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Abstract

A design methodology for mechatronic systems is proposed, relying on an integrated framework for engineering solutions
with continuous interaction among different fields of knowledge. It incorporates the full life-cycle of mechatronic design,
from the problem statement to the attainment of conditions for physical implementations. MBSE domains are addressed
into a three dimensional cube shape model where each face is focused on a local analysis through individual and interacting
V-models with their own time lines. The design is developed under a centralized tool framework with dependency condi-
tions allowing traceability capabilities in multiple hierarchy levels of analysis for generation, updating and management
of information among conceptual analysis, specifications, logical architecture, tasks, detailed design, and manufacturing
conditions for production.
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efficiency, reliability, robustness, and high functionality
of the resulting system as a whole. Regardless recent tech-
nologies and new concepts for multidisciplinary systems
as human-oriented systems and cyberphysical perspectives
(Hehenberg and Bradley 2016), the mechatronic approach
has always been a reference for synergistic integration
becoming an increasingly complex concept (Bradley et al.
2015; Masior et al. 2020) and the design paradigms have
been adjusted to provide better engineering solutions. This
multidisciplinary nature demands for an updating repository
in order to dispose of all information along the design pro-
cess to ensure consistency throughout the design; therefore,
a model based approach (Borchani et al. 2018) seems to be
a natural choice by automatizing the interactions among all
engineering disciplines involved and providing elements for
complex decision making.

There exist several Model Based Systems Enginnering
(MBSE) methodologies for product design and develop-
ment (Huldt and Stenius 2018; Morkevicius et al. 2017)
recognized by organizations like INCOSE and OMG;
however, in the last decade, MBSE is also getting adopted
for mechatronic systems design as Borchani et al. (2018),
Qamar et al. (2010) and Vazquez-Santacruz et al. (2019),
where methods are mainly based on the V-model (Gause-
meier and Moehringer 2002). For instance, Chami and JM
(2015) uses it for conceptual design evaluation; in Zheng
et al. (2014) and Graessler and Bruckmann (2018), surveys
for mechatronic design methods include V-model and exten-
sions; in Graessler and Hentze (2020), a new V-model is pro-
posed for mechatronics and recent technologies design; even
more, a W-model in the context of MBSE for mechatronic
systems has been proposed in Barbieri et al. (2014), in order
to integrate multiple phases of design. Recently, in Stark
(2022), a study of main MBSE capabilites is addressed as
disciplines including System Environment Analytics as a
problem delimitation, System Definition and Derivation for
system specifications and high level behavior, System Inter-
action Modeling for numerical analysis behavior, Systems
Lifeciclye Engineering for product lifecycle analysis, and
Capability and Maturation Matrix for verification and vali-
dation of the MBSE development capabilities; this allows to
construct methodologies for complex systems design.

In complement, some modeling languages like UML,
SysML, MARTE, IDEF, EAST-ADL or Modelica have been
adopted to support the product/systems design. Particu-
larly, since SysML scopes into technical capabilities over
the MBSE domains, it is widely considered to describe
mechatronic designs as Barbieri et al. (2014), Qamar et al.
(2010) for global mechatronic systems modeling; Mhenni
et al. (2014), Qamar et al. (2011) for general architectural
design; in cases of study as Sell and Tamre (2005) for
an unmanned ground vehicle design; Chami et al. (2012)
for wheeled and aerial robots modeled under SysML to
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propose a specific framework for conceptual design evalu-
ation, Rahman and Mizukawa (2013) for a mobile robot
analysis with SysML and interacting numerical tools;
Vazquez-Santacruz et al. (2019), for a biped robot devel-
oped by using SysML to describe the design process into
a concurrent V-model interaction; or Friedenthal et al.
(2015), Holt and Perry (2018), where the basics of mod-
eling are developed with interesting cases of study.

Since multiple engineering disciplines are addressed in
mechatronic complex systems, consistency should be sat-
isfied to avoid conflicting design decisions into a specific
methodology. In Lettner et al. (2015), a robotic manipula-
tor is studied by integrating tools and components with
consistency checking; in Chen et al. (2018) a verifica-
tion method is proposed to evaluate consistency between
requirements and design; and in Egyed et al. (2018), tools
for detecting and checking consistencies are studied.

An interesting approach to guarantee consistency is
the implementation of a real time monitoring by virtual
models that accurately mirror physical objects, as digital
twins (DT) Wu et al. (2021), that have attracted the interest
of researchers due of its benefits (Barricelli et al. 2019).
The object under study is equipped with various sensors
related to vital areas of functionality to produce data on
different aspects of performance, such as power output,
temperature, weather conditions, and more. This data is
then transmitted to a processing system and applied to
the digital copy to run simulations and generate potential
improvements, all with the goal of generating valuable
insights, which can then be applied back to the original
physical object. In this sense, a DT connects and expands
the digital engineering models for new data streams of new
products, machines, and services. Therefore, it is expected
digital twins will permanently change product creation and
enable new business and value creation models (Barricelli
etal. 2019).

This paper introduces an MBSE methodology that
serves as a global guideline for mechatronic design under
SysML modeling capabilities, allowing to deal with com-
plex systems. Though an interesting approach for dealing
with complexity is Vahid and Wang (2019) where agile
concept is adopted to define a methodology, a particular
attention has been paid to both, the MBSE-Vitech meth-
odology (Long and Scott 2011) and MBSE capabilities
defined in Stark (2022) from where, in an attempt to gen-
eralize the problem-solution cycle, it is proposed a whole
analysis methodology. To develop an integral and con-
sistent design, MBSE is considered on the methodology
for dealing with the high amount of updating information
along the process into an interacting framework defined
over a three-dimensional V-model.

The contributions of this paper are summarized as
follows:
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¢ A methodology for mechatronic systems that covers the
full cycle design from the problem identification to the
physical implementation of the designed solution over a
centralized model.

e A well structured method defined by a cubic distribution
based on six V-models focused each on different MBSE
domains over the design process.

¢ A methodology that highlights the hierarchy from high
level definitions as a black-box analysis to lower levels
for technical implementations as a white-box.

e A full dynamic framework where the interaction among
tools with sharing information is more noticeable, even
with tools from different engineering disciplines and dif-
ferent hierarchy levels of study. This approach should
facilitate the incorporation of the diverse and required
engineering tools, including recent technologies, to syn-
ergistically converge into an efficient solution for the
problem under specific directives.

The paper is structured as follows, the methodology is
defined in Sect. 2, where the general three dimensional dis-
tribution of the different MBSE domains is described and
each face from a cubic distribution is showed by expressing
the concurrency along individual processes. In Sect. 3, the
interaction among those domains is stated by describing how
different tools are incorporated into a general framework
into the methodology; in Sect. 4, a case of study illustrates
the functionality of the proposed methodology and finally,
a discussion and some conclusions are developed in Sect. 6.
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Fig. 1 Three-dimensional V-method for mechatronic design

2 AV-cube for mechatronic systems design

They are identified in literature four principal domains for
MBSE: requirements, behavior, structure and V &V (veri-
fication and validation); however, with the aim of defining
a methodology to be adapted for any mechatronic system
design, the proposed approach includes them from different
levels of hierarchy into six particular analysis relying into
a cubic distribution where, unlike common methodologies,
a full design process also considers the physical conditions
for manufacturing and test quality for possible market entry.

Inspired on the traditional V-model (Federal Ministry
1997) and based on the guideline VDI 2206 (Gausemeier
and Moehringer 2002), the proposed methodology is based
on the MBSE paradigm and a cube shape representation as
depicted in Fig. 1a, where each face is focused in a particu-
lar analysis by means of a single V-model as follows: the
conceptual design at the down face is addressed in a high
level approach with the system as a black-box (Portillo-Velez
et al. 2022) to delimit the problem in order to identify the
engineering fields where the solution could be developed; it
determines the expertise of the team design for proposing a
candidate solution satisfying the stakeholder requirements.
The specifications face is a behavior and structure high/
low level analysis that allows to determine technical system
specifications and an operational delimitation for a possi-
ble solution. A tasks definition face determines the system
operations in lower levels of hierarchy and it early nourishes
the structural logical architecture face, from where system
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modules are defined to be analyzed in detail as the design
evolves in the detailed architecture face where a component
level study is developed. The top face, the physical imple-
mentation, is defined to be analyzed by considering stand-
ards for manufacturing and assembling in order to verify the
system implementation.

It is important to remark that the faces describe indi-
vidual processes, however they are not sequential neither
independent; moreover, even when a local time line flows as
a V-model determines according to its own structure, each
face is subject to the information derived from another face,
making the design to mature in time as a whole dynamic
design process. It must be understood that thought all local
V-models concurrently evolve and since they include analy-
sis as either black or white-box, they do not all end or start at
the same time; actually since they are dependent each other,
the local time lines are discontinuous as the dashed lines
attempt to indicate in Fig. 1b. Notice also that the local time
lines construct a global one, describing the design evolution
in time. This required/provided information among faces
produces in consequence a nonlinear flow in time, ending
only when all six V-models concur into their final phase.

The six multiple, interacting and concurrent V-models
include interaction tools lying in a common framework to
update the configuration and parameters of the system under
design as the information changes as detailed in Sect. 3. Nat-
urally, depending on the design application, the individual
V-models could empathize in a particular engineering dis-
cipline and the interaction among faces, given by artifacts
and interfaces lying at the center of the cube as a graphical
interpretation, gradually nourish the final mechatronic solu-
tion. The cubical approach promotes concurrent processes
according to the the common framework, an alternative to an
Engineering Operating System (EOS), as described in Stark
(2022). These studies include some particular sub processes
that are set to be adapted according to the nature of the prob-
lem and considering interfaces as described in Sect. 2.1 by
using interoperating tools in order to automatize the global
design process by exchanging data to let each V-model evo-
lute. Naturally, in any situation, the design starts with the
conceptual analysis and ends with the physical realization.

The V &V analysis is an important issue to be consid-
ered since different testing tools are defined as the design
is evolving regarding a particular subject. Each model is
proposed to include different tools regarding the engineer-
ing analysis and the hierarchy level as described in Sect. 3.

2.1 Individual and concurrent V-models
Depending on the MBSE domain to be analyzed, multiple
individual and transversal sub processes are well defined

into the natural structure of a single V-model with interac-
tion capabilities among others and model dependencies for
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data management, setting up a complex structure of updat-
ing information and enabling traceability on the overall
design process. This interdependence strengthens the time
lines discontinuities since the data should be generated by
the corresponding tool into either co-simulation or model
exchange capabilities (Blochwitz et al. 2011) under the
addressed problem. This also highlights the concurrency on
the mechatronic design process, an important contribution of
the proposed methodology, allowing each face to evolve not
only for specific design domain, but with a strong dynamic
interaction with the others.

A detailed description of each V-model is depicted in
Figs. 2, 3 and 4. The interaction among them is described
by colored arrows, playing the role of data sharing chan-
nels that might be either single or bidirectional by means of
both, automated SysML diagram models and artifacts such
as plug-ins, Functional Mock-up Interfaces (FMI) or files;
even more, since there exists a centralized design model
where the V-models are structured, the allocation of model
elements is quite important to guarantee traceability. In this
way, basically, requirements are allocated to specifications,
the specifications are allocated to both tasks and operations,
while they are allocated to the logical architecture, to be
allocated at the same time with elements in the physical and
detailed architecture; all of them in a possible bidirectional
interconnection.

The local sub processes in each V-model are also dif-
ferentiated among them by colors, referring to the pillars
of MBSE design as: requirements (red), structure (blue),
behavior (green) and V &V (amber); this allows to under-
stand the consistent interaction among models to be defined
with specific tools. It is important to highlight that these
sub processes can be addressed in different levels of hier-
archy according to the global status of the design process
and as the V &V indicates; this means that the more times
the V-model is developed, the higher the maturity level of
the design.

2.1.1 Conceptual design

The proposed methodology always begins with the V,
model (Fig. 2a) for the conceptual design face where a
context analysis delimits the problem based on the stake-
holder needs. The aim is to dispose of a global perspective
as an engineering problem to propose a conceptual solu-
tion with a convenient technical nature, early enabling the
concurrency among both, a logical architecture of the sys-
tem in the V;,, model and the technical specifications in the
V,, model. The V. model also addresses decision making
by using mechatronics tools as MDQ, MMP, MIV, MDI,
even recent mechatronic indexes (Moulianitis et al. 2018),
according to the required criteria in a conceptual level.
Tools as the Choquet Integral for example, allows the
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*high level
analysis

brainstorming &
decision making*

(a) Conceptual design V-model (V)

Fig.2 V-cube faces: conceptual design and specifications

decision making for multicriteria analysis by considering
configurability, dependability, interaction ability, percep-
tion, autonomy, motion ability, among others (Katrantzis
et al. 2020), from preliminary system specifications. Being
analyzed in a high level approach, this face incorporates
the four domains of engineering design, and it is an early
solution of the problem as a black-box. An implementation

Table 1 Suggested tools for local studies: V, and V, models

high level

operations definition* *high level

analysis

Vi, V)
SrVicy technical metrics
identification*

*T high and low
level analysis

Vi

(b) Specifications V-model (Vsp)

of this approach is developed in Portillo-Velez et al. (2022)
for a conceptual design of mechatronic system design.
Every local sub process is proposed to contribute with
the whole design as the interaction channels suggest,
however they can be developed by different tools. In this
paper, SysML is proposed to be the language to describe
them, except for some cases where any other natural tool
is suggested as in Table 1. Notice the presence of multiple

Sub-processes Suggested tool/artifact

Sub-processes Suggested tool/artifact

V. model

Stakeholder needs SysML diagrams (Friedenthal et al.
2015): req, Allocation matrix,
Excel sheets

SysML diagrams: bdd, ibd, Excel
sheets

Problem delimitation

Global performance SysML diagram: uc,act Allocation

matrix
Brainstorming & Decision making SysML diagram: bdd, Multicriteria
evaluation: Choquet integral
(Katrantzis et al. 2020)
SysML diagram: bdd, Sketches,
CAD

Candidate conceptual solution

V &V SysML diagram: SatisfyReqgMatrix,
Animations, Simulations (Hazle

and Towers 2020)

Model checking & testing (Hazle
and Towers 2020)

V,, model

Global behavior identification SysML diagrams: stm, act, sd

Knowledge areas identification SysML diagrams: bdd, req

SysML diagrams: bdd, Allocation
matrix

High level operation settings

Technical metrics identification ~ Dynamic system model

Ponderation matrices, Kano model
(Chang-Tzuoh et al. 2015),
Choquet integral (Katrantzis
et al. 2020)

SysML diagram: req, Allocation
matrix

Priority analysis for requirements

System Specifications

V &V Dependency matrices, High level
simulations, MDI (Hammadi
et al. 2012), MOEs (Kaslow et al.

2018)
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allocations tools, which enables the traceability among
requirements and other sub processes along the design.

2.1.2 Specification analysis

The specifications face developed by the V,, model in
Fig. 2b is quite important since it determines the course
of the technical design based on information from the
conceptual design and the current state of the process. It
is presented as a technical extension of the stakeholder
requirements by combining behavior settings. The suit-
able engineering areas are identified to organize a pre-
liminary modular design at the logical architecture and
the behavior domain is technically addressed from the
conceptual definition. Notice that this model includes not
only a high level analysis but also refers the tasks defi-
nition, which is a low level approach of the operational
definition.

Since multiple technical requirements could be con-
sidered to satisfy the user needs, these are weighting to
output the system specifications with metric assignments,
which shrink to an increasingly narrow range once the V
&V for them is stated and the satisfaction of the expected
functionality is evaluated by means of indexes of per-
formance under behavior criteria, as the MDI (Hammadi
et al. 2012). In this way, as both the logical architecture
and detailed design maturate it is expected that the final
specifications gather information from the current cen-
tralized model design and they become more specific.
This means that technical specifications are not neces-
sarily fixed and they can be updated along the design as
global consistency condition from the V &V. In Table 1
are also listed some suggested tools to address the local
sub processes of the V,, model.

Table 2 Suggested tools for local studies: V,, and V,,, models

2.1.3 Low level operational analysis: tasks definition

Once the high level operational analysis is being developed
from V. and V,, models, there are derived tasks of the sys-
tem in low level approaches with the same characteristics of
the operation concept by SysML, but defined to be accom-
plished in a subsystem/component level. For example, a
sensor monitoring and a control or command execution are
tasks derived from a high level operation of path tracking in
a manipulator robot; or a voice signal processing is a task
of a voice recognition operation in an intelligent machine.
Those tasks are set to be developed according to a desired
performance at low levels and, unlike operations, technical
detailed conditions as references and constraints might be
defined for control goals and interaction among tasks.

The objective of this V,, model is the parameterization
and full definition of the behavior. The V,, model is depicted
in Fig. 3 where it can be noticed that it is totally constructed
under the behavior MBSE domain.

In order to govern the behavior for a given system, con-
trol techniques for a particular task, have to be also verified
mainly in a low level by tools as suggested in Table 2, that
considers numerical simulations linked to SysML paramet-
ric diagrams to assure a desired performance satisfying the
operational requirements and, in consequence, strengthen
the detailed design face. Notice also that the evolution of this
model under the V &V developments, not only affects the
tasks definition but also could result in specifications update
at the V,, model, exhibiting the codependency among models
from different approaches as described in Sect. 3 with some
tools for interaction.

2.1.4 Logical architecture

The logical architecture analysis is also focused in a com-
bined high/low level design of subsystems and it supports

Sub-processes Suggested tool/artifact

Sub-processes Suggested tool/artifact

V, model
Tasks definition and interaction SysML diagrams (Friedenthal et al.

2015): bdd, sd, act, allocation matrix
SysML diagrams: bdd, Dynamic models

Behavior parameterization

Control tasks

tion, Dynamic/kinematic models

V &V
tion, MOPs, TPMs, MOEs (Kaslow
et al. 2018)

Model checking & testing (Hazle and
Towers 2020)

Interfaces (Hause 2018), FMI (Blochwitz
et al. 2011), Automation/synchroniza-

SysML diagrams: par, Simulation/anima-

Vipe model

Modules identification SysML diagrams :bdd

Behavior delimitation  SysML diagrams: bdd, par, Model check-
ing (Hazle and Towers 2020)
SysML diagrams: bdd, ibd, Allocation

matrix

Subsystem description

Logical architecture SysML diagrams: bdd, Allocation matrices

V &V Dependency matrices, Model checking

(Hazle and Towers 2020)
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behavior

T . . 3=
low level parametrization*?

analysis

*Thigh and low
level analysis Vet

(a) Task definition V-model (V;;)

Fig.3 V-cube faces: task definition and logical architecture

detailed

T
low level design T

analysis

*1 high and low
level analysis Vpr

(a) Detailed design V-model (Vy.t)

Fig.4 V-cube faces: Detailed design and physical implementation

component selection and detailed design. The analysis
is developed by the V,,, model in Fig. 3 which is almost
entirely defined under the structure MBSE domain.

An important result from this model is a modular
design, which is motivated mainly by the technical char-
acteristics and leads to the subsystem and component defi-
nition. Typically, for a mechatronic system, the subsystems

* high level
analysis

Tlow level subsystems
analysis description*

*T high and low
level analysis v

(b) Logical architecture V-model (V,4)

manufacturing &
assembling*™

O

*Thigh and low
level analysis

! l Vdet

(b) Physical implementation V-model

(Vor)

are identified as mechanical, electronic, power, control,
sensor and actuator systems among others for recent tech-
nologies; the goal of this model is precisely the analysis
of these subsystems as an extension of the global struc-
ture from the V, model, exhibiting a strong interconnection
among technical disciplines in each subsystem by tools as
suggested in Table 2.
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2.1.5 Detailed design

The detailed design is carried out by the V,;,, model depicted
in Fig. 4a and it should exhibit a maturity in design since
all V models concur in this analysis. The model refers to a
refinement in the system, looking for a low level integration
of components in consistency with other developments over
the process. Though the V,,, could be predominantly struc-
tural, the detailed design also includes behavioral details
according to the nature of the problem. There are defined
constraints for both behavior and structure, which are sug-
gested to be expressed by SysML parametric diagrams as
listed in Table 3. These constraints allow the final com-
ponent selection and detailed subsystems from the logical
architecture in V,,,, including design for manufacturing.

Once a first detailed study is developed, a white-box per-
spective is clear and a systematic optimization process is
suggested to carry out according to a given performance
indexed. It is clear that a full optimization over all perfor-
mance and structural dimensions is a very complex problem,
so the required criteria regarding the defined specifications
should be identified, leading to a multi-objective problem if
required. The detailed achievement is addressed for every
single subsystem/module from the corresponding engineer-
ing field by considering even the post process for manu-
facturing, assembly, instrumentation, power and control,
as well as the full integration. Naturally, the V,,, model is
developed in a low level approach in order to build up a
consistent mechatronic solution, even taking into account
considerations for practical implementation as standards and
manufacturing methods; however, it is important to highlight
that the optimization can be always carried out on any level
of hierarchy, this is, at component or subsystem level for
different behavior and structural criteria (Sinha et al. 2018).

Since all engineering fields concur on the integration, it
implies that much of the design team also interact, and sev-
eral tools are proposed as suggested in Table 3 as software
design tools, optimization techniques, CAD/CAM/CAE
tools, and V &V validation strategies as rapid prototyping
and performance tests.

2.1.6 Physical implementation

The prototype manufacturing and assembling is developed
to verify and validate the design; this phase consists in the
physical materialization of the design according to the nature
or the system and submitted to quality testing processes to
validate both stakeholder requirements and system speci-
fications at the beginning of the design. Recalling that the
detailed design considers regulation issues by standards to
be complied, the prototyping also evaluates the performance
in order to have a certified product with highest usability
and, even, market opportunities.

@ Springer

Actually, as it can be depicted in Fig. 4b, the V,, model
acts as a V &V process itself since it is focused on the physi-
cal realization with functionality assurance. Manufacturing
processes (Koc and Ozel 2020) are set according to the
concurrent analysis in logical and detailed design, they are
selected in both, component and subsystem level in consist-
ency with a suitable assembling from DFMA (Formentini
et al. 2022) and other assembling tools. Prototyping is also
submitted to quality tests as suggested in Table 3 to finally
attain the designed solution in a real environment according
to standards from the technical development as ISO, IEEE,
IEC, among others (INCOSE 2022).

Clearly, at this phase of the design, the solution is mature
enough to develop system testing and it is expected mini-
mum changes towards a final solution. The local time lines
at all V-models are then ending as in Fig. 1b, so the global
design process is also closing up, leading to commercial
stages of the product life cycle.

3 Tools interaction framework

As described, the V-cube demands the integration of mul-
tiple tools to analyze specific characteristics of the system
with interoperability capabilities. In Fig. 5, it is shown a pro-
posed tool interaction framework where multiple disciplines
are involved according to the technical study to be developed
on any V-model on the cube, to update the configuration and
parameters as the information changes along the process.
The full set of tools are grouped regarding their nature in
two important classes, physical environment analysis tools
where the system is verified as a solution of the problem with
respective standards and innovative considerations; and the
numerical analysis tools, where the process is developed
under design and control perspectives into a digital central-
ized model over the behavior, structure and V &V domains.
An interesting approach for interoperability conditions can
also be considered for an EOS (Stark 2022) where explic-
itly the human role is centered among artifacts, tools and
design hierarchies; however, it is important to clarify that in
the framework of Fig. 5 the human activities are implicitly
defined in all process design since they are included into the
SysML centralized model, particularly in the use cases and
context diagrams where humans are described by actors.

In general, a mechatronic system is subject to be analyzed
by means of numerical tools as simulations for mechanical,
electrical, control and connectivity performance supported
by digital technologies. Then, in the modeling environment
for interoperability conditions where the centralized SysML
model stands, mathematical and numerical tools are online
processing information until they are no longer required and
the design has maturated to its last detailed expression.
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Table 3 Suggested tools for local studies: V,,, and V,,, models

Sub-processes Suggested tool/artifact

Sub-processes

Suggested tool/artifact

Ve Mmodel

Constraints settings SysML diagrams: bdd, par, allocation

matrices

Component selection SysML diagrams: bdd, allocation

matrices, Catalogs

Standards & norms analysis

Manufacturing processes selection

vV, model

IEEE, ISO, IEC (INCOSE 2022)

SysML diagrams: allocation matrix,
Manuf. processes (Koc and Ozel

2020)

Organization SysML diagrams: bdd, ibd Manufacturing & assembling Machinery, SysML diagrams: allocation
matrix

Detailed Design Mechanics & Electronics, Control & Quality assurance Quality control testing (Hazle and Tow-

Communication, DFMA (Formen-
tini et al. 2022)/CAD (Brahmi et al.
2022), FEM, CFD (Smith et al.
2018)

ers 2020)

Component optimization Topology optimization (Vazquez-San- Documentation Report generation
tacruz et al. 2019), Heuristic algo-
rithms (Portillo-Velez et al. 2022)
Subsystem optimization =~ Multicriteria mechatronic indexes: V &V Testing (Hazle and Towers 2020)

MDI, MDQ, MIV, MMP (Mouliani-
tis et al. 2018; Katrantzis et al. 2020)

SysML diagrams: bdd, allocation
matrices, Interfaces & artifacts

Subsystem integration

V &V SysML diagrams: par, Rapid proto-
typing, Simulation & animation,
Consistency checking (Chen et al.

2018; Egyed et al. 2018)

In Table 4, some common tools are depicted regard-
ing main fields of knowledge into a mechatronic system:
tools for optimization and control are common choices
for mathematical modeling analysis of dynamical systems;
programming tools for control algorithms are also impor-
tant complements from the information technology; elec-
trical analysis could be developed for power and electronic

instrumentation simulations, including technologies for
IoT applications; even artificial intelligence is numeri-
cally implemented to produce a hybrid between control
theory and heuristic algorithms for decision making; spa-
tial configuration for physical dynamics including thermal/
flow conditions is able to be studied into the framework
with CAD/CAM/CAE tools, generating increasingly solid
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Table4 Common tools for

. . Mechanical Electrical Control Requirements

mechatronic systems analysis
Autodesk Fusion 360 PSIM MATLAB/Simulink Inflectra: spiratest-spirateam
CATIA Proteus SciLab - Xcos Jama Software
SolidWorks Autodesk Eagle Labview Orcanos
Autodesk Inventor Ansys GNU Octave IBM ERM DOORS Next
Pro-E/CREO NI Multisim OpenModelica Accompa
Siemens NX LTSpice Python Visure Requirements
Autocad Mechanical Modelsim ROS Caliber
Ansys Altium Gazebo ReqSuite
Solid Edge DesignSpark Pearls
COMSOL Multiphysics Cadstar Perforce Helix RM

conditions for prototyping with an adequate performance
until the final solutions.

Notice in Fig. 5 that the modeling environment plays
the central role where each sub processes from the V-mod-
els converges by storing data from tools that nourish the
mechatronic solution; all decisions and modifications fall
into the centralized model which dictates the evolution of
the system from the contribution of all engineering fields
of the design team until the final physical implementation.

Though it is proposed a general interaction framework,
it is aimed to be automatized, especially if different subsys-
tems studies are built by different tools. A formal system
integration can be developed according to standard interop-
erability tools; however, interfaces as the FMI (Blochwitz
et al. 2011), a semantic mediation container SMC (Shani
et al. 2016), or a semantic web technology SWT (Bone et al.
2018) for recent technologies, could serve as base for the
implementation. Data exchange and visualization, by using
CAD, CAM, CAE, or PDM tools can also be considered by
using JL standard according to Beckers et al. (2016) for data
management; for CAE applications, the MpCCI standard
interface supported by SysML and Modelica for multidiscpli-
nary modeling in mechatronic systems is considered in Lefe-
vre et al. (2017). An interesting interoperability approach
is also presented in Hammadi et al. (2016) for integrate a
complex SysML model and a 3D modeling environment to
reconfigure designs. In Stark (2022), a study of different data
and model standards for interoperablity into a V-model is
addressed for different phases of design and based on White
paper (2019).

In the context of MBSE, a DT renders the challenge of
a holistic model integrating several aspects from differ-
ent fields of engineering to provide a feasible architecture
for interoperability (Gollner et al. 2022). Moreover, a DT
might play a fundamental role for SysML system models
integrating a physical counterpart, bidirectional orientation
and real-time data capabilities. A DT provides a linking
support of physical objects with virtual environments; it is
however clear that recent studies points out that, despite its

@ Springer

complexity, a DT is becoming a feasible alternative to con-
sider within SysML models (Wilking et al. 2022).

In the proposed methodology, SysML allows the model
construction of the design process by using commercial tools
as either Cameo Sytems Modeler (CMS) or Magic Draw
from No Magic; Enterprise Architec from Sparkx; Rational
Rhapsody from IBM; Visual Paradigm; as well as open
source tools as Modelio, Papyrus, Capella, etc.; however,
though recent efforts have been made (Khandoker et al.
2022), it is clear that there is no rule to select the best tool
for any application. Since technology and software tools are
in permanent evolution, the best tool is always subject to fit
with those complementary tools to guarantee an even better
performance in the design process; however, interoperability
is accomplished by a convenient tools selection from differ-
ent types of analysis to satisfy functionality and usability
over the application in order to construct a detailed model
from different technical domain perspectives (Rashid et al.
2015).

4 Case of study: A 12-DOF biped robot

The design of a biped robot is described with the aim of
validate the proposed MBSE approach. It can be verified that
the V-cube is not rigid, which means that the nature of the
problem adopts the V-models to perform local sub processes
and the required tools for interoperability, according to the
needs. Figure 6 depicts an overview of the framework over
the guideline where it can be observed the global interac-
tion of tools and data sharing among the V-models. This
framework is made up of five main modules: a SysML model
repository based on CMS in yellow, a CAD/CAM model
by Autodesk Inventor in orange, a Matlab environment for
dynamics and optimization in green, a ROS ecosystem for
control and validation tests in blue, and the module where
the Manufacturing and Final Assembly (M &A) of the robot,
in purple, is carried out.
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Fig.6 V-cube methodology on a biped robot design

The centralized model is structured based on SysML and
it is depicted at the bottom of Fig. 7 where some relevant
diagrams are depicted according to the repository from
Fig. 6 for each V-model and following suggested artifacts as
in Tables 1, 2 and 3. These diagrams are associated among
them by means of parameter and values which are getting
updated from parametric diagrams as a response of a auto-
mated interoperation among CMS and Matlab for structural
optimization based on behavior dynamics; as well as a man-
ual parameters updating with parametric CAD on Inventor
and the behavior analysis extension into a ROS environment
with bidirectional flow of information with parametric dia-
grams. This interaction is possible by using different inter-
faces among tools as the files and plug-ins (stl, xIsx,cvs,
yaml, etc.) specified for each interconnection and depicted
in Fig. 6.

The V-cube methodology is then applied to a biped robot
design with anthropomorphic characteristics and punctual
requirements listed on a Excel sheet and translated into a
SysML environment. Thereby the centralized model is con-
nected via plug-in with Matlab environment, through a par
diagram from the V,,, allowing co-simulation to obtain, by
using a heuristic numerical optimization strategy based on
genetic algorithms (GA), the optimal parameters of mass
and length of the robot links along a walking task. When
the optimization process is finished, the optimal parame-
ters are returned to the par diagram in CSM for constraint

verification on the V,,, model, and they are stored in the
Robotparameters.xlsx file, which in turn has a direct link to
the CAD robot model designed in Autodesk Inventor, allow-
ing a continuous updating design in real time.

A second optimization stage is carried out to define the
final shape of the robot links by topological optimization
in Autodesk Inventor. The target mass for each link is the
mass obtained by the optimization from the Matlab GA tool,
while the internal forces to maximize stiffness are obtained
automatically from the InternalValuesForces.xlsx file, which
imports the results from the dynamic model simulation in
Matlab. These results are also automatically updated in the
centralized model in CMS, to perform the verification and
validation in real time at the V, and V;,, models by allocation
and verification matrices where warnings appear in consist-
ency is violated. Once the kinematic and inertial parameters
of the robot have been defined, a detailed design and assem-
bling process is carried out in Autodesk Inventor, taking
into account the design constraints and standards defined in
the V. model for integration. The validated links are finally
exported as final CADmodel.stl files to develop the manu-
facturing process, defined in this case with 3D printing and
machining only when the V &V is developed.

For the robot dynamic simulation into the V,, and the V,,,
models, a ROS ecosystem is constructed where kinematic
and dynamic description of the system is generated through
the RobotDescription.xml file, an URDF that allows to
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Fig.7 Relevant SysML dia-
grams from global design model
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perform model exchange between Autodesk Inventor and
Gazebo simulator. The file, RobotDescription.urdf, is auto-
matically exported and it uses the latest versions of the CAD
models in .s#/ format, which becomes at a time, the optimal
one.

From the V,, model, a file called TrajectoryParameters.
csv is exported with the encoded information of foot place-
ments for walking according to the width and length of the
dynamic step established under the constraints from the
SysML par diagram. By considering this information, dif-
ferent ROS-based nodes calculate the desired trajectories for
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the walking task in the robot, that are automatically stored
in the file Referencetrajectories.csv which, together with the
values established for the control parameters in the Control-
lerParameters.yaml file, are used in the dynamic reconfigu-
ration tool available in the ROS ecosystem for tuning the
control gains in real time.

AsaV &V test for behavior at the V,, model, in Fig. 8 it
is shown a successful performance with control designed
throughout a stable dynamic walking in Gazebo.

When the control parameters tuning is done, the results
obtained for the trajectory tracking error are stored in the file
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Fig.9 View of the final robot prototype

V &Vresults.xlsx, which is linked to par diagrams at both,
Vy and V;,, models, with the aim of performing a verifica-
tion according to mechatronic performance criteria by using
MDI, based on the system specification and the stakeholders
needs at V. and V,, models.

If the results obtained in simulation are satisfactory, in
the Manufacturing and Assembly (M &A) stage, the pre-
vious final CADmodel.stl file with the final parameters are
manufacture, while the various electronic, mechanical and
control components are assembled, carrying out both manu-
facturing and subsystem assembly, to finally integrate the
whole system.

The final prototype that is provided by the V,; model is
depicted at the Fig. 9, where components and modules are
already integrated as a validated system to perform walking

in a real environment. In Fig. 9a the global prototype is
depicted while in Fig. 9b, some detailed assembling for sen-
sors, transmission and electronic instrumentation is shown.

5 Discussion of the case of study
under the methodology

A synergistic methodology for the design of the biped
robot is applied as an integrated framework under the
MBSE paradigm. Even though the V-cube method dictates
specific analysis by means of V-models and sub processes,
most of the artifacts and tools might be selected according
to the nature of the problem, for example, multiphysics
tools as Gazebo, CAD/CAM as Inventor, control design
as Matlab, etc. This might be an important labor since
it selection should be based on several criteria such as
technical domain, high performance capabilities and com-
patibility in order to dispose of an automated framework.
The methodology, however, dictates a wider cycle of the
design, compared with literature, since it includes the
manufacturing and assembling with data sharing to other
stages of the process; even more, it includes several sub
processes including structural and behavioral optimization
in different hierarchy levels to deal with complex systems,
for example structural and topology optimization. Addi-
tionally, this proposal provides flexibility to be adapted
from solutions ranging from the more basic conceptual
design process up to product prototyping in mechatronic
engineering, not necessarily including the whole V-model
faces this is, it could be used only for conceptual or behav-
ior design considering available required data. Though
this implementation is developed with a semi-automated
interaction, a huge challenge is the fully automated frame-
work since interfaces for data exchange in general are
defined among particular analysis as CAD-requirements,
CAD-Data management, physics-CAD, etc., but a global
interconnection depends on manual interfaces, even on
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commercial compatibility among tools. The methodology
serves however as a clear guideline where principal pillars
of MBSE are addressed and recommended to be modeled
as a part of the global centralized model that evolves with
all studies in a concurrent way.

6 Conclusions

One of the main contributions of this work consists in the
definition of a global framework where all tools interact
according to a three-dimensional perspective where the
MBSE domains of analysis for a mechatronic system are
distributed in a cubical shape and serves as a guideline for
design. This is a particular aim in MBSE methodologies
which is achieved by enhancing the application of common
engineering tools for mechatronic design that demands an
automation for manage high amount of information.

The modeling of the system is showed by means of the
most representative diagrams from SysML, however the
software tools allow to define a more complex framework
where high amount of information is evolving with the aim
of designing a final prototype without inconsistencies among
different levels of integration.

It is important to remark that the proposed V-cube
describes a generalized design methodology that allows
individual V-models to evolve according to its own needs,
producing different progress rates at each face but interact-
ing all of them to define a global flow of the process design.
However, since the V &V eventually enables cyclic analysis
into a particular V-model, the final process of design will
end only when all of them concur at the top of the right
side. This is a remarkable difference compared to other
approaches where a sequential process is evaluated and a
partial concurrency is only included for functional and struc-
tural domains. In addition, in this paper it should be under-
stood that operational analysis is defined on multiple levels
of design referring as tasks to lower levels of study describ-
ing a specific action that a system could develop, whereas
high level operations are the intrinsic behavior to enable a
system to perform those tasks. This high and low level facil-
ity of analysis into the global design, represents another con-
tribution of the methodology, since multiple developments
are concurrently defined into the global framework with the
corresponding sharing channels.

Though in recent years, multiple concepts for complex
systems have been emerging, the V-cube approach intro-
duced in this paper, could be easily adapted since the
domains of analysis are in general the same, however, in
order to be adapted, the local sub processes of the V-mod-
els might be specified for particular analysis regarding the
nature of the system.
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