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This paper explores how sustainable engineering principles and circular economy strategies
can be incorporated into the design of ultra-high frequency (UHF) bandpass filters, which
are widely used in communications, radar, and satellite systems. Although traditional RF
components play a vital role in signal transmission, their design often ignores environmental
and resource efficiency considerations. To address this gap, this study proposes a
comprehensive design framework for UHF bandpass filters that is sustainable by combining
materials science, life cycle thinking, and mechanical improvement.

This study uses a multidisciplinary approach that includes an extensive literature review,
expert interviews with RF engineering professionals, laboratory testing, and advanced
numerical simulations using the SolidWorks Sustainability and ANSYS platforms. The
study focuses on three key areas: (1) environmentally friendly material selection using multi-
criteria weighted models and thermo-mechanical validation; (2) extending product lifecycles
through the R9 strategy (Reduce, Reuse, Recycle, Remanufacture); and (3) structural
improvements to enhance modularity, disassembly, and recyclability without compromising
RF performance.

The study culminates in a practical and replicable sustainable RF filter design framework
that balances electrical and mechanical functionality with environmental impact. The study
shows that sustainable design is not only technically feasible, but also has strategic value in
promoting the transition to eco-efficient engineering systems.
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n Efficiency

Re Reynolds number

Nu Nusselt number
Subscripts

max Maximum value

min Minimum value

eq Equivalent

X, Y, Z Coordinate directions

th Thermal-related

avg Average

Superscripts

T Transpose (in matrices)
* Normalized value
0 Reference state

Abbreviations

UHF Ultra High Frequency

LCA Life Cycle Assessment

FEA Finite Element Analysis

CAD Computer-Aided Design

RF Radio Frequency

PCB Printed Circuit Board

SMA SubMiniature version A

DFMA Design for Manufacturing and Assembly

ISO International Organization for Standardization
COq2e Carbon Dioxide Equivalent

usD United States Dollar
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1 Introduction - background and motivation for sustainable uhf

bandpass filter

In order to accurately anchor the research direction of this paper, the first task is to clarify
the core challenges faced in the sustainable design of ultra-high frequency bandpass filters.
These challenges cover a wide range of key areas, including the trade-offs in material
selection, the effective implementation of life cycle strategies, and the in-depth improvement

and improvement of mechanical design.

As shown in Figure 1, the three core research questions that guide the definition of the scope
and selection of methods for this study are systematically condensed, providing a clear and

targeted navigation for subsequent research work.

1.1 Research Problem and Research Questions

Figure 1. Three major research problems of UHF bandpass filters
Material Sustainability

In the design and manufacture of UHF bandpass filters, it is an important direction of current
materials science research to seek environmentally friendly materials to replace traditional
substrates (such as FR4, Rogers) and conductors (such as metal) while ensuring that
performance is not affected. So, what environmentally friendly materials can be competent
for this role? How do these alternative materials perform in terms of environmental footprint

and recyclability?



Using R strategy for life cycle assessment

In order to achieve greening of the entire life cycle of UHF bandpass filters, how to
systematically and effectively use R strategy (reduce, reuse, recycle, remanufacture) to
minimize waste and resource consumption? In each life cycle stage, what are the specific

aspects of quantifiable environmental benefits?
Sustainable mechanical design

In the mechanical design of UHF bandpass filters, what improvement strategies (such as
lightweight structure design, modular component design, and easy disassembly feature
design) can significantly improve the sustainability of the product?

1.2 Research Objectives

With the rapid development of communication technology, the demand for high-
performance, energy-saving radio frequency (RF) components has shown a significant
growth trend. This trend highlights the urgency and necessity of adopting a more sustainable
ultra-high frequency (UHF) bandpass filter design method. Traditionally, the research and
development of UHF bandpass filters has mainly focused on improving their electrical
performance, while material utilization efficiency, recyclability and full life cycle
management are often marginalized or ignored. In view of this, this study is committed to
filling the current gap in sustainability by deeply integrating sustainable engineering
principles, circular economy strategies and life cycle thinking into the mechanical design,
material selection and manufacturing process of UHF bandpass filters. The physical layout
and component assembly of the UHF bandpass filter are illustrated in Figure 2, highlighting

its key structural parts such as the resonator, enclosure, and tuning mechanisms.

Figure 2. Physical structure of the UHF Bandpass Filter.
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1.3 Fundamental Design and Mechanical Structure of UHF Bandpass Filters

As a core component in RF systems, UHF bandpass filters have the core function of allowing
signals in a specific frequency band to pass smoothly while effectively attenuating unwanted
interference signals. These filters play a pivotal role in many fields such as wireless
communications, satellite systems, radar technology, and military applications. They can not
only significantly enhance signal integrity, but also effectively reduce noise levels, thereby

improving overall system performance.

UHF bandpass filters have flexible and diverse structural designs, covering a variety of types
such as microstrip, waveguide, and cavity-based designs. Despite the different
configurations, each filter is composed of key components such as resonators, dielectric
substrates, metal shielding layers, and tuning mechanisms, which work together to affect the
overall performance of the filter. In terms of mechanical design, the filter is usually equipped
with a dedicated cavity for mounting to a printed circuit board (PCB), a tuning screw with a
locking nut for precise frequency adjustment, and a standardized SMA connector for a
smooth interface of RF signals. Figure 3 shows an exploded view of the filter, illustrating

how the internal components are assembled within the enclosure.

Y S -
2 ©
CRY,
LJ @J) number Part name Material number
;J 1 Resonator Aluminum 1060 1
<N 2 Tuning Screws Brass UNS C26000 2
// S N jl .
L g 3 Fixing Screw Brass UNS C26000 4
\*\\}\ = B = 4 Shielding Case 304 Stainless Steel ($30400) 1
By, /////T/a 3) 5 Fixing Screw 2 Brass UNS C26000 4
) /\fv// 6 Fixing Nut Brass UNS C26000 4
7
S

Figure 3. Exploded view of the filter assembly.
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1.4 Implementation of Circular Economy and R-Strategies in RF Engineering

The traditional linear economic model follows the inherent path of "Take-Make-Dispose",
which leads to excessive consumption of raw materials, a significant shortening of product
life cycle, and a serious problem of the continuous increase in the amount of electronic waste
(E-Waste). In sharp contrast, the circular economic model emphasizes efficient resource
utilization, extended product life, and reduced waste generation, which makes it highly
compatible with the field of radio frequency (RF) and microwave component manufacturing.
Figure 4 shows the hierarchical structure of the R-strategy model, ranging from RO (Refuse)

to R8 (Recycle), emphasizing different levels of circularity.

Circular
Economy RO Refuse

R1 Rethink

R2 Reduce

(@) R3Reuse

R4 Repalr

o' RSRefurbish

7] R Remanutacture

= R7 Repurpose

3 RBRecycle

s RERecover

2agfL Landfill or Incineration

Economy

v

Figure 4. R-strategy hierarchy in the circular economy model. (Circularise, 2023)

1.5 The Need for Sustainable Design and Circular Economy

The SolidWorks Sustainability Module provides valuable insights into the quantitative
analysis of sustainability indicators. Specifically, first, the module can accurately estimate
the carbon footprint closely related to various material selections and manufacturing
processes, providing basic data for evaluating the environmental performance of design
solutions. Second, it can comprehensively evaluate the energy consumption during the entire
process of material extraction, processing and product assembly, thereby revealing the
impact of design decisions on energy consumption. Third, the module also has a life cycle
impact assessment function, which can clarify the contribution of different materials in
recyclability and waste reduction, providing a scientific basis for improving design solutions.
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Figure 5 shows the interface of the SolidWorks Sustainability module, which is used to

evaluate the environmental impact of design decisions.
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Figure 5. SolidWorks Sustainability Module assessment.

In the specific application of this study, the SolidWorks Sustainability Module will be used
to comprehensively compare the environmental performance of different UHF bandpass
filter designs, focusing on the following three core aspects. First, an in-depth evaluation of
material selection is conducted to systematically analyze the differences in environmental
impact between traditional RF materials (such as FR4, ceramics, metals, etc.) and sustainable
alternative materials. Secondly, a detailed study of design modifications is conducted to
explore how design improvement methods such as lightweight design, modular design, and
alternative assembly technologies affect the environmental performance of products. Finally,
an in-depth analysis of post-scrap recyclability is conducted to clarify the extent to which

different design choices affect component recycling and waste minimization goals.

In addition, to ensure the accuracy and reliability of SolidWorks simulation results, this study
will also verify the simulation results through expert consultation to ensure that the proposed

sustainability improvement solutions are both practical and technically feasible.
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2 Methodology - a triangulated approach to uhf bandpass filter

To ensure the scientificity and repeatability of this research, this chapter systematically
introduces the research framework for evaluating the sustainable design of UHF filters from
a methodological perspective. The content covers four dimensions: literature review, expert
interviews, experimental verification, and environmental simulation, providing theoretical

support and technical paths for subsequent research processes.

2.1 Research Framework: Methodology Triangle

Expert Interview —
Professor Pekka

UHF bandpass
filter

Literature
Research

Laboratory
Experiment

Figure 6. Methodology triangle diagram indicating the mixed-methods approach used in this study:

expert interviews, literature review, and lab experiments.

This study used Method Triangulation to ensure a comprehensive sustainability assessment
of UHF (Ultra High Frequency) bandpass filters. Figure 6 shows the triangulated research
approach combining expert interviews, literature review, and laboratory testing. As shown
in the Figure 6, the study integrated three main methods: Literature Review, Expert
Interviews, and Laboratory Experiments. Each method plays a key role in evaluating the
filter's Material Selection, Mechanical Design, and Environmental Impact, ensuring that the
proposed sustainability improvements are both scientifically based and practically

applicable.
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2.1.1 Literature Research

The role of consimmers n the adoption of
Restrategies — Discusses bow R-
strtegpes are implemmected in different

Relevant fo Lifecycle Assesovent (LCA) sd crcudr U
ecancamy smegies

5 asses
‘rediction for product Becycle ogtimization ‘synthesis and disposal. e x o

Figure 7. Literature synthesis matrix categorizing academic references. (For a detailed enlarged

view, see Appendix 2, Figure 39)

Figure 7 shows a literature synthesis matrix that links academic resources to specific research
questions and sustainability criteria, providing a theoretical basis for this study. The
literature research phase focuses on a comprehensive review of existing sustainable RF
(Radio Frequency) engineering research, especially in key areas such as material selection,
life cycle assessment (LCA), and mechanical design improvement. The core goal of this
phase is to build a solid scientific foundation for the experimental development and

verification process in the subsequent research phase.

This study covers a wide range of information sources and aims to address several key issues
in a targeted manner. First, the research on the life cycle assessment (LCA) method deeply
analyzes how to implement a comprehensive and effective environmental impact assessment
at all stages of the product life cycle, covering the initial extraction of raw materials to the
final disposal. Second, the research on the R strategy (Reduce, Reuse, Recycle,
Remanufacture) focuses on exploring how to cleverly use these advanced technologies to
effectively extend the service life of UHF (Ultra High Frequency) bandpass filters and
improve their sustainability. Third, in the literature on sustainable materials and structural
engineering, a series of potential improvements that can be incorporated into mechanical
design are accurately identified to effectively reduce the environmental footprint of the filter.
Figure 8 shows the literature review workflow, including stages such as resource collection,

relevance screening, and topic extraction for design improvement.
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SCLLUT
Primio,google
schoolar

Determine relevant
sources

Use advanced search
techniques with targeted
keywords (e.g., "UHF
bandpass filter
optimization."
"sustainability in
mechanical design,”
"environmental impact of
filters").

-

Literature Search

Synthesis steps

Organize and summarize findings into thematic categories

Identify gaps in the current research to highlight areas requiring further investigation.
Integrate insights into a coherent narrative that informs the project's goals, forming the
basis for proposed design improvements,

In-depth Analysis Synthesis of Findings

~* Analysis steps

Evaluate the relevance, credibility, and applicability of the selected sources.

Extract key insights, focusing on the relationship between mechanical design improvements and
environmental sustainability.

Analyze case studies of successful UHF filter designs that integrate lifecycle thinking and sustainable
L practices.

Figure 8. Literature review workflow showing source collection, evaluation, and synthesis process

to support design improvement directions.
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2.1.2 Expert Interviews

Expert Interview Question Set

In your opinion, which factors are most critical in material selection?

Which parts of the mechanical structure of the UHF Bandpass Filter are
easiest to optimize to reduce material waste?

For tiny structures, do processing accuracy and tool selection limit material
selection?

Expert emphasized that “optimizing the mechanical design of the UHF bandpass filter by
reducing unnecessary components, material consumption, and over-engineering can

enhance both performance and sustainability.” (Expert Interview 2, 2025)

Expert interviews were conducted to validate the proposed sustainability improvements and
ensure that they meet realistic engineering and manufacturing constraints. The interview
process provided valuable insights into material selection, process improvement, and

sustainability-driven mechanical design modifications.

For this study, we focused on consulting a key expert. The professor’s feedback focused on
three core areas. First, in RF (Radio Frequency) applications, material selection is
significantly limited by the need for conductive metals, which in turn limits the feasibility
of non-conductive alternatives. Second, the performance of UHF Bandpass Filters depends
heavily on mechanical design factors, such as the precise placement of the printed circuit
board (PCB) in the metal enclosure and the adjustment of capacitance using adjusting screws.
Finally, sustainability improvement strategies included reducing metal usage by eliminating
unnecessary adjustment screws, minimizing material waste by adopting a thinner housing

design, and improving product recyclability by simplifying the installation structure.

These expert recommendations played a pivotal role in shaping laboratory experiments and
mechanical design modifications, ensuring that the proposed sustainability strategies would
not compromise the performance or manufacturing feasibility of the product. Expert insights
were also used to improve SolidWorks Simulation and Life Cycle Assessment (LCA)
models to help determine the most effective strategies to improve material efficiency, reduce
waste, and extend product life. Figure 9 shows the expert interview process, outlining the

steps from defining the goals to validating expert opinions.
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" Main analysis aspects

Focus on the key components
of the UHF bandpass filter, the
design and optimization of the
UHF bandpass filter, and

nvironmental sustainability,

‘The technical and environmental challenges in the current design of UHF bandpass

filters,

‘Improvements to be used in my paper, such as adopting new materials or improving
_ manufacturing techniques to reduce resource waste and production costs,
| +Compare expert opinions with theoretical research and simulation analysis results to
|L_g verify the accuracy of the findings.

Clearly define the |  Design astructored . . Data Collection and Data Integration of Results
purpose of the interviews questionnaire Conducting Iterviews Analysis and Final Validation

'+ Example Question

| 1.How do vou prioritize multiple objectives (e.g., performance, cost, sustainability) during the design
|| and optimization of UHF bandpass filters?

| 2Which stages of the product lifecycle require the most improvement to enhance sustainability?

3 Have you implemented R-strategies (e.g., remanufacturing or reuse) in filter design? If so, what
were the outcomes?

4 Regarding theoretical analysis and experimental results, which aspects do vou think require specific
validation?

Figure 9. Expert interview process flow diagram, including purpose clarification,
questionnaire design, data analysis, and final validation.
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Vector Network Analyze)
(VINA)

Solidwork Fe-map

Using data from the SolidWorks
Sustainability Module,

the environmental impact of

the materials used i the
prototype will be part of

the assessment. Metrics such

as recyclability, carbon footprint
. and resource use are analyzed.
The following key performance
indicators will be measured

Prototype Development Signal Generator

Spectrum Analyzer

during testing:

-Insertion loss: The degree of
signal attenuation

caused by the filter, measured
in decibels (dB).

-Bandwidth: The range of
frequencies that pass

through the filter with minimal
attenuation

‘Return loss: How efficiently a
signal is transmitted,

indicating the quality of the
impedance match.

‘Frequency response: The
overall consistency of

the filter over its intended
operating range.

Data Collection and Data
Analysis

2.1.3 laboratory experiments

Analysis Example

Systematically collect technical and environmental performance data.

Electrical performance parameters such as signal efficiency and stability.

Real-time monitoring of these metrics will ensure a comprehensive.
understanding of the prototypes’ strengths and weaknesses.

Analyze experimental data to evaluate the effectiveness of the proposed
optimizations.

Compare prototype performance with baseline designs to measure
improvements.

Assess trade-offs between performance and sustainability.

Figure 10. Experimental evaluation loop using prototype testing setup and SolidWorks

Sustainability assessment metrics.
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Figure 10 shows the closed-loop experimental evaluation framework using SolidWorks
combined with prototype testing and sustainability simulation. The laboratory experiments
form the core of the empirical analysis, evaluating the sustainability impact of mechanical
design changes through computational simulations and experimental validation. Figure 11
shows the research funnel diagram, which shows the gradual narrowing from design concept
to verified sustainable filter design. The experimental methodology follows a structured

approach, consisting of four sequential steps:
—= Step 1

— Step 2

MATLAB Lifecycle Step 3
Assessment (LCA)

Results Validation Step 4

Figure 11. Research framework funnel showing progressive analysis flow from CAD

modeling to final validation.
Step 1: 3D Modeling and Sustainability Toolbox Analysis

The first step revolved around working with SolidWorks to create a 3D model of the UHF
Bandpass Filter. During this process, different mechanical configurations were carefully
designed to fully evaluate the specific impact of modifications to the enclosure thickness,
installation structure, and adjusting screws on the material efficiency. Subsequently, the
SolidWorks Sustainability Module was used to conduct an in-depth analysis of the different
design options, focusing on key indicators such as their carbon footprint, energy
consumption, and recyclability. Table 1 shows a comparison of the environmental
performance of different materials using the SolidWorks Sustainability tool.
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Table 1. Comparison of environmental performance for different materials using
SolidWorks

Copper Alloy
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Step 2: Finite Element Analysis (FEA) with FEMAP

Once the 3D model was generated, Finite Element Analysis (FEA) was performed using

FEMAP software. The core goal of this step is to accurately evaluate the mechanical strength

and durability of different filter designs. This analysis can effectively ensure that

sustainability-driven modifications, such as reducing metal enclosure thickness and

simplifying installation structure, will not cause any damage to the mechanical integrity of

the filter. Figure 12 shows the meshed model built using FEMAP for structural simulation

of the resonator assembly under thermal and mechanical loading.

Figure 12. Meshing model in FEMAP for Resonator structural simulation
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Step 3: Life Cycle Assessment (LCA) Based on MATLAB

Next, a Life Cycle Assessment (LCA) is performed in the MATLAB environment. This
assessment aims to quantify the combined impact of the proposed filter modification on the
long-term environment. Specifically, the analysis comprehensively examines key aspects
such as Material Procurement, Manufacturing Energy Requirements, Operational Durability,
and End-of-Life Recyclability to comprehensively evaluate the filter's sustainability

performance.
Step 4: Validation of Results

The final step focuses on rigorous validation of the simulation results. The results are
analyzed in depth by carefully comparing the Environmental Assessment Data with the
Expert Recommendations. This step aims to determine whether the proposed modifications
can effectively reduce material consumption, improve recyclability, and further enhance the
overall sustainability of the filter, while ensuring that these modifications do not have any

negative impact on the filter performance.

2.2 Reliability Assessment of the Results

The reliability of the results is supported by a triangulated methodology. All material
property data was obtained from SolidWorks' verified material database, and the tolerance
assessments followed 1SO 2768-mK standards, which are globally accepted for machined
components. The inclusion of DFM checks and time-based manufacturing cost analysis
enhances the practical relevance and robustness of the conclusions. Table 2 shows the
effectiveness and reliability analysis of the applied research methods, including interviews,

simulations, and literature review.

Table 2. Final Evaluation Table: Research Methods and Sub-methods

Method / Sub-method Validity Reliability | Sensitivity Error Accuracy Saturation
Analysis
Interview Moderate — | Moderate | Excellent— | Limited — Good — Good —reached
enhanced via —varies high mitigated via | depends on via iterative
triangulated between contextual qualitative expert expert
coding and experts; adaptability; | coding checks | interpretation | interviews and
validated enhanced suitable for and theme
themes via qualitative transcript convergence
standardized variance precision
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protocols
and inter-
coder
agreement
Lab SolidWorks Excellent— | Excellent | Moderate | Excellent— | Excellent— | Limited —does
Experiment: | Sustainability | environmental - —bounded squantitative precise not evolve with
metrics reproducible by fixed impact models | carbon and repeated input
integrated data via LCA with built-in energy scenarios
based on ISO | embedded | assumptions; LCA metrics;
14040/44 LCA model; limited calculation | validated by
standards compliant scenario ranges standard
with 1ISO variability libraries
standards
ANSYS Excellent — | Excellent Good — Excellent — | Excellent— | Limited —high
industry- —repeatable | responds to detailed high effort for
standard under changing documentation numerical parametric
accuracy; identical inputs of mesh and fidelity; saturation
validated setups; numerical matches
through validated errors physical
benchmark through experiments
studiesand | convergence
empirical testing
comparison
FEMAP Good —FEM Good — Moderate | Good —error Good — Limited —
data input depends on —highly traceable mesh- manual
needed,; mesh sensitive to | through mesh | sensitive but reassessment
depends on fidelity; can mesh and dependence tunable for required
the quality of | be improved solver and stress detailed
boundary with parameters output accuracy
condition iterative tracking
definition validation
Literature Literature Good —peer- Good - Moderate Limited — Good - Good -
Review: Reference reviewed and based on —applicable non- aligns with saturation
historically peer- across quantitative; established | reached through
validated reviewed similar error inferred theoretical extensive
methodologies IEEE, themes from source principles literature
Springer, consensus coverage
and SCI-
indexed
sources
SolidWorks Good — Good — Moderate Limited — Good — Good —
Database consistent consistent — error margins based on saturation
property outputs standardized not always standard ensured for
standards from data less disclosed; material general
from certified | standardized | adaptable to assumed datasets; engineering
datasets and datasets niche reliability input cases
engineering applications consistency
handbooks

Triangulation

Triangulation is a strategic integration of multiple research methods that enhances the
validity, reliability, and comprehensiveness of engineering findings by combining
contextual insights, experimental precision, and theoretical grounding.
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3 Result - performance, environmental impact, and design

improvement

Based on the multi-method framework established in Chapter 2, this chapter presents the
main results of the research in turn, including the performance extraction and screening of
candidate materials, thermal and mechanical simulation results, and sustainability
assessment based on life cycle and R strategy. These results together provide a quantitative
basis for the formation of green filter design solutions.

3.1 Material parameter extraction platform settings

In the material screening process of this study, SolidWorks Sustainability tool was used as a
platform for extracting material performance parameters. This tool is embedded in the
SolidWorks 3D modeling environment and supports rapid reading of multiple physical,
thermal, mechanical, and environmental and economic properties from the engineering

material database.
3.1.1 Material property examples and data structure

Taking the typical material 1060 aluminum alloy as an example, through the built-in "View
Material™ and "Environmental Impact™” functions of the tool, more than ten key parameters
including elastic modulus, Poisson’s ratio, shear modulus, thermal expansion coefficient,
density, thermal conductivity, specific heat, tensile strength, yield strength and life cycle cost

assessment can be systematically exported.

Among them, mechanical parameters such as elastic modulus (6.9%10'° N/m?), shear
modulus (2.7x10" N/m?), yield strength (2.75x107 N/m?), etc. are used to evaluate the
structural stiffness, load-bearing capacity and deformation resistance of the material; thermal
parameters such as thermal conductivity (200 W/m K), thermal expansion coefficient
(2.4x107° /K) and density (2700 kg/m?) reflect the thermal conductivity and dimensional

thermal stability of the material; specific heat capacity and Poisson's ratio provide reference
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as auxiliary indicators of environmental response and strain characteristics; and financial
impact value (Financial Impact, 2.20 USD/kg in the figure) can be constrained or weighted
in cost-sensitive selection. Figure 13 shows the SolidWorks interface for extracting material

properties, including thermal, mechanical, and environmental properties of 1060 aluminum.

Materials Material Class Elastic Modulus Poisson's Ratio Shear Modulus ~ Thermal Expansion...
N/m#2 N/A N/m#2 /K

1060 Allov Aluminium Allovs 6.9e+10 0.33 27e+10 2.4e-05
Property Cond.. Value Units
Material Class = |—any— j
Elastic Modulus |—an}ﬂ 6.9e+10 N/m*2
Poisson's Ratio |—an)ﬂ 0.33 N/A
Shear Modulus |—an)j 2.7e+10 N/ma2
Thermal Expansion Coefficient |fan)j 2.4e-05 /K
Density |—an3ﬂ 2700 kag/m...
Thermal Conductivity |—an}ﬂ 200 W/(m-...
Specific Heat |—an}ﬂ 900 1ikgK)
Tensile Strength |-any_~ ||6.89356e+07 N/mA2
vield Strength |-any ~ |[2.75742¢e+07 N/mA2
Financial Impact |—an3ﬂ 2.20 UsD/...

Figure 13. Parameter extraction interface in SolidWorks: mechanical, thermal, and
environmental properties of Aluminum 1060.

3.1.2 Data format and preprocessing

All extracted data are processed in standardized units and organized into a unified Excel
table with fields including material class, material name, and the above ten performance
parameters. This data table serves as the basis for subsequent material screening, weight
scoring, cost analysis, and multi-objective improvement, providing accurate and
standardized data support for establishing a comprehensive performance-cost-
manufacturing evaluation model. Figure 14 shows the Excel-based comparative material

database, which compiles the standardized parameters of candidate materials.

Figure 14. Material database snapshot from Excel showing comparative properties

(conductivity, expansion, strength, machinability) for copper and steel alloys.
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3.2 Material Weighting Strategy for Component Design

In order to achieve the optimal performance of each structural component of the filter in
terms of electrical properties, mechanical strength and processing technology, this paper
distributes material performance weights for the three main structures: resonator, tuning
screws and shell/shielding case. The weights are determined based on functional importance,

electromagnetic characteristics, mechanical requirements and manufacturability principles.

3.2.1 Resonator

First of all, as the part where electromagnetic energy is most concentrated inside the filter,
the material selection of the resonant cavity must fully consider the conductivity, thermal
stability and dimensional accuracy control. Therefore, in the material performance weight
setting, the thermal conductivity and thermal expansion coefficient are each given a weight
of 20% to ensure good surface conductivity and thermal stability. Since the rigidity and
geometric accuracy of the cavity structure will also affect the resonance performance, the
elastic modulus, density, and yield strength are each given a weight of 10% to balance the
quality and strength and prevent processing deformation and assembly stress. In addition, in
order to ensure the high-precision processing capability of the resonant cavity, the
machinability is given the highest weight of 25%, while the shear modulus is given a weight

of 5% to enhance the structural torsion resistance and rigidity stability. Tables 3-5 show the

weighted attribute matrices of the resonator, tuning screw, and shield, respectively, based on

specific functional design priorities.

Table 3. Weighted Property Matrix for Resonator Material Selection

Property Weight Reason
Thermal Conductivity 20% Enhances surface conductivity and skin effect efficiency
Thermal Expansion 20% Maintains frequency stability, minimizes detuning from
Coefficient temperature
Elastic Modulus 10% Ensures structural rigidity and dimensional stability
Density 10% Balances between strength and lightweight structure
Yield Strength 10% Prevents permanent deformation during processing and use
Shear Modulus 5% Reinforces rigidity, improving resonator shape consistency
Machinability 25% High precision machining required for geometric and surface
tolerances (<128 um)
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3.2.2 Tuning Screws

As a microwave adjustment structure, the tuning screw relies on the precise adjustment of
frequency and is small in size (common diameter is less than 1 mm), which places extremely
high demands on conductivity, dimensional stability and processing accuracy. Based on this,
the material weight setting lists machining performance as the primary factor, with a weight
of 30% to meet the feasibility of fine thread processing; the thermal conductivity weight is
25% to improve the conductivity of the screw in the electromagnetic field; the thermal
expansion coefficient is 15% to prevent temperature changes from affecting the position of
the screw; the elastic modulus, yield strength and shear modulus are each 10% to ensure that
the screw has sufficient rigidity and strength during the adjustment process to avoid micro-

motion, plastic deformation or slipping failure during use.

Table 4. Weighted Property Matrix for Tuning Screw Material Selection

Property Weight Reason
Thermal Expansion 15% Thermal stability for resonance control
Coefficient
Elastic Modulus 10% Avoids deformation and maintains screw tightness
Yield Strength 10% Prevents plastic deformation during adjustment
Shear Modulus 10% Resists shear failure, especially at threads
Machinability 30% Requires fine threading (0.1 mm tolerance), must be
easy to machine
Thermal Conductivity 25% Affects field distribution and electrical performance

3.2.3 Shielding Case

The material selection of the shell/shielding structure mainly focuses on its structural support,
resistance to thermal deformation and manufacturing cost. In terms of material weight setting,
considering that its processing technology (such as hole opening, tapping, assembly, etc.) is
relatively complicated, the machining performance is given a maximum weight of 25%; the
elastic modulus, yield strength and shear modulus are set to 15%, 20% and 10% respectively
to improve the overall structural rigidity, compressive resistance and connection strength to
meet the mechanical stability requirements in the external environment; thermal
conductivity and thermal expansion coefficient each account for 10% to ensure the thermal
stability of the structure and avoid deformation problems caused by thermal expansion and



27

contraction; density is set to 10% to balance the overall weight and support strength, which
is especially important in weight-sensitive portable devices or space-constrained

applications.

Table 5. Weighted Property Matrix for Shielding Case Material Selection.

Property Weight Reason
Thermal Conductivity 10% Affects thermal balance but less critical
Thermal Expansion 10% Prevents thermal deformation and shape changes
Coefficient

Elastic Modulus 15% Maintains structural stiffness

Density 10% Affects overall weight, important for portability
Yield Strength 20% Resists impact and external pressure
Shear Modulus 10% Enhances structural integrity
Machinability 25% Manufacturing involves drilling, opening, and

threading

Read the sorted material parameter Excel file, use the Readtable function in MATLAB to
import the data into a structured table format, and retain the fields including: thermal
conductivity, thermal expansion coefficient, elastic modulus, density, yield strength, shear
modulus and machinability. Then, weights are assigned according to the performance
requirements of different components. Each parameter is converted into a normalized form

to eliminate the dimension effect, and the Min-Max normalization method is used, that is:

X—~Xmin
Xnorm = 7 ____~ (1

Xmax~Xmin
For negative indicators (such as density and thermal expansion coefficient), reverse
normalization (1 — norm) is used to avoid the deviation that the larger the value, the better.
After obtaining the normalized indicator value of each material, weighted summation is
performed according to the set weight to calculate the total score. The calculation formula is

as follows:

Score = Z?=1 w; - xl_norm — ). Chorm (2)
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Where w; is the weight of the i-th performance parameter, C"°™ is the normalized cost item,

and A is the cost penalty coefficient (optional setting, usually 0.2); if cost data is not used,

the cost item can be set to 0. Figure 15 shows a MATLAB-based material scoring script that

automates the multi-objective evaluation of candidate materials.

end

Figure 15. MATLAB-Based Material Scoring Script for Multi-Objective improvement.

Finally, the program sorts the scores of all materials in descending order, outputs the top 3

candidate materials with the best comprehensive performance, and displays the material

name and corresponding score in the command window. Table 6 shows the three best

recommended materials for each component selected by the multi-criteria weighted scoring

model.

Table 6. Top 3 Recommended Materials per Component Based on Weighted Scores.

Component Recommended Recommended Recommended Material 3
Material 1 Material 2
Resonator 1060 Aluminum 2014 Aluminum AISI 321 Stainless Steel
(A91060) (A92014) (S32100)
Tuning Brass C26000 Brass C36000 Phosphor Bronze C
Screws
Shielding 1060 Aluminum 5052 Aluminum 304 Stainless Steel (S30400)
Case (A91060) (A95052)
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3.3 Material thermal performance analysis and final material selection

v G v H

1 — [
2 @ conecigias ,————™?2 & conccigan -
3 @ Geometry " ——#3 Geometry "
4 @ Model v ,——®4 @ Model v
5 asetup v 4 —8 5 asetup v 4
6 '. Solve B 6 ﬂ%j Solve v 4
7 o result v i 7 o result v 4

First part steady state heat static structure
Figure 16. Coupling Workflow of Steady-State Thermal and Static Structural Analysis in
ANSYS

Figure 16 shows the simulation workflow in ANSYS for performing coupled steady-state
thermal and structural analysis. In order to comprehensively evaluate the thermal-
mechanical coupling response of the resonant cavity structure under the actual working
environment, this paper constructs a multi-physics simulation process based on Steady-State
Thermal and Static Structural modules in ANSYS, as shown in Figure 16. The left module
(G) represents the first stage of steady-state thermal analysis, which is mainly used to obtain
the temperature field distribution of the model per unit time after the heat source is loaded;
the right module (H) is the static analysis module, which further calculates the stress and
deformation response of the structure under the action of thermal load based on the thermal

field results.
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3.3.1 Resonator

Unit: C
Time: 1s

60 max
. 59.99
59.981
59.971
. 59.961
59.952
© | 59.942

59.932
I 59.923
59.913 Min.

0.00 20.00 40.00 (mm)
10.00 30.00

Figure 17. Steady-state thermal distribution of 1060 Aluminum alloy
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Figure 18. Steady-state thermal distribution of 2014 Aluminum alloy

Unit: C
Time: 1s
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Figure 19. Steady-state thermal distribution of AISI 321 Stainless Steel

Figure 17 shows the thermal field distribution of 1060 aluminum alloy under operating
conditions, indicating uniform heat conduction. Figure 18 shows the thermal field of 2014
aluminum alloy, indicating that its heat diffusion efficiency is slightly lower than that of
1060 aluminum alloy. Figure 19 shows the thermal field of AISI 321 stainless steel, which
has the largest temperature span and the lowest thermal conductivity. In order to explore the
thermal conductivity and temperature uniformity of different metal materials under thermal
load, this paper conducts steady-state heat conduction simulation on 1060 aluminum alloy,

2014 aluminum alloy and stainless steel AISI 321 materials. The simulation conditions are
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consistent, and the heat distribution state per unit time is observed respectively, and the

temperature cloud diagrams are shown in Figure 17 to Figure 19.

The simulation results show that 1060 aluminum alloy exhibits more ideal characteristics in
temperature field distribution. Its high temperature zone and low temperature zone have a
smooth transition, and the isotherms are densely distributed and regular, indicating that its
internal heat conduction speed is fast, the heat energy diffuses evenly, and the local
temperature concentration phenomenon is effectively avoided. In contrast, although 2014
aluminum alloy is also an aluminum-based material, due to the influence of alloy elements,
its temperature field is slightly lagging in gradient, and the isothermal surface boundary is
relatively rough, indicating that the heat conduction efficiency is slightly inferior to 1060
aluminum. As for stainless steel AISI 321, its temperature distribution span is the widest,
and the low temperature zone range is significantly expanded, indicating that its thermal
conductivity is limited, the heat diffusion capacity is weak, and it is difficult to meet the

requirements of thermal balance.

Based on the above analysis, 1060 aluminum alloy has extremely high temperature field
uniformity and response speed while ensuring high thermal conductivity, which is

significantly better than the other two materials.



3.3.2 Tuning Screws

Unit: C
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Figure 20. Steady-state thermal distribution of Brass C26000
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Figure 21. Steady-state thermal distribution of Brass C36000
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Figure 22. Steady-state thermal distribution of Phosphor Bronze C
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Figure 20 shows the thermal behavior of brass C26000, which has the smallest temperature

gradient and excellent thermal balance. Figure 21 shows the thermal field of brass C36000,

indicating that its thermal buffer layer is wider than that of C26000. Figure 22 shows the

thermal response of phosphor bronze C, highlighting its slower diffusion rate and potential

heat concentration. In order to meet the requirements of specific parts for heat diffusion

speed and temperature balance, this paper selected three commonly used copper alloys for
steady-state thermal simulation, including brass UNS C26000 (C260), brass UNS C36000
(C360) and phosphor bronze C. As shown in Figure 20 to Figure 22, the temperature cloud

diagrams of the three at 1 s show different heat conduction efficiencies and thermal field

distribution laws.
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Among them, Brass C26000 shows the most ideal performance characteristics in the heat
diffusion process. Its temperature contours are closely distributed and smooth, the heat
transition from the surface to the center is obvious, and the overall temperature gradient is
extremely small, indicating that the heat conduction speed inside the material is fast and the
heat distribution is uniform. In contrast, there is a wider temperature buffer layer at the
thermal field boundary of C36000 and phosphor bronze C, and the heat diffusion in the
horizontal and vertical directions is not fast enough, which may cause local thermal stress

accumulation or temperature drift.

In addition, from the perspective of temperature range, the difference between the minimum
and maximum temperatures of C26000 is the smallest, indicating that it has stronger thermal
balance capability, which is particularly important in precision electronic components or
frequency-sensitive structural parts, and helps to improve the thermal stability and

performance consistency of the structure.

In summary, based on the qualitative judgment of the thermal simulation results, Brass UNS
C26000 was finally selected as the material of the structural part, which can ensure the
thermal conductivity while minimizing the risk of structural degradation caused by thermal
gradients, and meet the dual requirements of thermal diffusion and temperature uniformity

in practical applications.
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3.3.3 Shielding Case

Unit: C
Time: 1s
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Figure 23. Steady-state thermal field of 1060 Aluminum alloy
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Figure 24. Steady-state thermal field of 5052 Aluminum alloy
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Figure 25. Steady-state thermal field of 304 Stainless Steel

In order to analyze the thermal diffusion capacity and temperature field uniformity of plate-
like structural parts under steady-state thermal conditions, this paper selected three typical
metal materials for thermal simulation, namely: 1060 aluminum alloy, 5052 aluminum alloy
and 304 stainless steel. The temperature distribution of the three materials is shown in Figure
23 to Figure 25, and the thermal field results are obtained 1 second after loading.

By comparison, it can be found that although aluminum alloy materials (1060 and 5052)
have higher thermal conductivity, their thermal diffusion characteristics lead to a faster
overall temperature rise in the structure, and the temperature gradient shows an obvious

hierarchical transition in the thickness direction. The heat is concentrated in the near-surface
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area of the structure, and it is difficult to achieve internal thermal field balance in a short
time. In addition, although 5052 has a more uniform heat transfer performance than 1060,
its temperature transition zone is still clear, indicating that the thermal diffusion has not yet

been fully balanced.

In contrast, although the thermal conductivity of 304 stainless steel is not as good as that of
aluminum alloy, its temperature distribution is more stable and uniform. From the image, it
can be seen that its overall thermal gradient is extremely small, the thermal field distribution
is close to the isothermal state, and there is no obvious heat accumulation or temperature
drop lag in the edge and middle areas, which helps to suppress the internal stress and thermal

deformation of the structure caused by temperature difference.

3.4 Material cycle adaptation evaluation method based on R-strategy

3.4.1 Design Objective Definition and Structural Decomposition

In terms of structural modeling, this paper uses SolidWorks to build a three-dimensional
model, and conducts modeling, material assignment, and sustainability module analysis on

three types of components respectively.

1. Resonator: The structure mainly exists in the form of blocks, and the manufacturing
method is milling (Milled). The material is aluminum alloy (Aluminum 1060), and the unit
mass is 0.013 kg. Its structure undertakes the functions of electromagnetic energy
concentration, Q value maintenance and structural support, and is one of the core

components of the filter.

2. Tuning Screws: It is a key component for adjusting the frequency of the filter. It is small
in size and high in precision. It uses a turning process (Turned). The material is brass (Brass,
UNS C26000). The mass of a single piece is only 0.001 kg, but it plays an important role in
the frequency tuning stability of the product.
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3. Shielding Case: It provides overall structural strength and electromagnetic shielding
function for the filter. It has a large structure and adopts wire cutting technology. The
material is stainless steel (Stainless Steel 304). The unit mass is 0.387 kg. It is the unit with
the greatest impact on mass and energy consumption in the overall structure. Table 7 shows
the life cycle environmental data for the three main components, including quality, material,

and processing methods.

Table 7. Sustainability Results Summary: Resonator, Screw, Shielding

Component Material Processing | Mass | Manufacturing | Transport
Name Method (kg) Region Distance
(km)
Resonator Aluminum Milled 0.013 Asia 6000
1060
Tuning Brass UNS Turned 0.001 Asia 6000
Screws C26000
Shielding 304 Stainless | Wire Cut | 0.387 Asia 6000
Case Steel (S30400)

After the three types of components are modeled, the SolidWorks Sustainability module is
used to extract their life cycle environmental impact data, including carbon footprint, total
energy consumption, water eutrophication and other indicators, to provide basic data support

for the subsequent qualitative adaptation and quantitative improvement combined with the

R-strategy framework. Table 8 shows the manufacturing and transportation metadata used

in the SolidWorks Sustainability analysis.

Table 8. Manufacturing and Supply Chain Metadata Table for All Components.

Resonator Tuning Screws Shielding Case
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The core of this step is to decouple the overall structural function of the filter, split it into
three typical mechanical parts with the possibility of independent environmental impact
assessment, and establish a corresponding sustainability analysis model based on the
SolidWorks CAD model.

3.4.2 Life Cycle Data Acquisition via SolidWorks Sustainability

After completing the structural modeling of three types of mechanical parts, Resonator,
Tuning Screws and Shielding Case, in order to further analyze their environmental impact
during manufacturing and use, this paper uses the built-in Sustainability module of
SolidWorks to perform Life Cycle Assessment (LCA) on each component. This module is
based on the GaBi environmental database and combines the volume, material, processing
method and transportation path of the SolidWorks part model to automatically calculate the
environmental impact of each stage of the life cycle, mainly covering the manufacturing
stage and the transportation stage, and in some cases also considering the use and scrapping

stages.

In the specific operation process, after selecting each part in SolidWorks, the following

parameters are configured in turn:

* Material selection: corresponding to the design materials determined in the early stage

(such as 1060 aluminum alloy, brass C26000, stainless steel 304);
* Manufacturing method selection: such as Milled, Turned, Wire Cut, etc.;
* Manufacturing area setting: uniformly set to Asia;

* Transportation distance setting: according to the general import transportation route, set to

6000 km;

* Service life and scrapping method: keep the default settings for relative comparison.
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Figures 26-28 show the life cycle assessment (LCA) results for the resonator, shield, and
tuning screw, including carbon footprint and energy consumption, respectively. After
completing the settings, the software can automatically generate the corresponding LCA
report. In order to meet the needs of sustainability and circular economy assessment, this

article focuses on the following five core environmental indicators:

1. Carbon Footprint (kg COze): Measures the total amount of greenhouse gases released
during manufacturing and transportation, and is a key indicator in environmental impact

assessment;

2. Total Energy Consumption (MJ): The total energy required for material mining,
processing and transportation, which can reflect whether the process route is energy-saving;

3. Air Acidification Potential (kg SO-e): Nitrogen oxide and sulfur oxide emissions during

the manufacturing process indirectly affect the ecosystem;

4. Water Eutrophication (kg POse): Reflects the impact of drainage on the nutrient load of

water bodies, especially related to metal extraction;

5. Financial Impact of Materials (USD): A comprehensive estimate based on material costs

and energy consumption, used to evaluate economic feasibility.

In addition, to ensure the traceability of subsequent assessments, this article also extracts and

records the following metadata:
» Material Name & Class

* Manufacturing Method

* Region of Manufacture

* Transportation Distance

* Component Mass (Mass, kg)

Table 9 shows the environmental impact summary, listing the carbon footprint, energy usage,
and material cost of each component. All extracted data are summarized in an Excel table
(Material_Environmental_Data.xIsx) and organized by component classification. Each row

corresponds to a part, and the column fields include the above five environmental impact
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indicators and related meta-information. The following is an example structure of data

organization:

Table 9. Component-level LCA summary table with processing, emissions, and cost.

Component /| Processing CO: Energy SO: eq | POs eq | Cost Mass Component  /
Material Method Emissions Consumption (kg) (kg) (USD) (kg) Material
(kg) (MJ)

Resonator /| Milled 0.343 51.3 0.0016 5.63x10° | 2.28 0.013 Resonator /
Aluminum 1060 Aluminum 1060
Tuning Screws / | Turned 0.010 171 3.68x10°° | 2.38x10°¢ | 0.19 0.001 Tuning Screws /
Brass C26000 Brass C26000
Shielding Case / | Wire Cut 0.630 74.3 0.0026 8.59x10° | 5.19 0.387 Shielding Case /
Stainless Steel Stainless Steel

This step not only realizes the

correlation mapping between structure, material and

environment, but also provides data support for subsequent green design improvement.

3.4.3 R-strategy Framework Integration and Mapping

R-strategy is usually divided into nine levels (RO-R8), which decrease in order of resource

conservation and recycling, from the best "refuse™ to the lowest level "recycle”. Compared

with the traditional linear material use path, this strategy system emphasizes the closed-loop

logic between the three stages of "design-use-recycle".

Table 10 shows the mapping of each R strategy to measurable environmental indicators and

logical application criteria. The following table shows the relationship between various R-

strategies and key life cycle indicators, as well as specific adaptation diagrams:

Table 10. R-strategy framework table showing strategy names, mapped indicators, and

logical descriptions.

R Strategy Key Indicator Matching Logic Explanation
Strategy Name Mapping
RO Refuse (Avoid Carbon Footprint | Whether the use of the material can be

Use)

entirely avoided (e.g., via functional

substitution)




41

R1 Reduce Carbon Footprint/ | Whether the CO: and energy per unit
Energy Use mass of material is lower than
industry average
R2 Reuse Recyclability / Whether the component is reusable
Structure (not easily worn, standardized
interfaces, etc.)
R5 Repair Structural Whether the structure allows for easy
Complexity / disassembly, maintenance, or part
Disassembly replacement
R6 Refurbish Material Whether the material is long-lasting
Compatibility & or can be reused after refurbishment
Lifetime
R7 Recover Heat Content / Whether the material has energy
(Energy) Combustibility recovery potential through
incineration or thermal processing
R8 Recycle Material Type / Whether the material is single-type,

Composition

clearly identified, and suitable for

mechanical recycling

Based on the above matching logic, this paper establishes "R-strategy adaptation matrix™ for

three structural components: Resonator, Tuning Screws and Shielding Case.

This strategy adaptation process serves as the basis for subsequent design improvement and

material adjustment, so that this study not only stays at the "assessment” of environmental

impact, but also has practical guiding significance for "circular design™. As Table 11 shown,

by constructing a three-layer mapping model of “structural function-environmental

indicator-resource strategy", the study was able to transform quantitative life cycle data into

executable green strategies in the design phase and achieve collaborative improvement of

"performance-environment-manufacturing™.
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Table 11. R9 Sustainability Scoring Table for Material Options

Refuse
Rethink
Reduce
Reuse
Repair
Refurbish
Remanufacture
Repurpose
Recycle
Recover
Total

0

o
=]

i Thermal Conductivity #2 Tt I E: ion Coefficient #3 Elastic Modulus #4 Updated Score for #1 Updated Score for #2 Updated Score for #3 Updated Score for #4
0 1 1 1 0 0 0
0.2 4 4 5 0.87 0.87 0.6
0.5 5 5 2 2 217 15
0 1 1 1 0 0 0
0 1 1 1 0 0 0
o] 1 1 1 0 0 0
0 1 1 1 0 0 0
o] 1 1 1 0 0 0
0.3 4 4 3 11 1.3 0.9
0 1 1 1 0 0 0
1 3.97 4.34 3

3.4.4 Component-Level Strategy Evaluation Matrix Construction

After completing the life cycle data extraction and R-strategy strategy adaptation, this paper
further constructed a "component-strategy evaluation matrix" to achieve the comparison of
sustainable performance between structural parts. The matrix uses each part as a row, R-
strategy adaptation and total environmental impact as core evaluation fields, and proposes
design improvement suggestions based on material sources, process characteristics and

recyclability.
1. Construction logic and content description
The matrix mainly includes four dimensions:

» Part name: three types of structural components to be evaluated, namely Resonator,

Shielding Case, and Tuning Screws;

» RO-R8 strategy adaptation: v / X method is used to show whether each part meets the

resource recycling requirements under the key R strategy, and the judgment basis comes
from Step 3;

* Total environmental impact: Based on the carbon footprint (CO2¢e) data extracted by the

SolidWorks Sustainability module in Step 2, it is used as a comparison benchmark;

* Design suggestions: Based on the adaptation and environmental performance, specific
material substitution, structural improvement or manufacturing strategy suggestions are

proposed for each component.

2. Interpretation of matrix evaluation results

& o b|lo o o|lo o m
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Table 12 shows the component-level R strategy evaluation matrix, summarizing strategy

compatibility, impact, and design recommendations.

Table 12. Component—R-Strategy evaluation matrix with match results, impact data, and

design suggestions.

Component | RO-R8 Total Design Recommendation
Match Environmental
Impact (COze)
Resonator |/ v X X Medium (0.343 kg | Consider replacing with aluminum
COze) alloys of similar conductivity but
higher recyclability (e.g., recycled
aluminum) to meet R8.
Shielding X X X X High (630 kg | Due to energy-intensive wire-cut
Case COze) manufacturing, improve machining
paths or adopt modular enclosure
design.
Tuning NAVANANG Low (0.010 kg | Retain current brass material with good
Screws CO2e) properties and manufacturability, but
improve traceability and transparency
of its recycling chain.
3. Analysis

Resonator uses aluminum alloy material, which has certain advantages in carbon footprint

and energy consumption (meets RO and R1), but the current materials used are insufficient

in recycling adaptability and do not reflect the R8 (Recycle) requirements. Therefore, it is

necessary to select materials with a higher recycling ratio or a closed-loop recycling path

while maintaining performance;

Shielding Case is the part with the highest environmental load among the three types of

components. Its material is stainless steel 304, and the processing method is energy-intensive

Wire cut. In addition, the structure is heavy, resulting in high carbon emissions and energy

consumption, and poor strategic adaptability (multiple X). Consider designing to reduce

weight, reduce cutting paths, or use lightweight and high-strength aluminum materials

instead;
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Tuning Screws perform well under multiple strategies due to their small weight, simple
manufacturing process, and good material recyclability (such as brass). However, from a life
cycle perspective, improving its recycling chain traceability and labeling can further enhance

its recycling potential.
3.4.5 Sustainable-Oriented Mechanical Design Strategies

Lightweight design based on deformation characteristics

The total deformation diagram (Figure 29) reveals that under the combined action of thermal
and static loads, the displacement of the corners and edge areas of the resonator is extremely
small (<0.00001 mm), indicating that these areas have limited contribution to structural
performance. Based on this, we chamfered and rounded the corners and moderately thinned
them (about 0.5 to 1 mm), effectively reducing unnecessary mass without affecting the
modal characteristics and overall structural stability. In addition, edge improvement also
reduces thermal stress concentration points and enhances the long-term fatigue resistance of
the filter. Figure 29 shows the total deformation of the resonator under coupled thermal and

mechanical loads, indicating that the edge region is stable and suitable for chamfering.

Unit:mm
Time: 1s

0.00012293 Max
. 0.00010927
9.5615e-5
8.1955e-5
. 6.8296e-5
© 5.4637e-5
4.0978e-5
2.7318e-5
I 1.3659e-5

0 minimus m

0.00 30.00 60.00 (mm)

I
15.00 45.00
Figure 29. Total deformation profile of a 1060 aluminum resonator under coupled thermal

and mechanical loads. The maximum deformation is 0.00012293 mm, concentrated near

the edge of the cavity, while the bottom and corners remain stable.
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The equivalent elastic strain diagram (Figure 30) shows that the internal surface strain of the
cavity is small (<2.0e-5 mm/mm), indicating that these flat non-load-bearing areas have a
large space for structural improvement. By locally thinning the inner surface thickness (0.8
mm), we significantly reduced material consumption and product weight while ensuring
mechanical stability, contributing to energy conservation and emission reduction in
manufacturing and transportation. Figure 30 shows the equivalent elastic strain of the

resonator, indicating the potential for improvement of the low-strain inner surface.

Unit:mm/mm
Time: 1s

2.0478e-5 Max
. 1.8204e-5
1.5929e-5
1.3655e-5
Wl 1.1381e-5
£ 9.1068e-6
6.8326e-6
4.5584e-6
I 2.2842e-6

9.9842e-9 minimum

0.00 30.00 60.00 (mm)

I
15.00 45.00
Figure 30. Equivalent elastic strain distribution of 1060 aluminum resonator. The strain

values in most areas remain below 2.0e-5 mm/mm, mainly concentrated around the

mounting holes and fillets.

It can be observed from the deformation cloud diagram of Figure 31 that under the stress
state per unit time, the maximum deformation occurs at the edge of the structure and near
the fixing hole, with a value of 0.0017754 mm. The overall deformation is extremely small,
indicating that the structure has good rigidity and bending resistance. At the same time, the
local deformation in the red area also indicates that this is the most sensitive position of the
structural response. In the future, the use of materials can be improved through strategies
such as edge thinning and chamfering, reducing weight while avoiding excessive rigidity
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and causing material waste. Figure 31 shows the local deformation zone near the fastener

hole, providing guidance for decisions on structural reinforcement and material distribution.

Unit:mm
Time:1s

0.0017754 Max
. 0.0015782
0.0013809
0.0011836
0.00098635
E 0.00078908
0.00059181
g 0.00039454
l 0.00019727

O mievemum

0.000 15.000 30.000 (mm)
e
7.500 22.500
Figure 31. Equivalent total deformation cloud diagram

In the equivalent stress cloud diagram of Figure 32, the maximum Von-Mises stress is
0.24363 MPa, which is mainly concentrated in the edge area around the screw hole. This
stress level is much lower than the yield strength of the material, indicating that the structure
has a large safety margin under the existing load and meets the engineering use standards.
The reasonable distribution of the stress area also reflects that the structural design is
relatively balanced in the force transmission path, and there is no obvious stress
concentration phenomenon, which verifies the effectiveness of the transition design between

the connection hole and the bearing surface. Figure 32 shows the equivalent von Mises stress

distribution inside the shield, validating the design under simulated loading.
Unit: MPa
Time:1s

0.24363 Max
. 0.22682
= 0.21
0.19319
0.17638
0.15956
& 0.14275
0.12594
l 0.10912

0.092307 Minimum

0.000 15.000 30.000 (mm)

=
7.500 22500
Figure 32. Equivalent stress (Von-Mises) cloud diagram of Shielding Case
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From the equivalent strain cloud diagram of Figure 33, it can be seen that the maximum
elastic strain is 0.0012199 mm/mm, which is mainly distributed around the connection holes.
Due to certain constraints and contact forces in these areas during loading and assembly, it
Is expected that there will be slight deformations in these areas. The smaller strain range
indicates that the structure can maintain good elastic deformation capacity under working
conditions and will not cause material fatigue or damage. Figure 33 shows the elastic strain

diagram of the shield, indicating a stable elastic response and low risk of fatigue failure.

Unit:mm/mm
Time:1s

0.0012199 Max
. 0.0011357
0.0010516
0.0009675
ws 0.00088339
l[rﬂ 0.00079927
0.00071515
0.00063103
I 0.00054691

0.00046279 Minimum

0.000 15.000 30.000 (mm)
I
7.500 22.500
Figure 33 Equivalent elastic strain cloud diagram of Shielding Case
In summary, the Shielding Case exhibits good mechanical properties under the simulation
conditions. Its overall deformation, stress and strain are all within a reasonable range. Snap-
on connections or removable fasteners are set in the area with the smallest strain
concentration to improve the product's ease of disassembly and modularity during
maintenance and recycling. At the same time, combined with edge chamfering and strategic
lightweight milling design, the material consumption can be further reduced without
affecting rigidity, and the environmental protection and manufacturability of the structure

can be improved.
Detachable design based on assembly characteristics

While improving structural efficiency, simulation data also provides valuable reference for
enhancing maintainability and scrap recycling performance. The von Mises stress
distribution diagram (Figure 34) shows that the stress is concentrated in the transition area
between the bolt hole and the cavity, while the stress level in the outer base area is low (<1.5
MPa). Therefore, we choose these low-stress areas as the installation locations for non-

permanent fastening mechanisms, such as shap-on structures, fastening screws, or



48

standardized tool-free fasteners. Figure 34 shows stress concentration areas suitable for
placement of detachable connections, thereby improving post-scrap recyclability.

Unit: MPa
Time: 1s

1.4288 Max
. 1.2701
1.1114
0.95275
0.79406
0.63537
0.47667
0.31798
l 0.15929

0.00059483 Minimum

0.00 30.00 60.00 (mm)

15.00 A5.00
Figure 34. Von Mises stress distribution with a péak value of 1.4288 MPa. The stress is

mainly concentrated near the fastener area, and the flat outer plane has the lowest stress.

The strain diagram (Table 13) further verifies the stability of these fastening points in terms
of mechanical deformation, ensuring the performance reliability of the product throughout
its life cycle. Table 13 shows the resonator modal frequencies and their corresponding

deformation modes based on FEA analysis.

Table 13. Summary of modal frequencies and corresponding deformation characteristics

(based on 1060 aluminum resonator)

First-order mode shape (Frequency: Second-order mode shape (Frequency:
44,289 Hz) 46,660 Hz)

Frequency: 44289 Hz
Unit:mm

Frequency: 44289 Hz
Unit:mm

1893.5 Max
. 1683.1
1472.7
1262.3
1051.9

m 841.54

631.16
420.77
I 210.39

0.00 30.00 60.00 (m

15.00 45.00 0.00 30,00 60.00
15.00 4-5,00

1893.5 Max
. 1683.1
1472.7
1262.3
10519
E 841.54
631.16

42077
I 210.39
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Third-order mode shape (Frequency:
51,299 Hz)

Fourth-order mode shape (Frequency:
57,749 Hz)

roquency- 51299 Hz

Unit:mm
1102.2 Max

. 979.71
857.25
73478

w 61232

= 489.85
367.39
24493

I 122.46

20.7 Max
1174

1027.2
88047
73372
8 586.98
44023
29349
146.74

30.00 60.00| 0.00 30.00 60.00 (mm)

45.00

0.00

1500 A< nn

15.00

Fifth-order mode shape (Frequency:
57,751 Hz)

&

0.00
—
15.00

Sixth-order mode shape (Frequency: 61,727
Hz)

Frequency: 57749 Hz Frequency: 61727 Hz

Unit:mm

1320.8 Max
. 11741
10273
880.54
73378
M sg7.03
44027

293.51
I 146.76

1159.9 Max
a 1031
902.14
773.26
644.38
515.51
386.63

257.75
I 128.88

30.00 60.00 (mm)

30,00

45.00

60.00 (mm)

15.00

Finite element analysis (FEA) was used to simulate the first six vibration modes of a 1060
aluminum resonator. Results show distinct deformation modes at each frequency level,
ranging from localized edge warping (first mode at 44,289 Hz) to more complex cavity wall

motion and fillet deformation at higher modes (up to 61,727 Hz).

Critical deformation zones are consistently located in geometric transitions, around
mounting holes, and in the connecting bridge region, highlighting their sensitivity to
resonance. Notably, higher-order modes exhibit increasing structural complexity and modal

coupling, highlighting the need for careful modal control.

These findings validate the effectiveness of design strategies such as filleting and cavity
milling in reducing vibration and improving modal stability. Combining modal analysis with
lightweight structural design ensures the mechanical reliability and environmental

adaptability of resonators in ultra-high frequency applications.
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4 Discussion - toward scalable green filter design

Focusing on the research questions raised in Chapter 1, this chapter conducts a
comprehensive analysis and critical interpretation of the research results. On this basis, it
further explores its theoretical significance and engineering application value in green
manufacturing, material substitution, and product life cycle management, providing ideas

for subsequent research and industrial implementation.

4.1 Summary of Key Findings

Through a multi-criteria weighting system and simulation validation, 1060 aluminum (for
resonators), brass C26000 (for tuning screws), and 304 stainless steel (for shields) were
identified as the best materials, taking into account performance, sustainability, and

machinability.

Sustainable Structural Design ANSYS Stress Simulation, Targeted Lightweighting (e.g.,
pockets in low-deformation areas) and Modular Design Principles: Based on ANSYS
deformation, strain, and stress simulations, targeted lightweighting (e.g., pocket milling and
chamfering in low-deformation areas) and modular design principles were applied to

significantly reduce material usage while maintaining structural stability.

Disassembly Improvement Fastening features in low-strain areas and using non-permanent
mechanical connectors: Placing fastening features in low-strain areas and using non-
permanent mechanical connectors enhances maintainability and recyclability without

compromising mechanical integrity.

Using R-Strategy for Life Cycle Coordination Alignment of R-Strategy Principles:
Incorporating R-Strategy principles (Reduce, Reuse, Recycle, Remanufacture) into the
SolidWorks Sustainability Assessment reveals the different environmental impacts of key

components and provides informed component-level eco-design decisions.
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4.2 Comparison and Connections with Former Research

Table 14 compares the differences between this study and previous studies in terms of

methodology, innovation, and scope of sustainability integration. Improving the above

comments

Table 14. Comparison and Connections with Former Research

Comparative Characteristics of previous Innovation and extension of this study
dimension studies
Material Mentioned the feasibility of hrough MATLAB scoring model and SolidWorks
selection environmentally friendly environmental simulation, the thermal-mechanical
materials (such as aluminum performance and recyclability of materials were
alloy, brass, etc.), but lacked quantitatively analyzed and ranked
quantitative verification
Life cycle Mostly uses qualitative analysis, Introduced SolidWorks Sustainability module,
assessment lacks detailed life cycle data combined with LCA to quantitatively evaluate core
method support environmental indicators such as carbon footprint,
energy consumption, and water eutrophication
R-strategy nly partially adopts strategies Construct a three-layer mapping model of
(circular such as "recycling”, lacks a "structural function-environmental indicator-
economy) complete RO-R8 strategic resource strategy" to form an operational
application framework mapping component-level green design decision matrix
Structural Focuses more on Based on finite element analysis (FEA) and
improvement electromagnetic property ANSYS simulation, proposes lightweight,
method improvement, less on detachable, modular and other design strategies to
mechanical structure improve maintainability and recyclability
improvement

4.3 results presented

The results of this study provide a comprehensive demonstration of how sustainability

principles can be effectively integrated into the mechanical design and material selection of
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an ultra-high frequency bandpass filter. By combining MATLAB-based material scoring,
SolidWorks Sustainability assessment, and multiphysics simulation (FEA and thermal

analysis), the study identified the best materials for each key component—21060 aluminum

alloy for the resonator, brass C26000 for the tuning screw, and 304 stainless steel for the
shield. These materials were selected based on their excellent thermomechanical properties,

recyclability, and environmental impact performance.

In addition, structural improvement strategies such as chamfering, cavity milling, and
modular assembly were validated through simulation and confirmed to significantly reduce
material usage, thermal stress, and deformation without compromising performance. The
integration of the R-strategy evaluation matrix also supports circular design decisions for
specific components, aligning material and structural selection with lifecycle sustainability

goals.

4.4 Topics for Future Research

Al-driven research paradigm:

Use large language models such as GPT-40 to automatically generate literature review
outlines to improve research efficiency. Develop a digital twin platform for materials,
processes, and performance to achieve virtual verification of the entire process from design
to manufacturing. Sustainability dimension expansion: Introduce a carbon footprint tracking
system (such as LCA software OpenLCA) to quantify carbon emissions throughout the filter
life cycle. Develop a recyclability assessment model (such as the ReCiPe method) to
improve material selection to improve product recycling rate. Through the above
improvement, this study not only achieves a balance between scientificity and practicality in
methodology, but also provides a scalable technology roadmap for the miniaturization, high

performance, and greening of future high-frequency filter technology.
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5 Summary - contributions and strategic implications

In the context of increasingly urgent environmental protection needs today, this paper
focuses on the design and manufacturing of ultra-high frequency (UHF) bandpass filters,
and is committed to deeply integrating sustainable engineering principles and circular
economy strategies into it. Traditional RF component design often ignores environmental
impact and resource utilization efficiency. This paper aims to break this limitation and build
an environmentally friendly and efficient RF component design framework. With the goal
of achieving sustainable development, this framework starts from the source of design,
provides new ideas and methods for the green development of RF components, and helps

the industry transform towards a more environmentally friendly and sustainable direction.

The research focuses on three core aspects: material selection, life cycle assessment, and
mechanical structure improvement. In terms of material selection, environmentally friendly
and performance-matched materials are explored; through life cycle assessment, the
environmental impact of products at all stages from raw material acquisition to scrapping is
comprehensively analyzed; the mechanical structure is improved to improve product
performance and reliability. In this way, a comprehensive green design solution is proposed
to effectively reduce carbon emissions, improve resource utilization efficiency, and extend
product life, and promote sustainable development in the field of ultra-high frequency

bandpass filter design and manufacturing.
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Appendix 1. CAD Drawing Created Using SolidWorks

4 2 1
—H
number Part name Material number

1 Resonator Alurninum 1060 1

2 Tuning Screws Brass UNS C24000 2

3 Fixing Screw Brass UNS C24000 4

4 Shielding Case 304 Stainless Steel ($30400) 1

5 Fixing Screw 2 Brass UNS C24000 4 =

6 Fixing Nut Brass UNS C26000 4
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Figure 35. Technical drawing of the UHF bandpass filter assembly
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Figure 36. Technical drawing of the Resonator.
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Figure 37. Technical drawing of the Shielding Case.
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Figure 38. Technical drawing of the Tuning Screws



Appendix 2. Literature synthesis matrix academic references full

diagram

Figure 39. Literature synthesis matrix academic references full diagram.



