows a representation of the main MBS community and the 32 thematic communities.
The community layout, that is, the distribution of individuals, was obtained by using the ForceAtlas2
algorithm included in Gephi. This algorithm uses the concept of gravity to calculate the attraction of
the individuals. In the figure, all papers that cite one another are connected by an edge. The shape
of the thematic communities is also meaningful. For a shape, size and distribution analysis of the
communities, the selected 24 communities were plotted separately using the same reference frame
in Appendix A. It may be noted that the shapes of the different communities are quite different.
For example, there are some communities that are well concentrated in areas of the main MBS
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community, while others are spread and overlap with each other. This behavior might be a consequence
of the main topics of the community being either too specific or too general. The ones dealing with
general topics are connected to documents of other (maybe many) communities and therefore are most
likely to appear spread.

Once the communities are automatically identified by the modularity class tool, a careful review of
the documents included in each community allows the identification of the main goals. It is interesting
that every community usually has a number of highly cited documents, which is represented with
a larger circle in Figure 3. The size is proportional to the number of relations (citations). In view of
these goals, a representative name is given to each thematic community. The twenty-four identified
communities are presented as follows.

comm-1 Flexible multibody systems in general. This is the largest community in terms of published
documents, with a total of 1103. The documents in it cover many aspects related with the
flexibility in the presence of large rotations and deformations. Significant attention has been
paid in this community to the pioneering work of Kane et al. [56] about centrifugal stiffening
in rotating beams. A very complete review of the work in this community was carried out by
Noor and Wasfy [5].

comm-2 Railway. This community, with 1027 documents, deals with the dynamics of railway systems
in general. There are many documents that focus on the problem of wheel/rail contact. As a
highly cited reference, the work of Shabana et al. [57] presents an elastic contact method
which seems to be highly efficient for simulation purposes.

comm-3 Absolute nodal coordinate formulation. Interestingly, a well structured community devoted
to the development and application of the absolute nodal coordinate formulation is found
with 963 documents. According to the shape and location of this community, see Appendix A,
the documents are clearly attracted by the documents of this community but also by some
of the flexible multibody systems in general. A particular book by Shabana [17] is a highly
cited document . There is an extensive review of the work done by this community by
Gerstmyer et al. [39].

comm-4 Contact and non-ideal joints. A community dedicated to contact problems with 890 references
is found. This community is easily identified by the modularity class tool and appears well
concentrated, see green community in Appendix A. Many documents have paid attention
to elastic or continuous contact models with the work of Lankarani and Nikravesh [58]
and Machado et al. [59] as highly visible references. Clearance in joints is also a highly
investigated topic within this community.

comm-5 Computational aspects of differential algebraic equations (DAE). The particular numerical
problems presented in differential algebraic equations (DAE) have attracted many researchers
over time. Problems such as the numerical fulfillment of constraint equations, the numerical
stability of integrators, etc., are present in this community with 841 documents. The review
work of Bauchau and Laulusa [60] and the one about projection methods by Bayo and
Ledesma [61] are highly cited within this community.

comm-6 Optimization and sensitivity. Optimization and sensitivity analysis in multibody systems
deserves the interest of many researchers because of their benefits for design. The work of D.
Bestle [62] has been a pioneer in this community and counts 592 references in our analysis.

comm-7 Two-wheelers. The dynamics of motorcycles and bicycles have been a specific topic of
research for many authors of the multibody system network. The work of Cossalter and
Lot [63] about a motorcycle multibody model is a remarkable reference that identifies the
goals of this community well. An already old review by W. Korttim [64] has received many
citations from documents from a community that includes 525 works.

comm-8 Biomechanics. The use of multibody dynamics techniques in biomechanics has experienced a
huge development in recent years, with even the release of proprietary (AnyBody) as well as
open software (OpenSim) highly extended in the community which, counts 517 documents.
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comm-9

comm-10

comm-11

comm-12

comm-13

comm-14

comm-15

comm-16

comm-17

comm-18

Multibody models for biomechanics usually include the dynamics of the biological actuators
and are redundantly actuated, requiring the use of optimization methods. A highly cited
work is the one by Damsgaard et al. [65] where the software AnyBody is presented to the
community. Some of the results of the authors of this community have served as a basis for
other applied and fundamental investigations, see, for example references [66,67].
Accurate and efficient integrators. This community of 459 documents is mainly devoted to
the development of efficient and accurate numerical integrators. The documents belonging to
this community are well connected to those in the flexible multibody systems in general and
the absolute nodal coordinate formulation communities. The topic of energy and momentum
conserving numerical methods is one that is more present among the documents of this
community. The work of Bauchau [68] and Betsch [69] have received many citations from
the community.

Robots as multibody systems. This community with 429 documents is concerned mainly with
the applications of multibody systems techniques to robotics, including robots with flexible
linkages, trajectory planning through optimization or the use of recursive formulations. There
appears a highly cited book by A. Jain [70] that exemplifies the goals of this community.
The vibration and transfer matrix method. Multibody systems containing elastic or restoring
forces are susceptible of vibration. Linear and non-linear equations of motion are many times
obtained with the methods of multibody systems. The transfer matrix method, which is
connected to vibrating systems and extended by Rui et al. [71] to general multibody systems
has a high impact in the works belonging to this community, which counts 421 documents.
Aeronautic applications. The methods of multibody systems have encountered a large
development and application in aeronautics as reflects this community with 406 documents.
Problems of aeroelasticity, modeling of specific parts as rotors, landing gears, etc., or the
stability of flight are presented in the documents of this community. The work of
Masarati et al. [72] has been highly cited within the community.

Marine applications. A total of 401 documents are encountered in this community, where
hydrodynamic interaction, floatation and drift issues are of interest and are analyzed together
with multibody models. There is a recent review of applications of MBS to ships and offshore
structures by Lee and Roh [73].

Powertrain elements. This community counts 399 documents that are mainly devoted to
important aspects of powertrain dynamics as explained by Novotny and Pistek [74]. The high
angular speeds in powertrain systems together with the flexibility of some components were
the causes for the application of MBS techniques in this field, giving birth to a specific
community. The dynamics of crankshafts is a topic of high interest in this community.
Road vehicle dynamics. Multibody system dynamics has encountered a large application
in vehicle system dynamics. The existence of this community with 321 documents probes
this fact. The generation of a full vehicle multibody model with detailed suspension systems
or the analysis of ride comfort or handling are hot topics in this community. The book by
Blundell and Harty [75] is a highly cited reference in the community.

Wind turbines. The analysis and simulation of wind turbines is the subject of many papers
from this community of 308 documents. Within it, the modeling and simulation of gear box
dynamics is a hot topic as reported by Helsen et al. [76]. In addition, modal analysis and
aeroelasticity issues are also accounted for in many documents.

Complex terrain and tracked vehicles. A community with 301 documents dedicated to the
modeling and simulation of tracked vehicles has also been found. Among others, the work
of Rubinstein and Hitron [77] has received many citations. Due to the special nature of this
kind of vehicle, this community pays great attention to the modeling of complex terrains.
Non-smooth contact. This community of 258 documents in our analysis focuses also on
contact, but with a slightly different hint related to the discretization of the contact surfaces.
Non matching discretizations are studied with the help of the concept of dual Lagrange
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comm-19

comm-20

comm-21

comm-22

comm-23

comm-24

multiplier space, see reference [78]. In general, the works found in this community are
strongly related with the finite element method in multibody contact situations, see Laursen
and Simo [79], with geometric problems arising from the different discretizations of the
contact surfaces. Friction and frictionless situations are considered with a focus on the
formulation of equations and constraints more than on the frictional phenomenon.

Space applications. There appeared a community with 227 documents that applies the
methods of multibody system dynamics to space problems as attitude control of satellites
or assembly of space structures by robotic manipulators. Control issues both for linear and
nonlinear multibody systems are important in this kind of application, and is most of the
time realized by autonomous systems. As an example, the work of Umetani and Yoshida [80]
has a significant impact in the community.

Friction. A community with a size of 196 documents around friction is found. Since
friction requires contact, this community is related with both the contact and non-ideal
joints (comm-4) and the non-smooth contact (comm-18) communities. It might make sense
to group together the three mentioned communities into a large one (1295 documents).
However, the particular hint of this community seems to be the friction phenomenon itself
and for this reason the entity of the community has been respected. Complementary problems
have been useful for the modeling of friction forces as, for example, reported by Anitescu
and Potra [81].

Flapping wings. A community with a size of 182 documents mainly focused on the analysis
and modeling of flapping wings has been detected. Within this community one may find
documents dealing with insect flight, micro aerial vehicles or different kinds of ornithopters,
see reference [82]. Flapping wings are modeled as flexible structures for which the methods
of flexible multibody systems encountered a challenging application.

Accident reconstruction. Multibody system dynamics has been successfully applied to the
reconstruction of accidents. Among other studies the kind of accident due to impacts of
vehicle/pedestrian or falls are the most common. The dynamic simulation has been used
to evaluate potential injuries as well as safety conditions. For example, in the highly cited
document by Crocetta et al. [83] the influence of the vehicle front-end design on pedestrian
ground impact is investigated. This community counts 169 documents in this analysis.
Fatigue and life assessment. A community of 162 documents with the fatigue of materials as
a main issue has been detected. Flexible multibody dynamics methods have proven to be
useful for the evaluation of alternating stresses that can be used together with fatigue failure
criteria for life assessment of components. As an example, the work of Dietz et al. [84] in the
context of railway dynamics has received many citations.

Computer numerical control (CNC) machining. This is the smallest community analyzed in
this paper, with a size of 152 documents. Machining by computer numerical control (CNC)
units is also fertile soil for application of multibody system dynamics. In this community,
the evaluation of geometrical errors in the trajectory of the tool and their compensation are of
major importance. CNC machines have different designs, with many axes and large mobility,
that are successfully modeled with multibody system dynamics techniques. As a highly
representative reference, one may take the work of Zhu et al. [85].

As a consequence of the common aspects of the documents of each community, by examining
a list of the most used keywords one may also understand the goals of each community. Tables 2-5

show the most used fifteen keywords in each community. In order to find a more meaningful list of

keywords for each community, the keywords ‘'multibody’, ‘multibody dynamics’, ‘multibody system’
and 'multibody system dynamics” were excluded.
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Table 2. List of most commonly used keywords in communities 1 to 6. The number of appearances of the keyword is included in parenthesis.

Most Commonly Used Keywords in the Following Communities: Flexible Multibody Systems in General (comm-1), Railway (comm-2),
Absolute Nodal Coordinate Formulation (comm-3), Contact and Non-ideal Joints (comm-4), Computational Aspects of DAE (comm-5) and
Optimization and Sensitivity (comm-6).

comm-1 comm-2 comm-3 comm-4 comm-5 comm-6
flexible multibody wheel-rail absolute nodal clearance joint (52) differential-algebraic  flexible multibody
system (90) contact (77) coordinate Equations (35) system (41)
formulation (178)
dynamics (33) multibody flexible multibody friction (51) dynamics (21) sensitivity
simulation (37) system (133) analysis (39)
elastic multibody railway vehicle (36) large contact force (43) vehicle dynamics (19)  optimization (24)
system (24) deformation (38)
finite element railway dynamics (29) impact (42) simulation (19) crashworthiness (23)
method (23) dynamics (33)
model reduction (23)  wear (32) finite element contact (35) real-time topology
method (27) simulation (17) optimization (17)
model order vehicle dynamics (32)  simulation (25) clearance (26) redundant vehicle dynamics (16)
reduction (20) constraints (14)
simulation (18) derailment (27) absolute nodal dynamics (26) constrained simulation (16)
coordinate (24) multibody
system (14)
modal analysis (15) finite element finite element (18) contact dynamics (25) numerical parameter
method (25) integration (12) identification (15)
rigid-flexible vehicle-track modeling (15) joint clearance (25) subsystem synthesis ~ dynamics (12)
coupling (14) interaction (25) method (11)
dynamic simulation (21) large revolute clearance flexible multibody elastic multibody
stiffening (13) displacements (14) joint (24) system (10) system (11)
modeling (11) high-speed train (20)  floating frame of contact model (17) dae (10) suspension (10)

floating frame of
reference (10)
stability (10)

bifurcation (10)

component mode
synthesis (10)

rolling contact
fatigue (19)
locomotive (19)

co-simulation (19)

multibody model (18)

reference (13)
flexible multibody
system dynamics (12)
model reduction (11)

floating frame of
reference

formulation (11)
sliding joint (11)

contact
mechanics (17)
simulation (17)

flexible multibody
system (16)

unilateral
constraints (15)

equations of
motion (10)
computer aided
analysis (8)
impact (8)

multibody
simulation (8)

optimal control (9)

adjoint variable
method (8)
vibrations (8)

structural
optimization (7)
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Table 3. List of most commonly used keywords in communities 7 to 12. The number of appearances of the keyword is included in parenthesis.

Most Commonly Used Keywords in the Following Communities: Two-wheelers (comm-7), Biomechanics (comm-8), Accurate and
Efficient Integrators (comm-9), Robots as Multibody Systems (comm-10), Vibration and Transfer Matrix Method (comm-11) and Aeronautic

Applications (comm-12).

comm-7 comm-8 comm-9 comm-10

comm-11

comm-12

vehicle dynamics (27)  biomechanics (55) flexible multibody
dynamics (27)

optimal control (24)

dynamics (19)

finite element
analysis (34)
multibody model (30)

motorcycle (26) spatial operator

algebra (11)
high-speed train (11)

simulation (25) lie groups (20)

modeling (22) inverse dynamics (24)  differential-algebraic ~ simulation (10)
Equations (14)
motorcycle simulation (21) aeroelasticity (12) polynomial chaos (9)
dynamics (21)
stability (20) optimization (17) time integration (12) optimization (9)
dynamics (15) gait (16) constrained uncertainty
mechanical quantification (9)
system (11)
graph theory (12) kinematics (15) dynamics (9) aerodynamics (8)
bicycle dynamics (11) multibody natural coordinate (9)  inverse dynamics (8)
simulation (14)
bond graph (11) validation (14) wind turbine (8) uncertainty (8)
weave (10) multibody dynamics  conserving time parallel
analysis (12) integration (7) computing (7)
control (8) musculoskeletal finite rotations (7) recursive
model (11) algorithm (7)
flexible multibody contact simulation (7) flexible multibody
system (8) mechanics (11) system (6)
wobble (8) whiplash (10) multibody model (6)  vehicle dynamics (6)
optimal control (8) knee (10) nonlinear forward dynamics (6)

dynamics (6)

transfer matrix
method (80)
dynamics (21)

simulation (19)
multiple launch
rocket system (16)
launch dynamics (16)

vibration (10)
discrete time transfer
matrix method (9)

transfer matrix (8)
control (8)

multibody
simulation (8)
natural frequency (8)

rigid-flexible
coupling (8)
virtual prototype (7)

flexible multibody
system (7)
vibration control (7)

co-simulation (22)
multibody
simulation (18)
stability (14)
aeroelasticity (12)
dynamics (8)

rotor (7)

landing gear (7)
solver coupling (7)
turbocharger (6)
tiltrotor (6)
multibody model (5)
helicopter (5)
rotor dynamics (5)

vibration control (5)

flight dynamics (5)

14 of 27
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Table 4. List of most commonly used keywords in communities 13 to 18. The number of appearances of the keyword is included in parenthesis.

Most Commonly Used Keywords in the Following Communities: Marine Applications (comm-13), Powertrain Elements (comm-14),
Road Vehicle Dynamics (comm-15), Wind Turbines (comm-16), Complex Terrain and Tracked Vehicles (comm-17) and Non-smooth Contact

(comm-18).

comm-13 comm-14 comm-15 comm-16 comm-17 comm-18
simulation (15) vibration (23) simulation (35) wind turbine (49) tracked vehicle (42) finite element (14)
floating crane (14) finite element modelling (19) gearbox (15) dynamic friction (11)

numerical
simulation (14)
computational fluid
dynamics (12)

wave energy
converter (10)
hydrodynamic
interaction (9)
dynamic response (8)

virtual prototype (8)
flexible multibody
system dynamics (8)
dynamics (7)

finite element
method (7)

bond graph (6)

drift force (6)

fpso (6)

hydrodynamics (6)

method (19)
noise (18)

diesel engine (17)
dynamics (14)
crankshaft (14)
torsional

vibration (12)
simulation (12)
flexible multibody
dynamics (9)

crank train (8)
fatigue life (6)
virtual prototype (6)
mixed lubrication (6)

harshness (6)

ic engine (6)

suspension (17)
adams (15)

vehicle dynamics (14)
dynamics (12)
multibody model (10)

ride comfort (10)
vehicle handling (7)

optimization (7)
leaf spring (7)
vibration (6)
virtual
prototyping (6)
dynamic

simulation (6)
tyre model (5)

drivetrain (12)
modal analysis (11)
wind turbine
gearbox (9)

drive train (9)

gear dynamics (8)

dynamic response (8)
simulation (8)

flexible multibody (7)
aeroelasticity (7)
flexible blade (7)
reliability (7)
dynamics (6)

superelement (6)

simulation (14)
simulation (11)

terramechanics (9)
virtual prototype (7)
recurdyn (6)

cvt (6)

dynamics (5)
collaborative
simulation (5)
rough terrain (5)

deep ocean mining
system (5)
multibody dynamic
model (5)
suspension

system (4)

electric vehicle (4)

track link (4)

multibody

contact (11)

domain
decomposition (9)
frictional contact (8)

finite element
method (7)

dual lagrange
multipliers (7)
durability (7)
linear elasticity (7)

primal-dual active set
strategy (6)
fatigue life (6)

mortar finite element
method (6)
scalability (6)

contact problems (5)

multibody contact
problem (5)




Symmetry 2019, 11, 1525

Table 5. List of most commonly used keywords in communities 19 to 24. The number of appearances of the keyword is included in parenthesis.

Most Commonly Used Keywords in the Following Communities: Space Applications (comm-19), Friction (comm-20), Flapping Wings

(comm-21), Accident Reconstruction (comm-22), Fatigue and Life Assessment (comm-23) and CNC Machining (comm-24).

comm-19 comm-20 comm-21 comm-22 comm-23 comm-24
optimal control (10) coulomb friction (10)  co-simulation (12) accident fatigue life (12) geometric error (29)
reconstruction (37)
space robot (7) contact (10) vehicle (8) head injury (21) finite element multibody system
method (10) theory (26)
object friction (9) semi-active pedestrian (19) fatigue life error modeling (21)
manipulation (7) suspension (8) prediction (9)
attitude control (7) parallel simulation (7) multibody fatigue analysis (6) error
computing (7) simulation (16) compensation (20)
on-orbit servicing (7)  rigid bodies (6) machine tool (6) numerical high-speed train (6) machine tool (14)

motion planning (6)

numerical
simulation (6)
flexibility (5)

space manipulator
system (5)
underactuated
system (5)

space robots (5)

dynamics
modelling (5)
robotics (5)

rigid-flexible
multibody system (5)
nonlinear control (4)

collision detection (6)
contact dynamics (5)
rigid body
dynamics (5)
simulation (5)
frictional contact (4)
optimization (4)
complementarity (4)
modified state

space (3)

dynamics (3)

femdem (3)

dynamics (6)
flapping flight (6)
insect flight (5)
modeling (5)

ride comfort (5)
vehicle
engineering (4)
control (4)

aerial refueling (4)

butterfly (4)

optimization (4)

simulation (11)
madymo (10)

pedestrian safety (9)
impact
biomechanics (7)
accident analysis (6)
falls (6)
biomechanics (6)
optimization (6)
vehicle-pedestrian
collision (6)

crash simulation (6)

multibody model (5)

vibration (6)
simulation (6)
rigid-flexible
coupling (6)

fem (6)

fatigue (5)

virtual prototype (5)
dynamic stress
analysis (5)

carbody structure (5)

recurdyn (5)

lunar lander (5)

sensitivity
analysis (14)
error
identification (8)
machining
accuracy (8)
five-axis machine
tool (5)

force ellipsoid (5)

multibody
kinematics (5)
error
measurement (4)
stiffness field (4)

ultra-precision
machine (4)
homogeneous
coordinate
transformation (4)

16 of 27
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3.3. Activity of the Communities along the Time

Once the communities have been introduced, it is easy to analyze the activity of each community.
In this work, the activity is measured by the number of documents published per year in the community.
This was done again by using the Counter subroutine of Python Collections library. The period
analyzed comprises the years from 1970 to 2018. While some information is available for 2019 and 2020,
these years were excluded from the analysis because the information is not complete. To reduce the
noise in the trend lines of each community, a moving average using the numbers of two consecutive
years was used. Figure 4 shows the trend lines obtained for the twenty-four communities.

100 100
—— Flexible Multibody Systems in General ] —— Two-wheelers

b} —— Railway b} —— Biomechanics
5 —— Absolute Nodal Coordinate Formulation 5 —— Accurate and Efficient Integrators
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Figure 4. Activity of the communities measured as the number of journal papers per year: (a) comm-1
to comm-6; (b) comm-7 to comm-12; (¢) comm-13 to comm-18; and (d) comm-19 to comm-24.

In general, Figure 4 shows a continuous increase in the number of published documents in all
communities. From a look at Figure 4a, one may see that Flexible Multibody Systems in General was
the first community to grow with a great interest in the eighties and early nineties. While it continues
with moderate activities, other communities as Railways, Absolute Nodal Coordinate Formulation
and Contact and Non-ideal Joints show a large activity and growing trend for the coming years.
From Figure 4b, it is interesting how Two-wheelers was an early developed community that nowadays
follows a moderate activity. The growing activity of the Biomechanics community predicts an increasing
interests for the near future. From Figure 4c,d, the increasing activities of Marine Applications and Space
Applications are remarkable.
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3.4. Most Used Journals by MBS Community Members

Gephi allows an easy analysis of which journals prefer to use the authors of the MBS network.
The analysis was done as follows. The total of 11,511 documents were filtered by type, selecting only
journal publications. In this way, a total of 7579 journal publications were considered. Table 6 shows
the percentages of the 7579 journal publications that were published in the fifteen most used journals.
From a view to the table, it remains clear that the main journal is Multibody System Dynamics, which
since 1997 has consolidated as a highly reputable journal. The position in the rank of two journals
from the context of vehicle dynamics (SAE Technical Papers and Vehicle System Dynamics) is remarkable.
With percentages close to 2.5%, a third group of journals is composed of Nonlinear Dynamics, Journal of
Computational and Nonlinear Dynamics and Proceedings of the Institution of Mechanical Engineers, Part K:
Journal of Multi-body Dynamics.

Table 6. List of the fifteen journals that have published more papers belonging to the MBS community.

Journal Name % of Papers Published in the Journal

Multibody System Dynamics 7.76
SAE Technical Papers 4.22
Vehicle System Dynamics 4.20
Nonlinear Dynamics 2.61
Journal of Computational and Nonlinear Dynamics 2.57
Proceedings of the Institution of Mechanical Engineers, Part K: Journal of = 2.44
Multi-body Dynamics

Mechanism and Machine Theory 1.91
International Journal for Numerical Methods in Engineering 1.37
Journal of Sound and Vibration 1.35
Journal of Mechanical Science and Technology 1.28
Zhendong yu Chongji/Journal of Vibration and Shock 1.27
Computer Methods in Applied Mechanics and Engineering 1.25
Journal of Guidance, Control, and Dynamics 1.21
Computers and Structures 1.19
Civil-Comp Proceedings 1.07

3.5. Most Used Conference Proceedings by MBS Community Members

In a similar manner, the most used conference proceedings were analyzed. The total of 11,511
documents were filtered by type, selecting only conference proceeding publications. In this way, a total
of 3236 conference proceeding publications was considered. Table 7 shows the percentages of the 3236
documents that were published in the fifteen most used conference proceedings.

From Table 7 it can be concluded that the Proceedings of the ASME Design Engineering Technical
Conference together with the very successful Proceedings of the ECCOMAS Thematic Conference on
Multibody Dynamics are the leading options in terms of number of published documents. However,
it must be clarified that ASME publishes within the Proceedings of the ASME Design Engineering
Technical Conference articles from conferences organized from 2001 to today. The presence in the rank
of the Proceedings of the International Offshore and Polar Engineering Conference or Proceedings of the
International Astronautical Congress are understood from the existence of thematic communities that
have an affinity with the topic of these conferences. For the sake of comparison, the percentage of
papers published in the proceedings of some serial conferences were analyzed next. To do that, all
editions of the ASME Design Engineering Technical Conferences were grouped together. The same thing
was done for all editions of the Proceedings of the ECCOMAS Thematic Conference on Multibody Dynamics
and the Proceedings of the International Astronautical Congress, IAC and the results are shown together in
Table 8. The percentage shown is calculated from the total number of conference proceeding papers.
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Table 7. List of the fifteen conference proceedings that have published more papers belonging to the

MBS community.

Conference Name % of Papers Published in the Proceedings

Proceedings of the ASME Design Engineering Technical Conference 12.7
Proceedings of the ECCOMAS Thematic Conference on Multibody Dynamics 2013 2.19

ASME International Mechanical Engineering Congress and Exposition, Proceedings (IMECE)  2.16
Proceedings of the ASME International Design Engineering Technical Conferences and

Computers and Information in Engineering Conference—DETC2005 213
Proceedings of the ECCOMAS Thematic Conference on Multibody Dynamics 2015, Multibody 204
Dynamics 2015 '

Proceedings of the International Offshore and Polar Engineering Conference 1.95
2007 Proceedings of the ASME International Design Engineering Technical Conferences and 1.82
Computers and Information in Engineering Conference, DETC2007 ’

Proceedings of the International Conference on Offshore Mechanics and Arctic 1.70

Engineering—OMAE
Annual Forum Proceedings—AHS International 1.67
Collection of Technical Papers—AIAA/ASME/ASCE/AHS/ASC Structures, Structural

Dynamics and Materials Conference 145
Proceedings of the International Astronautical Congress, IAC 1.42
Proceedings of the 8th ECCOMAS Thematic Conference on MULTIBODY DYNAMICS 2017,

1.36
MBD 2017
Proceedings - IEEE International Conference on Robotics and Automation 1.36
Advances in the Astronautical Sciences 1.36
5th Asian Conference on Multibody Dynamics 2010, ACMD 2010 1.30

Table 8. Conference proceedings grouped by series that have published a significant amount of papers

of MBS community.
Conference Name % of Papers Published in the Proceedings
Proceedings of the ASME Design Engineering Technical Conference 174
Proceedings of the ECCOMAS Thematic Conference on Multibody Dynamics 5.51
Proceedings of the International Astronautical Congress, IAC 2.08

3.6. Analysis of Collaborations of Authors by Country

As explained in Section 2, all the authors that have published a document including the words
‘multibody’ or ‘'multi-body” in the title, abstract or keywords were considered. The information
of a total of 30,502 authors was gathered and analyzed. This massive amount of information is
represented in Figure 5a where the layout algorithm ForceAtlas2 has been used to find a meaningful
representation. As mentioned before, the ForceAtlas2 layout is based on the concept of gravity, which is
used to generate attraction between connected nodes. On the contrary, non-connected nodes generate
repulsion between each other. As may be seen in the figure, there is a group of authors represented
in green near the center of the graph that show no connection with surrounding authors. The same
situation is shown for a group represented in gray near the mid-south part of the graph. Both groups
of authors are strongly attracted between them but unconnected to the rest of the nodes. In addition,
there are small clusters of authors allocated at the outermost part of the graph. Again, the giant
component filter of Gephi has been used to separate the large network of authors contributing to
the MBS communities. The MBS network is represented independently in Figure 5b. Once the main
network of authors, which counts 9148 authors, is obtained, it will be redistributed with the ForceAtlas2
layout. The result is shown in Figure 6 where each color represents a different country. It must be
emphasized that the affiliation considered for each author is the current (or last) one. The analysis
presented does not take into account that an author might have had a different affiliation in the past.
Therefore, the results shown in this section may be considered as a current picture of the community.
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(b)

Figure 5. (a) Graph of all authors who have published a paper including the word 'multibody’ in
the title, abstract or keywords; (b) graph of all authors in the left picture that are included to the

MBS network.

., [taly
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Figure 6. Graph of authors network by country of affiliation after redistribution.

The shape and location of the different countries in Figure 6 is interesting. Note that when a color
is too concentrated in a small area, it means that the authors of that country are mainly working within
them, that is without international cooperation. This is approximately the case of South Korea and
Japan, which at the same time show large percentages of authors in Table 9. This table shows the
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percentage of authors that belong to the twenty countries with the largest number of researchers in the
network. The top ten countries have been colored in Figure 6. On the other hand, the authors of United
States (purple color) are spread all along the graph, which means this country has a large international
cooperation. In Figure 6, there are some nodes that have a comparatively large size. The size in the
graph is proportional to the number of connections of the node. In this way, the largest node in the
graph is in purple color and corresponds to Prof. A. Shabana. It must be mentioned that there is a
certain amount of nodes in gray. They all belong to the rest of the countries not included in the top ten.

Table 9. Table of the twenty most active countries in MBS according to the total number of researches
that have published at least one document.

Country Percentage of Authors by Country
China 22.05
United States 16.33
Germany 1143
Italy 8.38
South Korea 6.34
Japan 3.66
United Kingdom 3.21
Spain 2.83
Belgium 2.69
France 2.68
Canada 2.51
Netherlands 2.36
Austria 1.88
Sweden 1.08
Finland 1.04
Portugal 1.04
Denmark 0.80
Australia 0.71
Switzerland 0.67
Czech Republic 0.59

4. Summary and Conclusions

This work contains an analysis of a massive amount of information about publications and
authors in the multibody system dynamics community. The information was gathered automatically
by a dedicated bot that connects to the SCOPUS database. The amount of authors and documents
considered are 30,502 and 20,050, respectively. The query to SCOPUS was launched in July 2019.
This massive amount of data is treated with the software Gephi, which allows for filtering and
detecting communities. The modularity class was used to detect a high number of communities within
the multibody system dynamics network. Each community was commented on and a representative
reference was given for each one. Once the communities were detected, the scientific production of
each community was studied chronologically. The most used journals and conference proceedings
were obtained. Finally, the cooperation of authors was studied by country. The main conclusions of
this work are enumerated as follows:

1. ResNetBot was highly efficient at collecting a huge amount of data from the abstract and citation
database, SCOPUS. Such an amount of data could be analyzed by using the software Gephi.

2. There appear to be 32 communities from the analysis of the modularity. In this paper, only
the 24 largest communities were studied. The community detection carried out showed a
reasonable result since the documents conforming to a community have meaningful similarities
and common objectives.

3. The five largest communities are flexible multibody systems in general, railway, absolute nodal
coordinate formulation, contact and non-ideal joints, computational aspects of DAE.
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4. The recent activity analyzed by communities predicts an increasing interest in railway, absolute
nodal coordinate formulation, contact and non-ideal joints and biomechanics.

5. The fifteen journals most used for publishing by researchers were obtained, with the journal
Multibody System Dynamics being the one that has published the largest number of papers from

the analyzed network.

6. The fifteen conference proceedings most used for publishing by researchers were obtained. The list
included conferences from fields like astronautical sciences or offshore engineering.

7. Authors from many countries are contributing to the multibody system dynamics communities.
The most active countries in the network have been found. Their cooperation was analyzed,
obtaining interesting patterns of collaborations in the graph.

As could be checked, the multibody system community continues to grow and attract researchers.
Its formalisms and techniques have been applied in many fields from railway to the simulation of the
flight of ornithopters or the reconstruction of accidents.
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Appendix A. Fingerprint Images of all Detected Communities

This section shows a picture of each one of the twenty-four analysed communities, where the
shape, distribution and size of each one can be appreciated (Figures A1 and A2).
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Figure A2. Graph of the second group of the twelve most crowded communities (in order from left to
right and top to bottom).
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