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Abstract

In an era of sharp competition and increasing customer expectations, optimizing the product design and development process
is critical to deliver value-added solutions. This study explores the application of a PLM tool with a Lean (Design for
Excellence) module integrated to enhance product development efficiency and effectiveness. The LeanDfX module
incorporates lean principles with advanced design for X methodologies, enabling the systematic identification and
incorporation of value-generating features into products. The proposed methodologies were embedded into a software
platform based on versatility, ensuring its flexibility and adaptability to diverse industrial sectors and product categories.
These features allow companies across various sectors to benefit from streamlined processes, enhanced collaboration, and
reduced development cycle times. A baseline assessment of existing processes was then conducted, serving as a reference
point to evaluate performance gaps and opportunities. Building on these insights, corrective and improvement actions were
applied, directly informed by the baseline findings. In Case Study 1, the implementation of LeanDfX led to an increase in
efficiency, achieving a 34.67% improvement in the displacement and 97.67% enhancement in mass, values that were critical
in the baseline analysis. In Case Study 2, the implementation of LeanDfX demonstrated an increase of efficiency through a
98.84% improvement in the Gripping Area of 150 mm?, an upgrade in Gripping Area of 550 mm? of 27.32% and a 67.02%
enhancement in mass, values that needed to be addressed to ensure the proper functionality of the gripper. By incorporating
baseline-driven evaluation and iterative refinement, the approach demonstrated that PLM serves both as a tool for continuous
improvement in existing systems and as a strategic framework for guiding innovation during product conception and
development.
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1. Introduction streams of information, coordinating processes, and

optimizing the use of organizational resources [3]. By
acting as digital backbones for product innovation, PLM
systems enhance collaborative engineering, enable
communication across stakeholders, and ensure
traceability throughout the lifecycle [4]. This consolidation

Product Lifecycle Management (PLM) tools have reshaped
the way industries conducted the design, development, and
delivery of products [1], [2]. These platforms establish a
centralized and integrative environment for managing
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of data supports informed decision-making and accelerates
innovation by transforming dispersed knowledge into
actionable insights [3], [5]. As industries transition through
rapid digitalization, the adaptability of PLM systems to
assimilate modern product development paradigms, such
as Agile, Lean, and data-driven design, is becoming
increasingly critical [6]. In addition, the integration of
PLM with Industry 4.0 technologies, such as IoT, cloud
computing, and cyber-physical systems, has expanded its
role toward enabling digital twins, predictive analytics, and
real-time decision-making [7], [8]. Different product
development methodologies have significantly influenced
the evolution of engineering workflows. Design for Six
Sigma, derived from Six Sigma quality principles, embeds
statistical tools and structured frameworks, such as Define,
Measure, Analyze, Design, Verify, into the early design
stages to ensure reliability, consistency, and defect
prevention [9]. This proactive approach emphasizes data-
driven optimization of product designs before production.
Conversely, Agile Product Development, with roots in
software engineering, prioritizes iterative cycles, customer-
centricity, and cross-functional teamwork [10]. Agile
methodologies enabled industries to shorten time-to-
market, increase responsiveness to shifting requirements,
and cultivate innovation through rapid prototyping and
continuous  improvement.  Complementing  these
approaches, lean principles, focused on eliminating waste
and maximizing value, have become essential drivers of
organizational transformation, enhancing efficiency and
customer value across sectors [11], [12], [13]. Building
upon lean foundations, LeanDfX has emerged as a holistic
strategy that integrates Lean philosophy with Design for
Excellence (DfX) principles [14], [15], [16]. This
methodology enhances critical design dimensions such as
manufacturability, sustainability, assembly efficiency,
maintainability, and circularity. By embedding Lean
thinking within DfX frameworks, organizations can reduce
costs and increase performance as well as alignment with
broader sustainability goals and extended product
longevity [17], [18]. LeanDfX therefore serves as a critical
bridge between technical optimization and strategic value
creation, reducing overengineering, minimizing waste, and
bolstering lifecycle performance [19]. Moreover, LeanDfX
directly supports sustainability-oriented practices such as
design for disassembly, remanufacturing, and closed-loop
material flows, aligning with circular economy principles
and policy-driven requirements [20]. Despite their
individual contributions, PLM and LeanDfX are often
approached as separate streams in research and practice.
Yet, their integration creates a powerful synergy that
addresses the growing complexity of product development
[13], [14]. PLM, when enriched with LeanDfX
methodologies, enables organizations to embed lean-
driven design criteria directly into lifecycle management
platforms. This ensures that iterative design decisions
remain both technically robust and economically viable
[21]. Such integration strengthens the capacity to identify
inefficiencies, anticipate lifecycle bottlenecks, and support
modular, scalable design strategies The inclusion of
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artificial intelligence and machine learning further
enhances this integration by enabling design-space
exploration, anomaly detection, and lifecycle prediction
[22]. Furthermore, as digital technologies advance, this
integration can be enhanced through artificial intelligence,
digital twins, and predictive analytics. In this context, it can
be stated that PLM platforms equipped with LeanDfX
streamline design processes and enable simulation-based
optimization, scenario testing, and real-time performance
monitoring, transforming PLM from a static data
repository into an active decision-support system, guiding
both operational choices and long-term strategic planning
[23]. This integration is particularly relevant for managing
sustainability targets, ensuring regulatory compliance, and
aligning design outputs with circular economy principles,
resulting in a comprehensive framework where strategic
lifecycle management and operational design optimization
converge.

This study therefore addresses the pressing challenge of
balancing operational efficiency with the increasing
complexity of product development, by emphasizing the
integration of PLM and LeanDfX into a software tool. This
tool intends to provide an agile solution by integrating a
straightforward approach into the product design and
development process, thereby enhancing the creation of
value-added products. To demonstrate the relevance of this
approach, the PLM and LeanDfX tools will be
implemented into two use cases.

2. Methodology

The successful integration of Lean DfX principles within a
PLM tool requires a clear definition of functional and
operational requirements. These requirements ensure that
the tool can deliver tangible value across various product
development contexts. A foundation is formed for
incorporating lean-oriented decision-making into the
design process, facilitating the systematic identification,
evaluation, and integration of value-adding features while
removing unnecessary elements. From a methodological
perspective, these requirements go beyond basic functional
compatibility with the PLM platform. They include the
structural, procedural, and analytical capabilities necessary
to align design activities with lean objectives, such as
minimizing waste and optimizing lifecycle costs [24].
Achieving this alignment demands robust data handling
and process mapping capabilities and mechanisms for
multi-criteria  evaluation, real-time feedback, and
interdisciplinary collaboration. By clearly defining these
requirements from the outset, the Lean DfX module can be
configured as a dynamic, context-adaptive decision support
system within the PLM framework [25]. This setup ensures
that lean principles are applied in a consistent, measurable,
and repeatable manner, regardless of the industrial sector
or product category in which the tool is used. The following
subsections outline the key technical, procedural, and
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usability requirements that support the integration of Lean
DfX into a PLM environment.

2.1. Functional Requirements vs LeanDfX
Implementation on the PLM tool

2.1.1 Product Functional Tree

The Product Functional Tree provides a structured
breakdown of a product’s functions into hierarchical levels,
enabling traceability from high-level objectives down to
detailed component functionalities. In a PLM environment,
this module is crucial for ensuring that design choices align
with functional requirements. It allows for the early

for eliminating waste, identifying performance bottlenecks,
and ensuring that design decisions consistently focus on
value creation throughout the product lifecycle. Users can
then explore a well-organized list of available KPIs and
create custom KPIs to address specific project
requirements. This flexibility is particularly beneficial
when unique project parameters need specialized metrics.
By allowing the customization of KPIs, giving them names
and IDs, the software ensures that they align with the
study's objectives and the specific characteristics of the
product . This KPIs are then saved in the system, for future
utilizations and future rectifications. These functionalities
are illustrated in Fig. 2.

New KPI

KPI's Name

Functions

identification of redundancies, gaps, or features that do not L Eriergy Coneimption I
add value. From a LeanDfX perspective, the functional tree 2 Water Gonsumption [m3]
serves as a repository of functions and as a way to assess 3 Mass [kal
the contribution of each function to customer value, 4 Useful ife time [h]
manufacturability, sustainability, and overall lifecycle 5 Maintanance Periadicity [
efficiency. This foundational step is essential for later 5 el
evaluations of the machine's efficiency and effectiveness. :
. . 7 Time for Part Exchange [m]
The platform requirements were the foundation for the
LeanDfX module integration into the software, considering 8 Emergency Stop Time [s)
the following information sectors: construction, 9 Jols! Manuieliing Besul
visualisation, and edition of the product tree, which 10 Material Gost [€]
involves cataloguing component names and IDs and costs il Recycleability Rate [%]
while designating each item as either a "parent" or a 12 Reusaabllity Rate [%]
"child". The visualisation of this module is available in 13 Supported Load [Kg]
Flg 1 ° 14 Maximum Tensile Strength [Newtons]
19 Air Consurnption dbar [/min]
ExH Dl BB 21 Cycle Time [s]
.‘l"-’é}"': c:n:::m i 22 Displacement [m]
r y ; . ; ,
S s ———— e =3 T 23 Carbon Footprint tCO2e]
12001008 24 Mean Time Between Failures [%]
Pudnline X0 25 Water Gonsumption [ma/h]
;.:‘:}u‘ : 12000.00¢ 26 Compressed Air [bar]

Sensort;1,00€

Figure 1. Product Functional Tree module

2.1.2 Maintenance of KPIs

After the construction of the product tree, the software
includes a specialized KPI maintenance tab for managing
all performance metrics related to the study. The
Maintenance of KPIs module ensures that product
development activities are continuously measured against
strategic objectives and operational efficiency targets.
Within a PLM environment, KPIs offer a quantitative basis
for progress assessment, facilitating decision-making, and
ensuring alignment with Lean principles. From a LeanDfX
perspective, monitoring and maintaining KPIs is essential

Figure 2. Maintenance of KPIs module

2.1.3 Maintenance of Domains

The Maintenance of Domains module facilitates the
organized management of product-related knowledge
within the PLM environment. Domains act as containers
for grouping information, requirements, and design
elements based on technical disciplines, lifecycle stages, or
value streams. This structure ensures consistency and
traceability throughout the development process. From a
LeanDfX perspective, maintaining domains is essential for
reducing redundancy, enhancing cross-functional
collaboration, and aligning product data with customer
value and lifecycle efficiency. Once users define their
KPIs, they can customize the maintenance domains with a
unique name within the software platform. The system
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comes preloaded with standard domains, but it also allows
for modifications or the creation of tailored domains to
meet specific operational needs. This customization
ensures that the evaluation framework is aligned with the
characteristics of each product.

The user-friendly interface facilitates efficient updates or
the development of new domains, enabling users to specify
their KPIs and acceptable parameters for a personalized
evaluation strategy. The customizable maintenance
domains, illustrated in Fig. 3, demonstrate the platform’s
structure and the connection between domains and KPIs.
The platform’s robust functionality enhances adaptability,
supports precise evaluations, and enables thorough
performance analysis, ultimately driving continuous
improvement in product design and maintenance methods.
These domains are then saved in the system, for future
utilizations and future rectifications . All the requirements
of this module were complied.

New Domain

Domain ID Name KPI's Name Functions
Water Consumption [m3]
1 Eco design Energy Consumption [KWh]
Mass [kg].
Accessibility [from 1 to 5]
2 I Maintenance Frequency [h] 2R
Maintainability Useful Life Time [h]

Time to Replace Parts [m]

3 Safety Safety Emergency Stop Time [s]. Kels¥
Material Cost [€] -
4 GOt Total Manufacturing Cost [€] Eopy

. i Recyclability Rate [%] -
5 Circularity Reusability Rate [%) o0

Supported Load [kg]

6 Structural Mass [kg]
Optimization Maximum Tensile Strength [Newtons]

Air Consumption 4bar [I/min]
12 Consumptions Water Consumption [m3/h]
Energy Consumption [kWh]

Copy | Edit | Delete
i MTBF [%
13 Life Cycle [%]

C Edit
Extension Useful Lite Time [h]

Deformation [m]

15 StrLlJctlura! Mass [kg]
optimization 2 Maximum Tensile Strength [Newtom]

BT

16 Design Green  Carbon Footprint [tCO2e]

Air Consumption [bar]
Water Consumption [m3/h]
Energy Consumption [kWh]

17 Consumptions 2

Figure 3. Maintenance of Domains module

2.1.4 KPI Matrix Module

The KPI Matrix module offers a structured framework for
connecting performance indicators with specific product
development objectives, processes, and design choices
within the PLM environment. From a LeanDfX
perspective, this matrix is essential for ensuring that
measurements are not isolated but are instead aligned with
customer value, manufacturability, sustainability, and
lifecycle efficiency. This module involves establishing
connections between the KPIs and their respective domains

within the KPI Matrix, connecting each KPI to the nodule
of the product tree. These KPIs, that can be edited at any
time, are displayed in a form of a Matrix. These objectives
generally fall into one of three categories: Minimize,
Maximize, or Maintain within a defined Tolerance Range,
as illustrated in Fig. 4. These objectives define the barriers
of the ‘Ideal Value’, ‘Acceptance Range’ and ‘Measured
Value’ that will be the values used to calculate the
Efficiency and Effectiveness of each KPI. Additionally, it
is crucial to set acceptable thresholds for each KPI, which
can be a single allowable value, an optimal target, or a
specified range that indicates the desired performance
level. After defining these parameters, the user must input
the actual measured values for each KPI. These values are
vital to the analytical framework, as they will help calculate
the efficiency and effectiveness of each component. This
approach contributes to a comprehensive performance
assessment, enabling data-driven decision-making in the
subsequent phases.

Select Tree  INEGI_rita
Select Domain Tool Change ATC [s]

Select Version 1 Bl Create New Version

Regito KPlvalvs | 8 |

Permissible value @

Ideal value @
Cycle Time [s] Range ©
Measured value ©

Objective @ To minimise

Figure 4. KP| Matrix Module

2.1.5 Scorecards

The Scorecards module allows for the aggregation and
visualization of performance data, offering a clear
overview of how product development activities align with
strategic goals and operational targets. Within PLM
environment, scorecards serve as decision-support tools by
consolidating KPIs, functional requirements, and project
milestones into an accessible format for stakeholders. From
a LeanDfX perspective, scorecards are crucial for
monitoring value delivery, identifying inefficiencies, and
ensuring that design decisions are driven by data-based
insights throughout the product lifecycle.

The final step of the process involves a detailed analysis of
the scorecards generated by the software across the chosen
domains, focusing on two key dimensions: effectiveness
and efficiency that is possible to select within the product
tree . Within the LeanDfX framework, effectiveness is
defined as the ability of a product, process, or system to
consistently achieve its specified objectives and
requirements while meeting the expectations of all
stakeholders. This understanding of effectiveness allows
outcomes to be categorized as either entirely successful or
completely unsuccessful, as shown in Figure 5. In contrast,
efficiency refers to the execution of design and
development activities using resources optimally,
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minimizing time, cost, and effort, without compromising
quality and desired outcomes. The efficiency of a product
can vary significantly, indicating different levels of
resource use concerning its effectiveness, further illustrated
in Figure 5. Both effectiveness and efficiency are
calculated within the numerical formulas required for the
correct results and the results are showed in the PLM. This
analytical approach clarifies the overall performance of
design processes and helps to identify potential areas for
improvement and optimisation. The interpretation of the
results is on the legend (showed in Figure 6). By carefully
examining these metrics, organizations can detect
inefficiencies and gaps in effectiveness, enabling targeted
enhancements that support both operational performance
and stakeholder satisfaction.

Plotter Tools Averages

Effectiveness 100.00%
Averages
Efficiency 75,76% 75,76%
Effectiveness | Cycle Time [s] ]‘
Efficiency | Cycle Time [s] 75,76% l 75,76%

Figure 5. Scorecards Module

: O
Effectiveness 100,00%
L] 0,00%-99,99%
O 90,00%-100.00%
Efficiency 70,00%-89,99%
40,00%-69,99%
] 0.00%-39,99%

Figure 6. Results Legend in the Scorecards Module

2.2. Case Studies and Use-Cases

This study presents two case studies that illustrate the
application of the PLM tool within the LeanDfX
implementation. The case studies are referred to as Case
Study 1 and Case Study 2, both focusing on the Design for
Maintainability.

Case Study 1 demonstrates the application of LeanDfX
methodology in optimizing a stone-cutting machine
designed and constructed by a leading Portuguese company
specialized in advanced manufacturing technologies. The
focus is on the optimization of an ornamental stone-cutting
machine model, illustrated in Figure 7, to improve its
capabilities and strategically position the company for
sustained competitiveness in the market. The main
functional requirements defined for this case included: (i)
maintaining structural stiffness under cutting loads, (ii)

ensuring maximum displacement below 0.20 mm, (iii)
facilitating easier access for maintenance operations, and
(iv) reducing the total mass and material consumption
without affecting machine stability. Addressing these
objectives is essential for increasing machine performance
and maintainability, optimising resource usage, and

sustaining profitability without compromising
environmental integrity.
Movable
.Q s head
cet

Longitudinal beam

Vertical
Suppo!

Figure 7. Machine of Case Study 1

In Case Study 2, the effectiveness of the LeanDfX tool is
for the design of a new robotic gripper for integration into
the product portfolio of a Portuguese company in the
intralogistics sector, focusing on robotic systems and
automation solutions. This initiative aims to create a
robotic gripper for collaborative robots used for cardboard
box palletization, as it can be seen in Figure 8. The
requirements established for this product development
included: (i) adaptability to different box dimensions, (ii)
payload capacity of up to 15 kg, (iii) low overall weight to
minimise inertia during robot motion, (iv) modularity for
easy component replacement, and (v) compliance with ISO
10218 safety standards for collaborative operations. The
LeanDfX methodology was crucial for the selection of the
most efficient concept and design ensuring optimal
functionality and sustainability.
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Figure 8. Initial Concept of Case Study 2

The primary distinction between the two case studies
concerns the phase of the product design and development
process. In Case Study 1, LeanDfX is implemented on the
prototyping phase, allowing to optimize the existing design
through targeted modifications. In contrast, Case Study 2
applies LeanDfX at the early stage of the development
phase, specifically in the conceptualization and product
detail prior prototyping Together, these case studies
demonstrate the versatility of the LeanDfX module
integrated into the PLM software.

3. Results and Discussion

This section comprises two sub-sections. The first sub-
section presents baseline results from two case studies,
using LeanDfX to determine initial values for selected
KPIs and establish a reference for comparison. The second
sub-section details the implementation of design
modifications in both case studies and subsequent
assessments to evaluate the impact of these changes. This
structure enables direct comparison between baseline and
revised designs, demonstrating the effectiveness of the
modifications and their influence on the KPIs.

3.1. Baseline

The primary objective of this research is to assess a concept
for potential integration into the company’s existing
product portfolio, focusing on its feasibility, market
relevance, and innovation. The application of the LeanDfX
module using the PLM platform will focus on specific
domains, considered by the use cases as relevant to increase
their market competitiveness.

3.1.1. Case Study 1

In Case Study 1, the company focuses on four critical
indicators related to the maintainability domain:

e Life Cycle Extension

e  Structural Optimisation

e Design Green

e Tool Change

For Life Cycle Extension, the main KPIs selected were
Mean Time Between Failures (MTBF) and the useful
lifetime of the spindle, which is a crucial and vulnerable
component susceptible to operational wear. The significant
costs associated with spindle replacement underscore its
importance in the overall maintenance strategy.

In Structural Optimisation, two relevant KPIs were

identified: mass of the assembly and displacement of the
assembly (the assembly is composed by two key
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components of the machine - vertical supports and
longitudinal beam). These parameters are essential for
evaluating both the structural integrity and operational
performance of the machine. In the Design Green domain,
the KPI of carbon footprint was considered responsible for
the Sustainability part of this evaluation. Regarding Tool
Change, Cycle Time was identified as the KPI that
quantifies the efficiency of tool transitions on the machine.

The use case provided clear performance criteria for each
KPI, defining acceptable, ideal, and actual values, along
with specific objectives. A detailed representation of these
findings is illustrated in Figures 9, 10, 11 e 12 which further
depict the performance metrics.

spindle

Admissible Value 88,00
Ideal Value 100,00

Range e | e

MTBF — Mean Time
Between Failures [h]

Measured Value 94,00

Objective Maximise

Admissible Value 1200,00

1500,00
Useful Lifetime [h] et

Range
Measured Value 1380,00
Maximise

Obijective

Figure 9. Life Cycle Extension Domain matrix of
Baseline of Case Study 1

Assembly
Admissible Value 0,34
Ideal Range ois

Displacement [mm] e B —

Measured Value 0,28

Objective Minimise

Admissible Value 4800,00
Ideal Range 4200,00

Mass [kg] Range -
Measured Value 5400,00

Objective Minimise

Figure 10. Structural Optimisation Domain matrix of
Baseline of Case Study 1

Assembly

Admissible Value
Carbon footprint Ideal Range

[£C0ze] — e

Measured Value 80,30

(T Minimise

Figure 11. Design Green Domain matrix of Baseline
of Case Study 1
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Admissible Value

Ideal Range
Cycle Time [s]
Range
Measured Value

Objective

Minimise

Figure 12. Tool Change Domain matrix of Baseline
of Case Study 1

In the context of Life Cycle Extension, as shown in Figure
13, both effectiveness and efficiency metrics demonstrate
to be aligned with the company’s requirements. As a result,
this domain is classified as stable and high-performing,
leading the company to focus its future improvement
efforts on other areas rather than making changes in this
sector.

Effectiveness 100,00 %

Efficiency 93,00 % 93,00 %

MTBF - Mean Time Between 100,00% 100,00%
Failures [h]

Effectiveness ‘

Useful Lifetime [h] 100,00 % 100,00 %

94,00 % 94,00 %

Efficiency ‘

Useful Lifetime [h] 92,00 % 92,00 %

Figure 13. Scorecards of the Life Cycle Extension
domain of Baseline of Case Study 1

In the domain of Structural Optimization, as shown in
Figure 14, the evaluation of the displacement and mass
reveals an efficiency rating in mass in 0 % and 53.57 % in
displacement. This shows an urgent need to reassess these
KPIs and brainstorm for new solutions that comply better
with the requirements made by the company.

Assembly

Effectiveness

Averages
Efficiency

Displacement [mm]
Effectiveness

Mass [kg]

Displacement [mm]

Efficiency

Mass [kg]

Figure 14. Scorecards of the Structural Optimisation
domain of Baseline of Case Study 1.

In the domain of Design Green, as shown in Figure 15, the
evaluation of the Carbon Footprint KPI reveals a non-
existent rating for efficiency. This result is due to recorded
values exceeding permissible tolerance thresholds,
indicating a significant deviation from the specified
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performance criteria. This failure to meet the established
specifications highlights an urgent need for a thorough
reassessment and possible recalibration to ensure
compliance with the company’s requirements.

1049 : Plotter Assembly

Effectiveness

Averages ‘

Efficiency

Effectiveness | Carbon footprint [tCOze] 85,40% |
Efficiency | carbon footprint [tCOze] |

Figure 15. Scorecards of the Design Green domain
of Baseline of Case Study 1

In the Tool Change domain, as illustrated in Figure 16, the
analysis shows that the KPI effectiveness is currently at
100 %. This indicates that tool changes are being executed
seamlessly and are in line with the specified objectives and
outcomes. Conversely, the efficiency metric stands at
75.8%. While this figure is slightly below the optimal
benchmark, it remains within a reasonable range,
suggesting potential for improvement without highlighting
any critical issue. Overall, based on the performance
metrics, the current state in this area poses no significant
concerns for the use case, as both the effectiveness and
efficiency metrics are within acceptable parameters.

Plotter Tools Averages

Effectiveness 100,00% 100,00%

Averages

Efficiency 75,76% 75,76%
Effectiveness | Cycle Time [s] “
Efficiency | Cycle Time [s] 75,76% ‘ 7576% ‘

Figure 16. Scorecards of the Tool Change domain
of Baseline of Case Study 1

3.1.2. Case Study 2

In Case Study 2, which focuses on Product Design
Efficiency, KPIs were identified to assess system
efficiency and reliability. The selected KPIs included
Gripping Areas, Modularity and Weight of the Gripper
Structure.

For each KPI, the company defined specific parameters,
including acceptable values, ideal benchmarks, and actual
measured outcomes. These details are visually represented
in Figure 17, providing a comprehensive view of the
performance expectations and metrics related to
maintainability.
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Gripperstructure

Admissible Value 8000,00

Ideal Value 8300,00

Gripping area 150 mm box N
{mm2) Range

Measured Value 7280,00

Objective Maximizar

Admissible Value 120000,00

Ideal Value 175000,00

Gripping area 550 mm box

Range | [

{mm2)

Measured Value 125882,00

Objective Maximizar

Admissible Value 10,00

Ideal Value 25,00

Modularity = | i

Measured Value 25,00

Objective Maximizar

Admissible Value 1,50

Ideal Value 1,30

Weight (kg} Range sl s

Measured Value

Minimizar

Objective

Figure 17. Product Design Efficiency domain matrix
of Baseline of Case Study 2

Based on the results, shown in Figure 18, an analysis was
then conducted to assess the efficiency and effectiveness
for the gripper structure. This analytical approach provided
valuable insights into the operational efficiency of these
components, particularly focusing on the pneumatic
materials used in the gripper assembly. Notably, the
gripping area of 150 mm? was identified as the least
efficient segment during the assessment, not achieving an
efficient score, meaning that the measured values were out
of the ideal ones. This inefficiency highlights the urgent
need for improving this requirement. Further assessment of
the performance metrics revealed that the efficiency levels
of weight recorded an efficiency of 30 %. These findings
not only indicate a critical area requiring immediate
intervention but also present a potential risk to overall
operational efficiency.

Moreover, the broader evaluation suggests a misalignment
between the product’s efficiency and the established
objectives for each KPI. This discrepancy underscores the
need for a strategic reassessment of the product’s design
and operational processes. Such a reassessment is essential
to ensure that performance outcomes are aligned with the
company’s requirements, improving the efficiency and
effectiveness of the product design.
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1110 : Collaborativegripper

Gripperstructure Mean

Effectiveness 75,00 % 75,00 %

Efficiency 67,31 % 67,31 %

{mm2)

Gripping area 550 mm box 100,00 % 100,00 %

(mm2)

Effectiveness

Gripping area 150 mm box 91,00 % 0,00 %

Modularity 100,00 % 100,00 %

Weight (kg} 100,00 % 100,00 %

Gripping area 150 mm box
{mm2)

Gripping area 550 mm box 71,93% 71,93%
{mm2)

Efficiency

Modularity 100,00 % 100,00 %

Weight (kg} — 30,00 %

Figure 18. Scorecards of the Product Design
Efficiency domain of Baseline of Case Study 2

3.2. Final Assessment

This sub-section presents the results obtained after
implementing corrective actions based on the baseline
assessment using the LeanDfX module, with a focus on the
inefficiencies detected. Improvements on the prototype, in
case study 1, and design detail in use case 2, were
conducted and a final validation using LeanDfX was
performed using PLM. The objective of this approach is
dual: first, to validate whether targeted modifications
informed by LeanDfX principles can effectively enhance
the alignment between functional requirements and PLM
tool performance; and second, to demonstrate the iterative
nature of the methodology, where evaluation and
refinement operate as a continuous cycle. By concentrating
on the areas with the lowest initial performance, this
process not only improves specific functional outcomes but
also reveals the broader impact of LeanDfX-driven
optimization across the PLM system.

3.2.1 Case Study 1

Analyzing the baseline, mass and displacement had lower
values of efficiency. Therefore, these KPIs were the first to
be addressed . Following this assessment, it is also essential
to evaluate the critical components such as the longitudinal
beam and the vertical supports of the machine and provide
solutions to improve these results and consequently the
machine.

Different internal geometries aimed at improving stiffness
while reducing material usage, were selected and a
structural analysis was conducted to comply with
functionality and sustainability . For the longitudinal beam,
several internal geometrical modifications were tested,
with particular emphasis on cross internal structures that
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could reduce material usage while maintaining stiffness.
Among these, the I-shaped design in the longitudinal beam
with the addiction of the extra leg (showed in Figure 19),
emerged as the most balanced and technically feasible
solution. Although certain lightweight materials offered
more substantial mass reductions, around 4300 kg.
Although this solution is not the lowest-cost alternative in
absolute terms, it demonstrated high potential for
implementation due to its consistent structural behavior
and lower environmental impact per kilogram of material
used.

The addition of a central reinforcement leg combined with
an [-shaped internal geometry for the longitudinal beam
represents the most technically robust and sustainable
configuration for the vertical supports. This design
enhances the distribution of mechanical stresses. The study
followed a static structural setup, in which the vertical
supports were fixed at their base while subjected to
gravitational forces and an additional vertical load of 2000
kg applied to the longitudinal beam, replicating the
operational load of the machine’s movable head. The mesh
was generated using a blended curvature-based meshing
method with local refinements applied to regions of stress
concentration. The final mesh was validated through a
convergence study, ensuring result stability with variations
below 2%. The maximum observed displacement was 0.17
mm, demonstrating compliance  with  technical
requirements and improved sustainability through
optimized material use and increased structural efficiency.
Additionally, this configuration is cost-effective because it
does not require premium materials or advanced
manufacturing processes, being this decrease around 13%.
The proposed structure is present in Figure 19.

Figure 19. Structure of Case Study 1 with
alterations in longitudinal beam and vertical supports

Specifically, key components achieved reductions in mass,
displacement, and material costs, supporting both
performance and sustainability objectives. Therefore, the
implementation of these changes in the simulation

< EAI

generated new results on the efficiency of the assembly, as
it can be seen in Figure 20.

Assembly

Admissible Value 0,34

ideal Range 0,15
Displacement [mm] Range [
Measured Value 017
Objective Minimise

Admissible Value 4800,00

Ideal Range 4200,00
R

Mass [kg]

Range
Measured Value 4300,00

Objective Minimise

Figure 20. Scorecards of the Structural Optimisation
domain of Case Study 1

At the assembly level, efficiency regarding mass and
displacement were improved 97.67% and 88.24%
compared to the baseline, respectively as it can be seen in
Figure 21. These parameters still have to be test within the
simulation models, among other changes in the machine
required by the company.

Assembly

Effectiveness 100%

Efficiency 92.95%
[T——

Mass [kg]

Averages ‘

Effectiveness

100%

Displacement [mm] 97,67%

Mass [kg] 97.67%

Efficiency

Figure 21. Scorecards of the Structural Optimisation
domain of Case Study 1

New implementations of LeanDfX in Case Study 1
demonstrated an improvement on machine performance.
Specifically, efficiency gains were evident through a
34.67% improvement in the Displacement KPI and a
97.67% enhancement in the Mass KPI.

3.2.2. Case Study 2

Analysing the baseline, the gripping area of 150 mm? and
the weight had the lowest values of efficiency. Following
this evaluation, it is essential to revise the initial concept.
The gripping area of 150 mm? was insufficient to securely
grasp boxes with that area, thereby failing to satisfy the
specified operational requirements.

To guarantee the compliance of the gripping area of 150
mm?, the gripper structure was redesigned. Before
initiating the optimisation of the gripper components, it
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was necessary to determine the routing path of the tubing
within the gripper structure. After evaluating several
hypotheses, it was decided that the tubing would originate
from the valves and enter the gripper structure through the
gripper mount. This configuration ensured secure routing
of the tubing within the gripper structure, minimised the
risk of interference during operation, and also allowed
gripper adjustment without tubing removal or entrapment,
as can be seen in Figure 22. Additionally, as the gripper
mount is the component positioned closest to the cobot, this
arrangement enabled the tubing to be fastened along the
cobot structure rather than being left hanging, which could
result in injuries for workers and also potential
entanglement during operation.

Figure 22. Tubing path inside the gripper structure

Also, it was decided that the telescopic structure original
rectangular shape should become rounded, as it can be seen
in Figure 23, enabling the telescopic arms to provide an
improved gripping area for safer and more ergonomic
handling. The tubing length was also increased to ensure
that the final model, obtained after the product architecture
phase, to achieve a higher level of efficiency according to
the LeanDfX scorecard. In addition to optimising the
gripping area of 150 mm?, the subsequent optimisation of
the 550 mm? gripping area built upon the initial
improvement, resulting in enhanced efficiency values.

Figure 23. Optimisation of the tubing design.

< EAI

To assess the weight, SolidWorks® was used to analyse
the mass properties of the custom-designed components
added to the gripper, while also referencing the datasheet
for standardized components. The total estimated mass for
the gripper system was around 1.343 kg, which meets the
company’s requirement of remaining under 1,5 kg.
Therefore, the implementation of these changes in the
gripper design generated new results on the efficiency of
the assembly, as can be seen in Figure 24.

Admissible Value

Ideal Value 8500,00

Gripping area 150 mm box

() Range

Measured Value 8600,00

Objective Maximizar

Ideal Value 175000,00
Range |

Gripping area 550 mm box
(mm2)

Measured Value 176323,00

Objective Maximizar

Admissible Value

Ideal Value

Range

Measured Value

Objective

Admissible Value

Ideal value

Weight (kg) Range

Measured Value

Minimizar

‘ Admissible Value 120000,00

Objective

Figure 24. Scorecards of the Product Design
Efficiency domain of Case Study 2

For the Gripper Structure, the KPI of Gripping Area of 150
mm? has now a value of efficiency of 98.84%, the KPI of
gripping area of 550 mm? has now a value of 99.25% and
the KPI of weight has now a value of 97.02% of efficiency,
as it can be seen in Figure 25. These parameters were tested
in an experimental validation of the gripper, guaranteeing
that the prototype is functional and it complies with his
functional requirements. Nonetheless, LeanDfX helped
developing several solutions for the gripper, accompanying
the increasing or decreasing of the KPIs within each
solution.
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1110: Collaborativegripper Gripperstructure
Effectiveness

Efficiency

Gripping area 150 mm box
{mm2)

Gripping area 550 mm box

{mm2)
Effectiveness

Modularity

Weight (kg)

Gripping area 150 mm box
(mm2)

Gripping area 550 mm box
(mm2)

Efficiency

Modularity

Weight (kg)

Figure 25. Scorecards of the Product Design
Efficiency domain of Case Study 2

New implementations of LeanDfX in Case Study 2
demonstrated a significant positive impact on system
performance. Specifically, efficiency gains were evident
through a 98.84% improvement in the Gripping Area of
150 mm?, an upgrade in Gripping Area of 550 mm? of
27.32% and a 67.02% enhancement in the Mass KPI. With
these design improvements validated by the LeanDfX
module, and the product can follow to the product
prototyping phase.

4. Conclusions and Future Work

This research emphasises the integration of LeanDfX
methodologies into PLM frameworks to enhance product
development. It demonstrates improved performance in
product design and optimised lifecycle management by
aligning PLM tools with LeanDfX principles, thus creating
an agile design framework that meets today’s industrial
needs. The findings indicate that this approach serves as a
critical visual tool within the decision-making process,
allowing for a comprehensive evaluation of design
performance and its alignment with user expectations. It
clarifies whether a project is ready to progress or reveals
crucial insights into areas that need refinement. By
identifying potential modifications early in the
development process, it significantly reduces the risk of
cost overruns and schedule delays, ensuring a smoother
path toward successful project execution. By using PLM
software with LeanDfX module, it is possible to visualize
the improvement in the machines, to compare different
solutions and assess their impact. In Case Study 1, the
application of LeanDfX resulted in significant efficiency
gains, evidenced by a 34.67% improvement in the
displacement and a 97.67% enhancement in the mass ,
metrics considered critical during the baseline analysis. In
this case, LeanDfX was applied to a machine prototype
with  predefined project boundaries, where the

< EAI
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methodology served to adapt and refine the existing design
through targeted modifications. This application highlights
the value of lean principles in optimising performance and
sustainability within a fixed framework. Meanwhile, Case
Study 2 showcased the efficiency of LeanDfX with a
98.84% increase in the gripping area at 150 mm?, a 27.32%
improvement at 550 mm?, and 67.02% enhancement in the
mass . Unlike Case Study 1, this implementation occurred
during the early development phase, specifically in the
evaluation and approval of a prototype gripper. In this
scenario, LeanDfX informed design decisions, guided the
selection of alternatives, and shaped the trajectory of
product development. This implementation at the early
stage of the design process underscores the LeanDfX
ability to influence both technical feasibility and long-term
lifecycle outcomes from the outset. Together, the two case
studies illustrate the diverse functions of PLM in modern
engineering, showing its versatility both in refining
established designs and in steering innovation at early
design stages. Future research should focus on customising
LeanDfX for various industries and products to enhance its
applicability. There is significant potential to incorporate
emerging technologies like artificial intelligence and
digital twins to improve LeanDfX within PLM systems
through predictive analytics and real-time optimisation.
Additionally, further investigations should rigorously
assess the impact of LeanDfX and PLM integration on
metrics such as time-to-market, production costs, product
quality, and resource utilisation. Research should also
explore how LeanDfX can support sustainability efforts
through eco-design and circular economy initiatives,
thereby deepening the understanding of its transformative
potential in product lifecycle management.
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