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This thesis studied the manufacturing plan and construction materials for the milling of 

mechanical parts of a Ku-band comb line bandpass filter. A large focus was made on 

maintaining accurate and reliable information, and to this end a triangulation method was 

followed. This included a dedicated expert interview where specific questions were 

answered by an expert in a relevant field. Material alternatives such as ALUMEC® 

aluminium alloys were explored, but Al-6061 with a T6 temper to improve surface 

requirements was selected. Regarding DFM, The SolidWorks DFMXpress module was 

used, revealing that many parts failed several manufacturing process rules, however 

DFMXpress gives generalised rules to manufacturing parts, which will not necessarily 

indicate real-world performance and could result in failure of the device. Furthermore, 

SolidWorks CAM was used to create manufacturing plan for the device, resulting in a total 

machining time of 46 minutes and 42 seconds. Future research on the device could involve 

possible substrates, alternative or more advanced machining methods, such as SLA 3D 

printing, as well as improvements to SolidWorks CAM processes.   
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μm metric unit of measure [micrometre] 

Ω electrical resistance [ohm] 

λ wavelength  [lambda] 

 

Abbreviations 

Al Aluminium 
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IPS Inch, Pound, Second 
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Mg Magnesium 

MMGS Millimetre, Gram, Second 

RF Radio Frequency 
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1. Introduction 

Radiofrequency (RF) devices are essential components in modern communication and signal 

processing systems. Operating across a broad range of frequencies, these devices are used to 

generate transmit, receive, and manipulate electromagnetic signals, with numerous 

applications ranging from wireless communication and radar to medical imaging and 

electronic warfare. Within these applications, RF components such as amplifiers, mixers, 

oscillators, and filters play a crucial role in ensuring signal integrity, reducing noise, and 

isolating desired frequency bands. Ku-bands, for example, are primarily used in satellite 

communications, operates between 12-18 GHz.  

Among these devices, bandpass filters (BPF), a type of microwave filter, work by allowing 

frequencies within a specific range to pass through while attenuating (reducing the amplitude 

of) signals outside this range (Sharif, Smadi and Faouri, 2019). The device visualised in 

Figure 1, the subject of this thesis, is a comb line bandpass filter operating at 14 GHz. The 

term comb line derives from the multiple resonator pins arranged in a comb-like fashion, 

with each of these pins tuned to resonate at a specific frequency.  
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Figure 1: Comb line bandpass filter 

Comb line band pass filters frequently use quarter-wavelength (λ/4) resonators, and these 

resonators are designed to resonate at specific frequencies, creating the desired passband for 

the filter (F. Cheng et al., 2012). In this style, each pin acts as a quarter-wavelength resonator 

tuned to a specific frequency. The spacing and placement of these pins are crucial, as they 

determine the coupling coefficient, which controls how much energy is transferred between 

adjacent resonators and thereby influences the filter’s bandwidth and passband shape (Jen-

Tsai Kuo and Huei-Ping Lin, 2009). The specific device studied in this case is a fifth-order 

bandpass filter, where the term “order” indicates the number of resonant elements (or 

resonators) used in the filter design, which in this instance is five.  

1.1. Background and motivation 

Comb line bandpass filters are designed to be compact, and as a result, these types of filters 

are widely used in RF and microwave applications due to their compact size and high 

performance. This device in particular is part of a broader research initiative with 

Lappeenranta-Lahti University of Technology, with the specific details of its exact 

application beyond the scope of this thesis. The device is currently in active use and will be 

returned to service upon completion of the thesis work.  



11 
 

 

Moreover, the DFMA (Design for Manufacturing and Assembly) approach is a systematic 

process of weighing cost, efficiency, and ease of assembly of products throughout the 

fabrication process. This process comes from the blending of two techniques, DFM (Design 

for Manufacture) and DFA (Design for Assembly), which consider aspects of the fabrication 

of parts, and the cost and time associated with product assembly, respectively (Antony and 

Arunkumar, 2020). These aspects typically include cost reduction throughout the product’s 

design stages, maintaining product robustness by ensuring compromises do not affect 

product quality, and improving efficiency during assembly.  

From an academic perspective, research on RF filters, such as the mentioned bandpass filter, 

is crucial for streamlining the production process, reducing costs, and improving the overall 

quality of these filters. This thesis aims to address the need for cost-effective and time-

efficient manufacturing methods in the industrial sector. 

1.2. Objective 

The primary objective of this thesis is to investigate and optimise the mechanical design and 

manufacturing processes for the milling of the Ku-band comb line bandpass filter operating 

at a frequency of 14 GHz, visualised in Figure 1. The focus will be on balancing high 

manufacturing quality, appropriate dimensional tolerances, geometric accuracy, and 

material selection with the principles of Design for Manufacturing and Assembly (DFMA) 

as defined in this thesis. This includes addressing challenges related to assembly, efficient 

component alignment from a production perspective, and productive machining methods. 

Regarding electrical performance evaluation, this process is typically conducted by radio 

professionals using specialised equipment, which I do not have access to and is not required 

within the scope of this thesis. Therefore, electronic performance testing and any additional 

internal components aside from the monolithic resonator pins required for the function of 

this device are outside the scope of this study. 

1.3. Research problem and research questions 

The design and manufacturing of a Ku-band comb line bandpass filter requires an 

exceptionally high degree of mechanical precision to ensure optimal electrical performance 

in the real world. This thesis project focuses on the manufacturing plan, DFMA analysis, 
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and material selection for the mechanical parts of the device, emphasising both dimensional 

and geometrical tolerances. The resonator pins, crucial for the filter’s proper function, must 

be machined with a tolerance of ±0.01 mm/0.0004 inches while maintaining sharp-edged 

roots, but without compromising efficient fabrication, presenting a significant 

manufacturing challenge. Additionally, the positioning of tuning mechanisms and 

standardised mounting holes must be precise to ensure assembly accuracy and compliance 

with ideal performance requirements.  

Material selection plays a crucial role in determining the filter’s structural integrity and 

machinability. Another key challenge is optimising the manufacturing process to balance 

accuracy, efficiency, and cost-effectiveness. Machining techniques such as milling, drilling, 

and alternative precision manufacturing methods must be explored to determine the most 

suitable approach for producing the chassis and resonator pins. The position of auxiliary 

holes must be strategically analysed to ensure ease of assembly, structural integrity, and 

streamlining, without unnecessary complexity.  

From an assembly perspective, aligning and integrating components while ensuring long-

term stability is vital, raising questions about screw standardisation and potential soldering 

requirements. Additionally, given the potential international compatibility of this device, 

standardisation of tolerances and other facets of the BPF in both US (imperial) and metric 

units should be addressed.  

The primary research question is: what are the optimal machining processes, material 

selections, and assembly design considerations necessary to ensure the required tolerances 

and manufacturability of a 14 GHz comb line bandpass filter while maintaining efficiency 

and cost-effectiveness? Additionally, what are the key considerations for achieving high 

manufacturing quality in a 14 GHz comb line bandpass filter design? 

  



13 
 

 

1.4. Research methods 

The research methods for this thesis will be followed as outlined to ensure reliable methods 

and a robust structure. Combining these methods with reliability analysis will facilitate the 

process.  

Figure 2: Flowchart for information searching 

The flowchart in Figure 2 is designed to visualise the triangulation process, making it easier 

to use during information searching, and when incorporating new additions into the thesis. 

This approach ensures that the most current information is used effectively and helps 

maintain the reliability of the thesis.  

1.5. Expected contribution 

This bachelor’s thesis aims to develop a comprehensive manufacturing plan that optimises 

key aspects of DFMA, with a focus on achieving highly efficient mechanical design for band 

pass filters and precise dimensional tolerancing expectations. It aims to identify and address 

specific challenges related to milling and assembly, including how best to assure efficient 

component alignment and the optimisation of toolpaths to reduce machining time and 

eliminate unnecessary operations. Through this, it will demonstrate how DFMA principles 

can be effectively integrated with milling technique to enhance manufacturing efficiency.  
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2. Methodology 

In this chapter, methods used to solve the thesis are presented. The methods described use 

an unbiased approach to information searching and revisions. This is to ensure that the thesis 

will be completed thoroughly and according to the demands of the given prompt, and 

especially, to a high degree of accuracy and reliability. Figure 3 below shows a visiualised 

interpretation of this method.  

 

Figure 3: Applied triangulation 

This triangulation method shown above will be used throughout the thesis procedures, 

ensuring that decisions are not made without checks, and to prevent inaccuracies and 

inconsistencies while processing information.  

2.1. Expert interview 

To enhance students’ comprehension of a particular device or component of the device they 

were reviewing, the university arranged for a specialist consultation in the form of an expert 

interview. The specialist has over three decades of expertise in the domain of microwave 

and radio frequency systems.  
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Prior to the session, each student was instructed to formulate a specific question for the 

expert to answer. The intention was to ask a question which could not otherwise be 

researched and required expert opinion or guidance. Throughout the discussion, participants 

were encouraged to document responses not only to their own questions, but also to those 

posed by their peers. Some students wrote handwritten notes, while others made recordings 

of the conversation. In this thesis, the recording was used to maintain the most accurate 

recount of events and information shared during the expert interview. Collaborative learning 

was further encouraged by promoting students to exchange insights and explanations 

provided during the session, facilitating a shared understanding of subjects regarding 

material selection and signal processing functions in microwave mechanisms.  

The question that was asked regarding the BPF was twofold: what impact do the number and 

size of the screw and auxiliary holes have on the overall design and functionality, and can 

their quantity be minimised without compromising the performance of the device? 

2.2. Literature research 

A central component of this research will be the comprehensive review of existing literature. 

This process involves sourcing and analysing information from both scientific databases and 

reputable commercial websites. The insights obtained will be critically compared with data 

and insights gathered from the expert interview, as well as guidance provided by academic 

supervisors and faculty members. Key areas of focus in the literature review include 

• Principles of Design for Manufacture and Assembly (DFMA)  

• Systematic approaches to material selection 

• International manufacturing standards and tolerances 

• Applicable milling tool material and geometry  

• Appropriate milling directions 

• Standardised components such as the SubMiniature version A (SMA) connector, 

busher, fine-tuning screw, and locking nut 

This structured approach and methodology will support a well-informed understanding of 

how to effectively and efficiently manufacture the Ku-band band pass filter from a DFMA 

standpoint. Furthermore, the sue of reliable and credible sources will enhance the overall 

quality and academic robustness of the research.  
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2.3. CAD model 

The Computer-Aided Design model (CAD) is developed to provide a practical 

representation of the device under investigation, enabling its features to be evaluated in 

relation to DFMA principles and techniques. This digital model will also support the 

visualisation of the device and practical challenges that emerge, for example, that must be 

considered in the manufacturing stages. From this model, a manufacturing plan will be made.  

2.3.1. Taking measurements 

There shall be a dedicated measurement day, where pictures of the device and its components 

(e.g. screws, SMA connector, fine-tuning screw, busher, and locking nut) can be taken to 

verify aspects of the device, such as imperfections. On this day, the students are given the 

opportunity to disassemble the device to become familiar with the assembly of the device, 

including the joining methods such as screws, cavities, imperfections, and other key 

geometry.  

Measurements of the dimensions of the device will be taken using a vernier calliper, which 

is an effective tool for measuring the intricate shape of the BPF being studied, because it is 

able to reach deep into hole interiors as well as measure cavities and general dimensions. To 

ensure accurate findings, each measurement will be validated three times, and if additional 

measurements must be taken to confirm dimensions, the tool is readily accessible, and able 

to be efficiently calibrated for accurate results. This method will be used to gather 

information about the geometry of the device, which will be used to update the SolidWorks 

model.   

2.3.2. Creating SolidWorks model, and utilisation of DFM and CAM modules 

The CAD model for the filter will be made using SolidWorks, as the licence is available to 

students of Lappeenranta-Lahti University of Technology. This is well-known software, 

which should facilitate accurate modelling and documentation. Because the application of 

this device is likely in the United States, extra measures will be taken to make the 

documentation applicable from imperial standards first and foremost, and compatible with 

metric standards for global usage. Standards must be chosen to ensure that manufacturing 
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methods and tolerances are compatible with both imperial and metric units and systems. This 

requires careful consideration from a DFM perspective to achieve the best results.  

Additionally, the SolidWorks DFM module will be used to assess manufacturability of the 

BPF, from a Design for Manufacturability perspective. Furthermore, the manufacturing plan 

for the device, including tool paths machining times, will be created using the SolidWorks 

CAM module.  

2.4. Means to carry out reliability analysis 

This section identifies tools and methods used to produce this thesis reliably and sensitively, 

utilising multiple routes of corroboration, shown in Table 1. This description is intended to 

facilitate reproduction of this thesis, allowing others to replicate findings or improve the 

processes discussed.   

Table 1: Reliability analysis methods and parameters 

 

Triangulation method Reliability analysis

Expert Interview The expert is selected by Lappeenranta-Lahti 

University of Technology. This experted shall have 

experience in a relevant field, and is able to answer 

questions adjacent to the devices in question from 

experience with devices, or devices similar. Students 

will ask questions, and are encouraged to ask follow-

up questions. 

Literature review Information will be sourced from reliable, peer-

reviewed journals that meet the standards of 

Lappeenranta-Lahti University of Technology. 

Searches will be conducted through reputable 

databases, such as the university's own LUT Primo, 

as well as Scopus, IEEE, and ProQuest, for example. 

The credibility of each source will be critically 

evaluated according to reliability, validity, sensitivity, 

error analysis, accuracy, and saturation. Source 

reliability will be assessed using metrics such as GRS 

(Globabl Rating Scores) and SNIP (Source 

Normalised Impact per Paper), as well as other 

applicable scores. 

SolidWorks model 

accompanying DFM 

and CAM analyses

Familiar CAD software (SolidWorks) shall be used to 

minimise errors and support the investigation of 

design solutions and methodologies
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The provided template shown in Table 1 will aid in the gathering of information in a reliable 

manner, by weighing credibility of potential sources. It will also be assessed against the 

triangulation shown in Figure 3. These methods help verify the validity, reliability, accuracy, 

sensitivity, and saturation of the information acquired.  

Furthermore, an analysis method wherein each reference is examined by comparing source 

reliability to relevancy of research questions shown in Section 1.3 will be compiled, 

combined with a statement of observations from the source that will be used to answer the 

questions. The template used for this method is presented below in Table 2, and the finalised 

table with all relevant sources and observations is included in Appendix 6.  

Table 2: Source materials analysis tool  

 

  

Research Question Reference Source Reliability Summarised observations

Q1: 

Q2: 

Q3: 

Q4: 

Qn: 

Source material analysis tool
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3. Results 

The following section presents the key findings obtained from the procedures described in 

the methodology section, with particular attention to the reliability analysis shown in Table 

1 and considerations for sensitivity analysis. It covers essential aspects such as the principles 

of DFMA from both literature and practical perspectives, the selection of materials and 

standards to support these principles, acceptable milling directions and cutting tools to 

ensure efficient manufacturability, and the resultant outputs from computer-aided design and 

manufacturing software.  

3.1. Expert interview 

To the questions explained in Section 2.1, the expert, Pekka Eskelinen, had kindly answered 

the following: reducing screws is not ideal; the screws help keep the device sealed, 

maximising electrical performance. Moreover, tuning screws must be very carefully 

measured and described properly in documentation using dimensional tolerancing.  

3.1.1. Material selection 

The expert had also indicated their experience with a similar bandpass filter, which was 

made of aluminium. Gold plating for electrical shielding was also alluded to, but is not 

relevant to my device because the exact application of this particular BPF is unclear, nor is 

it within the scope of this thesis prompt. Additionally, it was encouraged by the thesis 

supervisors to not discuss electrical shielding considerations.  

3.1.2. Milling direction 

It was also emphasised that milling direction is critical to ensure that, for example, the 

resonator pins remain sharp-edged. Additionally, screw placement is not meant to be 

continuous, and to this end, shall be measured carefully to ensure exact placement 

(Eskelinen, P., 2025) 
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3.1.3. Uniform connection 

From the expert interview, it also became apparent that ensuring uniform connection and 

securing the assembly is crucial, and while weight reduction is important in modern designs, 

screws remain necessary weight especially in this BPF filter, because other joining methods, 

such as welding, would not be suitable.  

3.1.4. Standardisation of components 

The expert emphasised that standardisation of components is helpful with regard to easing 

manufacturing processes, and that certain components, for example output connectors, 

should be purchased instead of machining. To this end, the Ku-band comb line bandpass 

filter requires assembly and tuning screws, washers, and other mechanisms and standardised 

connectors, such as the SMA panel mount connector, which should all be standardised to 

reduce cost and manufacturing time (Eskelinen, P., 2025). 

3.1.5. Cost of production 

Typically, the highest cost-amounting facet of production is labour costs, including assembly 

and performance measurement. This is why it is important to consider how the device will 

be assembled and to review this from a production perspective, to reduce time and costs 

(Eskelinen, P., 2025).  
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3.2. Literature research 

Literature research was conducted to answer the research questions, following the steps 

explained in the methodology section. This approach was chosen because existing studies, 

technical documentation, and industry standards provide essential context, validate design 

decisions, and help identify best practices relevant to the manufacturing and mechanical 

design challenges addressed in this thesis.  

3.2.1. Principles of DFMA 

The aim of incorporating DFM and DFMA principles in fabrication is to strengthen the 

connection between manufacturing and design, lower development costs and time, enhance 

reliability and product quality, speed up lead times, improve efficiency, and to better meet 

customer demands (Eskelinen, H. and Eskelinen, 2003).  

To meet these goals, designers typically rely on strategies such as standardisation, reducing 

the number of components, and creating assemblies that can be put together from a single 

direction. Meanwhile, manufacturers aim to reach these objectives by focusing on flexible 

manufacturing systems, the adoption of automation, the implementation of multiprocessing, 

and the development of adaptable fixating solutions (Eskelinen, H. and Eskelinen, 2003). 

Although the designer and the manufacturing teams aim for the same goals, there is often a 

disconnect between these teams that tends to hinder effective collaboration. This divide 

generally arises from three key factors. First, designers often focus on modular construction 

and standardisation, but primarily from a functional standpoint, and without fully 

considering how these modules align with manufacturing processes, and as a result, 

manufacturing requirements are frequently overlooked (Eskelinen, H. and Eskelinen, 2003). 

On the other side, manufacturers work to improve production equipment and efficiency, 

proposing changes to make processes more flexible, which are typically driven by equipment 

capabilities rather than by the needs of the product or its fabrication (Eskelinen, H. and 

Eskelinen, 2003).  

Secondly, organisational structures often as a barrier to effective collaboration between 

designers and manufacturers, as traditional team setups may not encourage open 

communication of joint problem-solving. To address this, many researchers advocate for 
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cross-functional teams, collaborative work environments, and interdisciplinary approaches 

that bring together expertise from both design and manufacturing, which aim to improve 

interaction and align efforts toward shared goals (Eskelinen, H. and Eskelinen, 2003). 

However, this gap is further widened by shortcomings in engineering education; many 

design engineers, particularly in specialised fields, are trained primarily in design theory and 

computer-aided tools, with limited exposure to practical manufacturing processes. As a 

result, they may struggle to design products that are efficient and feasible to produce, and 

without improved organisational collaboration and a stronger manufacturing foundation, it 

becomes difficult to fully realise the advantages of DFM/DFMA, such as reduced costs, 

faster production, and higher product quality (Eskelinen, H. and Eskelinen, 2003).  

 

Figure 4: Computer-aided DFM/DFMA to enhance manufacturing capabilities (Eskelinen, 

H. and Eskelinen, 2003) 

Lastly, the global nature of product development adds significant complexity to 

collaboration between design and manufacturing teams. When design, manufacturing, 

assembly, and marketing occur in different countries, this geographical fragmentation 

complicates communication and coordination, making it challenging to ensure that designs 

are manufacturable and products meet quality and delivery expectations across diverse 

markets, as described in Figure 4 (Eskelinen, H. and Eskelinen, 2003). Computer-aided DFM 
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software was created to bridge this gap caused by global differences, facilitating the 

detection of manufacturing issues early and suggesting solutions, enabling designers and 

manufacturers to work in parallel, regardless of location (Eskelinen, H. and Eskelinen, 

2003).  

3.2.2. Guidelines for systematic material selection 

Some of the most important aspects to consider when selecting materials for milling are the 

properties of the material. These included the strength, hardness, thermal stability, as well 

as surface roughness. Additionally, the materials must also balance the following general 

criteria: cost efficiency, performance, and especially machinability.  

From the expert interview, it became apparent that aluminium would be a suitable starting 

point. To this end, I researched several grades and alloys of aluminium 6xxx series, a 

wrought aluminium-magnesium-silicon (Al-Mg-Si) alloy that are known for their good 

mechanical properties, including tensile strength formability, and corrosion resistance (Gao 

et al., 2024). Moreover, these alloys are heat treatable (Kalpakjian, Schmid and Musa, 2010). 

Due to these favourable qualities, aluminium 6xxx series alloys are used in a wide variety of 

industries, including aerospace, automotive, and consumer electronics applications (Schulz 

et al., 2011)(Eskelinen, P., 2025). Aluminium grade 6061-T6 in particular is known for its 

high strength and hardness, especially due to the T6 tempering process (Toh and Kanno, 

2004) (Ranjith Kumar et al., 2021).  

 

 

Figure 5: Al-6061 bulk microstructure at 

×1000 magnification (Toh and Kanno, 

2004) 

 

Figure 6: Al-6061 microstructure after T6 

temper at ×1000 magnification (Toh and 

Kanno, 2004) 
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Tempering significantly enhances the mechanical properties of the metal, as can be seen in 

Figure 5 and Figure 6, respectively, making it more suitable for applications that require 

high strength and hardness (Rahmati, Sarhan and Sayuti, 2014). The coarse microstructure 

of 6061-T6 can influence its surface finish, potentially causing variability throughout 

machining (Toh and Kanno, 2004) (Abou-El-Hossein, Olufayo and Mkoko, 2013). 

However, this surface roughness can be enhanced by using suitable cutting tools and 

parameters, such as carbide tools (Kalpakjian, Schmid and Musa, 2010).  

Table 3: Microstructural changes and hardness of machined surfaces (Pimenov et al., 2023) 

 

Furthermore, aluminium and its alloys, including 6061 alloys, are easier to machine than, 

for example, steel or bronze due to low cutting forces and high ductility, and produce lower 

tool wear (30-40% less than steel alloys) because of this, which contributes to longer tool 

life and lower machining costs (Pimenov et al., 2023). This can be visualised in Table 3 

above.  

An alternative to aluminium 6061 alloys is ALUMEC®, a globally recognised range of 

specialised commercial aluminium alloys, which consists of four primary variants:  

ALUMEC 79, ALUMEC 89, ALUMEC 99, and ALUMEC HT. These alloys are known for 
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their outstanding machinability, which allows for high cutting speeds without warping, 

shorter machining times, reduced tooling expenses, and quicker turnaround times 

(Eskelinen, H. and Eskelinen, 2003).  

3.2.3. Standards selection 

In precision engineering and manufacturing, maintaining the intended function and fit of 

components is essential for product reliability and performance. Achieving this, naturally, 

requires careful control over variations that occur during production. Geometric and 

dimensional tolerancing (GDT) plays a crucial role in this context, as it directly influences 

part functionality by controlling deviations during manufacturing and assembly. By 

specifying precise tolerances, GDT ensures that components align properly and perform as 

intended within the assembled product (Cao, Liu and Yang, 2018). Additionally, by carefully 

selecting and properly adhering to tolerances that marry manufacturing efficiency with 

performance requirements, manufacturers can optimise the balance between cost and 

product quality by reducing expenses that result from unnecessary precision while 

controlling critical features that may affect product quality (Hu and Peng, 2007).  

For this thesis, standards were selected to ensure that their manufacturing methods and 

tolerances are compatible with international systems and clearly interpretable by 

manufacturers, thereby promoting efficiency. The ISO (International Organization for 

Standardization) is a globally recognised body that develops international standards to 

ensure consistency, safety, and quality across numerous industries. It outlines standards 

according to manufacturing needs to promote uniformity and compatibility in production 

processes worldwide. For example, ISO 2768, outlines standards for general tolerances of 

linear and angular dimensions, and general tolerances for geometrical characteristics 

according to its sections ISO 2768-1 and ISO 2768-2, respectively.  
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Table 4: ISO 2768-1 linear dimension tolerance class designation (Peng, 2024) 

 

As shown in Table 4, ISO 2768-1 aims to streamline the representation of tolerances on 

technical drawings by defining general tolerances across four classes: fine (f), medium (m), 

coarse (c), and very coarse (v). It covers linear and angular dimensions, including external 

and internal sizes, steps, diameters, internal and external radii, distances, and chamfer 

heights (LEADRP, 2022).   
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Table 5: ISO 2768-2 general straightness and flatness tolerance class designation (Peng, 

2024) 

 

On the other hand, ISO 2768-2 is intended to simplify documentation by establishing general 

geometric tolerances within three tolerance classes: in descending order of tightness, H, K, 

and L. This standard specifically addresses tolerances related to flatness, straightness, 

cylindricity, and circularity (LEADRP, 2022). The tolerance guides for straightness and 

flatness can be seen in Table 5 above. For example, the ISO 2768-mK classification 

represents a “medium” tolerance grade, which indicates precise tolerances that effectively 

balance product quality with cost-efficiency. It allows for the application of general 

tolerances that are not excessively strict, helping to simplify the design and manufacturing 

process. At the same time, it provides flexibility to define critical features individually with 

tighter tolerances when necessary, ensuring functionality without unnecessary 

manufacturing complexity or expense.  
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3.2.4. Acceptable milling directions 

Selecting the right cutting tool is crucial for achieving the sharpest corners on the resonator 

pins of the filter. Sharp edges can be produced by using the correct tool geometry along with 

a suitable tool path, although this approach may not always be the most efficient in terms of 

the cutting process; there are different optional tool path options and tools that can be tested 

to make the critical edges, which are discussed below. 

3.2.5. Cutting direction  

From a DFMA standpoint, right hand tools (those with cutting edge that rotate clockwise) 

are typically favoured because they align well with conventional machine configurations, 

support efficient material removal, and provide stable cutting conditions (Tormach). 

However, left-hand tools may be more suitable in certain cases, such as when reversing 

cutting forces helps minimise stress on the workpiece or enhances surface quality. 

Ultimately, tool selection should be guided by the specific machining task and the properties 

of the material being processed (Tormach).  

3.2.6. Face and end milling 

Face milling and end milling tools are some of the most common Computer Numerical 

Control (CNC) machining tools. The terms face and end milling refer to the orientation of 

the cutting tool relative to the workpiece and the type of surface being machined. Face 

milling tools are specifically designed for efficient machining of broad, flat surfaces. 

Compared to end mills, they typically feature a larger cutting diameter, which enables them 

to engage more surface area over a single pass (Unionfab, 2024). These tools are typically 

equipped with multiple replaceable cutting inserts, allowing operators to maintain cutting 

performance without replacing the entire tool (Unionfab, 2024). 
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Figure 7: Face milling process (De Naoum and Lichtig, 2024)  

Face mills are well-suited for fast, high-feed machining where their larger diameter and 

significant cutting forces demand a stable, rigid setup to ensure precision and surface quality 

(Unionfab, 2024). Face mills primarily cut across the surface (face) of the workpiece, as can 

be visualised in Figure 7, making them well-suited for producing flat finishes. Their design 

not only facilitates high-speed machining but also allows for the removal of large material 

volumes quickly by engaging a wide cutting area and generating larger chips, resulting in 

increased productivity (Unionfab, 2024). As a result, they are especially effective for 

achieving smooth, consistent finishes on wide, even planes (Unionfab, 2024).  

 

Figure 8: End milling process (De Naoum and Lichtig, 2024) 

On the other hand, end mills are characterised by their helical cutting edges (flutes), which 

enable them to cut along the sides, tip, and face of a workpiece. This geometry and path can 

be seen in Figure 8. This design supports high-precision machining on complex geometries 

(Unionfab, 2024). Offered in a variety of shapes, sizes, and tip styles (for example, ball-
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nose, square-end, and corner radius variants), end mills can be selected to suit specific 

milling tasks and design requirements (Unionfab, 2024). 

Because end milling tools are designed to remove smaller volumes of material with each 

pass, end mills provide enhanced precision and are well-suited for operations such as 

slotting, pocketing, and contouring (Unionfab, 2024). The smaller chips produced by these 

tools during cutting improves control and reduce the risk of tool deflection, which is crucial 

for maintaining accuracy in delicate areas (Unionfab, 2024). Their versatility and ability to 

deliver fine finishes on complex surfaces makes end mills particularly suitable for 

applications demanding precision and high surface quality (Unionfab, 2024).  

3.2.7. Drilling, tapping, and countersinking 

CNC drilling is a computer-controlled machining process that uses a rotating drill bit to 

create precise, consistent holes in a workpiece. By automating the movement and boring of 

the drill bit through computer programming, CNC drilling achieves a level of accuracy and 

uniformity that manual methods cannot match. This precision is critical in fields such as 

aerospace, automotive, and electronics, where even minor deviations can lead to significant 

issues (Ye, 2024). The process is also highly versatile, capable of producing holes in various 

sizes and depths across a wide range of materials, making it suitable for diverse industrial 

applications (Ye, 2024).  

3.2.7.1. Centre drilling 

Centre drilling is a preliminary machining operation that creates a conical indentation to 

accurately guide the drill bit during subsequent drilling processes. 

 

Figure 9: Centre drill (AIMS Industrial Supplies) 
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The general geometry of these tools can be seen in Figure 9. This step ensures proper 

alignment and enhances precision, particularly in deeper or more complex drilling tasks, 

something which is demanded in high-precision fields such as aerospace and machinery 

manufacturing (Ye, 2024). 

3.2.7.2. Twist drilling  

Twist drills, the most widely used drill bits, are suitable for general-purpose drilling on 

various materials and are usually manufactured from materials like high-speed steel (HSS), 

cobalt, or carbide (Ye, 2024). 

 

Figure 10: Geometry of a twist drill (Teimouri and Amini, 2017) 

Their helical shape facilitates effective chip removal and heat dissipation and are adaptable 

to many commonly produced cylindrical hole varieties (Ye, 2024), and can be visualised 

above in Figure 10.  

3.2.7.3. Tapping 

Moreover, tapping is a method used to cut internal threads in the hole of a workpiece so that 

fasteners like bolts or machine screws can be properly secured (McClements and Conniff, 

2024). This is done using a tool known as a tap, which resembles a hard, threaded rod with 

straight or helical flutes that create cutting edges to shape the threads (McClements and 

Conniff, 2024). Depending on the setup, tapping can be performed by hand with a tap 

wrench, or by using machines such as drill presses, dedicated tapping equipment, or CNC 

systems for greater efficiency and accuracy (McClements and Conniff, 2024).  
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Figure 11: CNC tapping centre (Armpre Machinery Co.) 

Automated tapping machines are specialised tools designed to quickly and precisely cut 

internal threads into holes that have already been drilled, using standard-sized taps 

(McClements and Conniff, 2024). An example of such machine is shown in Figure 11. In 

fact, due to CNC tapping machines often using methods such as synchronous rigid tapping, 

a process which involves maintaining synchronisation between the spindle and the Z-axis to 

ensure high accuracy and prevent tool damage and aims to minimise synchronisation errors 

and reduce tapping time while maintaining high accuracy (Chen, Shao-Hsien and Lai, 2022). 

This process can be further improved for efficiency and accuracy by using advanced iterative 

learning control (ILC) algorithms to reduce synchronous errors (Chen, Shyh-Leh, Pan and 

Chou, 2012).  
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Figure 12: Tapping of blind hole (Walter 

AG, 2009) 

 

Figure 13: Tapping of through holes 

(Walter AG, 2009) 

These machines offer accurate control over thread formation, delivering consistent and 

threading across multiple components while improving efficiency compared to manual 

tapping by enhancing tool longevity by minimising mistakes and irregular cutting forces 

that can lead to damage or excessive wear, and efficiency by reducing the operator’s 

involvement to handling part setup and removal (McClements and Conniff, 2024). Unlike 

drilling, which simply creates holes, tapping cuts threads along the interior wall of a hole 

using a tool with multiple cutting edges and straight flutes, which can be seen above in 

Figure 12 and Figure 13. Additionally, in certain situations, dual-purpose “drill-tap” tools 

are used to carry out drilling and threading in one sequence, though these tools are 

generally reserved for non-critical, low-precision tasks because their helical flutes and 

design offer lower precision (McClements and Conniff, 2024). 

3.2.7.1. Countersinking 

Countersinking is a machining process that creates a conical recess in a workpiece, enabling 

screw heads to sit flush with the surface. The geometry created by the countersinking process 

can be seen below in Figure 14.  
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Figure 14: Countersink (McClements and Schadegg, 2024) 

This technique is commonly employed in applications where a smooth, flat finish is 

essential, such as in the assembly of mechanical components (Ye, 2024). By allowing 

fasteners to integrate seamlessly, countersinking improves both the functionality and 

appearance of the finished part (Ye, 2024). 

3.2.8. Improving drilling processes from a DFMA perspective 

From an efficiency and quality perspective, it is important to optimise the design of products 

by designing them with manufacturing and assembly in mind. 

 

Figure 15: Perpendicularity of drilled holes (MakerVerse) 

Some applicable improvements for improving the design of products for drilling processes 

are proposed below:  

• Ensure the drill enters a surface that is perpendicular to the bit for accurate hole 

alignment. This can be visualised in Figure 15 above 
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• Avoid interrupted cuts to maintain hole straightness and prevent drill deflection or 

breakage 

• Use standard angled drill point for blind holes, even when a flat bottom is needed 

• Avoid drilling holes deeper than eight times the diameter due to chip removal and 

accuracy issues. Moreover, specialised drills can reach these deeper holes, but the 

price of these tools can be high, so it is best to avoid them 

• Specify hole locations using rectangular coordinates for milled parts, and use the 

centre as the origin for turned parts 

• Optimising the feed rate enhances the efficiency of chip removal during drilling 

operations 

By considering these factors, it is possible to achieve successful and efficient drilling and 

ensure the functionality of the workpiece (MakerVerse) 

3.2.9. Acceptable milling machines 

Perhaps the most versatile milling machine tools are CNC machines, which are capable of 

all of the processes needed for a complex design such as that of the bandpass filter, including 

milling, drilling, hole tapping, and boring (Kalpakjian, Schmid and Musa, 2010). In today’s 

industry, CNC milling is the primary method used for fabricating bandpass filters, due to its 

balance between precision and cost. For instance, CNC milling machines can achieve tight 

tolerances, often within the range of ±5-10 μm (0.005-0.01 mm) (Koller, Bryerton and 

Hesler, 2018). This precision is crucial for ensuring the performance of bandpass filters, as 

even small deviations in dimensions due to fabrication tolerances could lead to frequency 

and performance degradation in both simulation and experimental settings. CNC milling can 

be cost-effective for small production runs of prototypes, as it eliminates the need for 

expensive and time-demanding production of moulds (Liverani et al., 2023) and allows for 

rapid adjustments to tool paths, facilitating the prototyping phase where multiple iterations 

may be necessary (Frank, Wysk and Joshi, 2004). Moreover, the cost of tool wear and 

maintenance can be mitigated through predictive maintenance using sensors in tandem with 

advanced data analytics and machine learning models (Hesser and Markert, 2019) and 
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optimisation of machining parameters, which can extend tool life and reduce downtime (Li 

and Liu, 2021). 

 

Figure 16: Haas VF-3 CNC machine (Haas) 

An example of a Haas vertical CNC machine used in milling industries can be seen in Figure 

16. It should be noted that with any milling process, it is critical to securely fasten the 

workpiece to the worktable to prevent slippage against cutting forces, as even minimal 

displacement of the workpiece during milling can have ramifications on overall finish 

(Kalpakjian, Schmid and Musa, 2010). 

3.2.10. Acceptable cutting tools 

The importance of selecting the correct cutting tool, as mentioned, is vital. To this end, the 

tooling options must be closely considered. Below are Table 6 and Table 7, explaining the 

general characteristics and operating characteristics of common machining tools, 

respectively.  

 

 

 

 



37 
 

 

Table 6: General characteristics for candidate cutting tool (Kalpakjian, Schmid and Musa, 

2010) 

 

 

Table 7: General operating characteristics of candidate cutting tool (Kalpakjian, Schmid 

and Musa, 2010) 

 

Property

High-speed 

steels

Cast-cobalt 

alloys WC TiC Ceramics

Cubic boron 

nitride

Single-crystal 

diamond*

Hardness 83-86 HRA 82-84 HRA

46-62 HRC

90-95 HRA

1800-2400 HK

91-93 HRA

1800-3200 HK

91-95 HRA

2000-3000 HK

4000-5000 HK 7000-8000 HK

Compressive strength, 

Mpa 4100-4500 1500-2300 4100-5950 3100-3850 2750-4500 6900 6900

Transverse rupture 

strength, Mpa 2400-4800 1380-2050 1050-2600 1380-1900 345-950 700 1350

Impact strength, J 1.35-8 0.34-1.25 0.34-1.35 0.79-1.24 <0.1 <0.5 <0.2

Moudlus of elasticity, 

GPa 200 -- 520-690 310-450 310-410 850 820-1050

Density, kg/m
3 8600 8000-8700 10,000-15,000 5500-5800 4000-4500 3500 3500

Volume of hard phase, %

7-15 10-20 70-90 -- 100 95 95

Melting or decomposition 

temperature, °C

1300 -- 1400 1400 2000 1300 700

Thermal conductivity, 

W/m K 30-50 -- 42-125 17 29 13 500-2000

Coefficient of thermal 

expansion, ×10
-6

/°C
12 -- 4-6.5 7.5-9 6-8.5 4.8 1.5-4.8

General Characteristics of Tool Materials

Carbides

*The values for polycrystalline diamond are generally lower, except for impact strength, which is higher.

Tool materials

General 

characteristics

Modes of tool 

wear or faulure Limitations

High-speed steels High toughness, resistance to 

fracture, wide range of roughing 

and finishing cuts, good for 

interrupted cuts

Flank wear, crater wear Low hot hardness, limited 

hardenability, and limited wear 

resistance

Uncoated carbides High hardness over a wide range 

of temperatures, toughness, 

wear resistance, versatile, wide 

range of applications

Flank wear, crater wear Cannot use at low speeds 

because of cold welding of chips 

and microchipping

Coated carbides Improved wear resistance over 

uncoated carbides, better 

frictional and thermal properties

Flank wear, crater wear Cannot use at low speeds 

because of cold welding of chips 

and microchipping

Ceramics High hardness at elevated 

temperatures, high abrasive wear 

resistance

Depth-of-cut line notching, 

microchipping, gross fracutre

Low strength and low 

thermomechanical fatigue 

strength

Polycrystalline cubic boron 

nitride (cBN)

High hot hardness, toughness, 

cutting-edge strength

Depth-of-cut line notching, 

chipping, oxidation, 

graphitization

Low strength, and low chemical 

stability at higher temperature

Diamond High hardness and toughness, 

abrasive wear resistance

Chipping, oxidation, 

graphitization

Low strength, and low chemical 

stability at higher temperature

General Operating Characteristics of Cutting-tool Materials

Source : After R. Komanduri and other sources.
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Although relatively inexpensive, high-speed steels (HSS) tend to be less effective for high-

speed aluminium machining because they have lower hardness and wear resistance 

compared to other tool materials (Maity, Chatterjee and Chakraborty, 2012). Higher cutting 

speeds can improve surface finish but may increase tool wear, and carbide tools, particularly 

when coated with titanium nitride (TiN), titanium carbonitride (TiCN), or aluminium 

titanium nitride (AlTiN) (Jahan, Arbuckle and Rumsey, 2018) perform efficiently under high 

speeds while preventing tool wear (Roy et al., 2009), although not without moderate cost. 

Titanium carbide (TiC) tools, on the other hand, are less suitable for dry machining of 

aluminium because they generate high cutting forces, which may cause deformations in 

certain parts, including the monolithic resonator pins, and produce rougher surface finish 

(Roy et al., 2009).  

Table 8: Enhanced machining performance of aluminium alloys based on tool 

characteristics and surface texture (Pimenov et al., 2023) 

 

As seen in Table 8, which describes machining performance of aluminium alloys when 

contrasted with varying tool characteristics, when compared to other tool materials, carbide 

tools are particularly compatible with the above material selections.  

3.2.11. Optional acceptable manufacturing technologies 

Additive manufacturing, colloquially known as 3D printing, is an emerging and increasingly 

common manufacturing technologies used in industries around the world. 
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Figure 17: Stereolithography 3D printing components (Formlabs) 

Stereolithography (SLA) 3D printing has proven effective in fabricating various types of 

BPFs with high precision, including filters with lightweight, screwless designs that exhibit 

low signal loss (J. L. Medrán Del Río et al., 2023). The general process of SLA printing can 

be seen above in Figure 17. Additionally, SLA printing has been validated as a feasible 

technique for producing fifth-order Ku-band BPFs (Y. Zhang et al., 2023). The technology 

also enables the creation of complex geometries, including integrated monolithic 

components such as resonator pins, while minimising issues like misalignment or warping. 

From a DFMA perspective, SLA machines provide high accuracy and efficiency, 

significantly reducing production times and offering benefits particularly valuable for small-

batch production and prototyping (Siddiqui et al., 2023). Furthermore, research shows that 

3D-printed threads created via SLA, when post-processed with thread-cutting oil, can 

achieve strength comparable to traditional machined and hand-tapped threads. However, 

threads that lack proper post-processing tend to exhibit considerably lower strength 

(MacLeod et al., 2020).  

3.3. CAD model 

The CAD model shown below in Figure 18 was created with the intention of producing a 

highly accurate and practical version of the sample device, using the triangulation methods 

as described to aid in authenticity. 
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Figure 18: SolidWorks assembly of device 

It was created using SolidWorks, according to the measurements taken across several 

sessions. The creation of an accurate model of the sample device facilitated in the study of 

DFM and CAM manufacturing processes.   

3.3.1. Taking measurements 

Measurements of the device were taken using a vernier calliper. They were taken across 

several sessions, to ensure as accurate measurements as possible. Particularly close attention 

was paid to the major and minor dimensions of screw holes, as the type of screw used through 

the assembly were decided based on these measurements, as well as screws compatible with 

SolidWorks’ built-in imperial screws representative of standard screw sizes.  

3.3.2. DFM module 

The SolidWorks-integrated DFMXpress solution is a design evaluation tool which checks 

whether a modelled product meets guidelines for standard manufacturing methods, 

supporting processes like milling, turning, sheet metal fabrication, and injection moulding 

(Morrogh, 2023). DFMXpress is provided with every licence of SolidWorks, including the 

licence provided by Lappeenranta-Lahti University of Technology. In this DFMXpress 

exercise, Mill/Drill Only was used for all parts. The results of applying this DFM module on 

the top milled block with resonator pins can be seen below in Table 9.  
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Table 9: SolidWorks DFMXpress module for top milled block 

 

Image of part Explanation

Hole Depth/Diameter Ratio [Failed 10/46]

Holes that are much deeper than their diameter can be challenging to 

manufacutre. This is because long, thin drill bits used to machine these 

holes are unstable, and may deviate from the intended path, or even 

break. This makes them unsuitable for efficient mass-production.

Inaccessible Features [Failed 1/1]

All features should be positioned so they can be easily reached by 

standard machining tools. Hard-to-reach areas or undercuts often require 

specialised tooling or techniques. Also, if the tool holder cannot approach 

the feature properly, it may require a long, slender cutter , which is 

undesirable.

Partial Hole Rule [Failed 1/13]

When a hole extends to the outer boundary of a part, ensure that at least 

75% of its area remains within the material. If the hole's axis intersects 

an edge or if the drill starts cutting at a transition, the drill may wander, 

leading to inaccurate or poor-quality machining.

Holes with Flat Bottom [Failed 2/13]

Blind holes are generally recommended to have a conical bottom. This is 

because standard twist drills create conical bottoms , so designing holes 

to match this shape helps avoid complications. Ensure that the hole's 

bottom angle aligns with the standard drill point angle for consistency 

and tool compatibility.

Standard Hole Sizes [Failed 29/46]

Use standard drill sizes. Non-standard holes increase manufacturing 

costs  due to custom tooling, purchasing, and inventory requirements

DFMXpress: Top block, Mill/Drill Only
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3.4. Manufacturing plan 

 

Figure 19: Systematic approach to manufacturing processes (Radhakrishnan, 2015) 

This structured and systematic approach to manufacturing processes, as visualised in Figure 

19, aids in producing efficient through effective practices from a DFMA perspective, 

including the production of a model which helps theorise cost, setting process parameters, 

tool geometry, and specific material information, as well as the analysis of cost, cycle time, 

and productivity of the output. The research above corroborates this methodology.  

3.4.1. Key components of device 

The resonator pins would be considered a key component, as special care, such as ensuring 

correct cutting tool and material to prevent warping, must be taken during milling to ensure 

they stay sharp-edged. It is important, in this case, to pay close attention to tolerances and 

milling directions. These considerations can be seen in the CAM tooling utilised for the 

machined top block described below.  

3.4.1.1. Standardised parts 

One key component is the standardised SMA connector. Based on inspection of the provided 

sample device, it was discovered to be a 50 Ω female coaxial connector.  
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Figure 20: Image of provided SMA connector 

The provided SMA connector is shown above in Figure 20. As this is a standardised 

component, extensive research was done to locate this component.  The exact part in 

question was found from the catalogue of a company named Huber+Suhner, based on 

dimensions acquired from the measurements stages and serial number on the provided 

sample, and included the 3D model and technical drawings, which were imported as STEP 

and PDF files, respectively. Here the CAD model for the part can be seen below in Figure 

21:  

 

Figure 21: CAD model for Huber+Suhner Coaxial Connector, SMA, 50 Ohm, 

Straight panel receptacle, jack (female), flange mount. Provided by manufacturer 

(Huber+Suhner). 
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The lead time for this SMA connector is typically 4 weeks, according to the manufacturer. 

Additionally, the busher, fine-tuning screw, and locking nut are critical components, as they 

allow for proper tuning of the device. These components are pictured below in Figure 22.  

 

 

Figure 22: Provided image of busher, fine-tuning screw, and locking nut 

After significant research, a candidate tuning screw was located from a company, 

TRONSER, Inc., which contained dimensions for the standardised parts. Additionally, it was 

noted that these standardised parts, with respect to the fine-tuning screw and associated 

elements (busher and locking nut) are typically purchased and delivered as a set. While these 

parts are crucial in the proper function of the filter, the manufacturability of these 

standardised parts are not considered in this manufacturing plan. The benefit of purchasing 

completed parts is that it ensures compatibility between components, reduces assembly time, 

and eliminates the need for custom machining, as well as increases overall reliability by 

relying on parts that are manufactured and tested to industry standards. The manufacturer of 

the candidate standardised tuning screw was contacted regarding the availability of a 

manufacturer-provided CAM model or STEP file, but a response was not received. 

3.4.2. CAM module 

In this segment, the manufacturing process for the top milled block with resonator pins will 

be analysed, as it is the focal point of the proper function of the device. The manufacturing 

processes for the additional milled blocks can be found in the appendices below. 

From a DFMA perspective, the stock (the material the workpiece is machined out of) should 

be made as small as possible, so that material waste is mitigated machining time is reduced, 

and the number of required setups is kept to a minimum, ultimately improving efficiency 
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and maintaining dimensional accuracy throughout the process. Typically, it is recommended 

to use a maximum of two milling setups, however given the intricate geometry of each milled 

block of the device, it would be very difficult to only use two milling setups, consider the 

facing and drilling operations performed on each side of each milled block. This is also the 

reason for using Mill/Drill Only setting in the SolidWorks DFM module, shown in Table 9 

of section 3.3.2 above. 

The specific tooling processes of each milling setup according to the SolidWorks CAM 

module, as well as the machining times of each setup are shown in Table 10 through Table 

14 below.  
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Table 10: Top block milling setup 1 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 0.15 2.39

Rough milling 3.80 60.41

Contour milling 2.06 32.75

Centre drilling 0.08 1.27

Drilling and 

threading

0.20 3.18

Milling Setup 1

Total milling time: 6 min 17 sec
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Table 11: Top block milling setup 2 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 0.04 0.46

Rough milling 5.25 55.59

Contour milling 4.11 43.52

Center drilling 0.01 0.11

Drilling 0.03 0.32

Milling Setup 2

Total milling time: 9 min 24 sec
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Table 12: Top block milling setup 3 

 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 0.07 4.12

Rough milling 0.18 10.59

Contour milling 1.19 70

Center drilling 0.06 3.53

Drilling and 

threading

0.15 8.83

Countersink 0.05 2.94

Milling Setup 3

Total milling time: 1 min 42 sec
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Table 13: Top block milling setup 4 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 0.07 4.12

Rough milling 0.18 10.59

Contour milling 1.19 70

Center drilling 0.06 3.53

Drilling and 

threading

0.15 8.83

Countersink 0.05 2.94

Milling Setup 4

Total milling time: 1 min 42 sec
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Table 14: Top block milling setup 5 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 0.15 5.28

Rough milling 1.20 42.25

Contour milling 1.17 41.20

Center drilling 0.17 5.99

Drilling and 

threading

0.15 5.28

Milling Setup 5

Total milling time: 2 min 50 sec



51 
 

 

The CAM module reveals that the total milling time for the top machined block with 

resonator pins is approximately 21 minutes and 55 seconds, with the machining times per 

each milling setup indicated in figures above. Reviewing the milling times for the other 

machined components revealed that:  

• Machining time for the base block was 14 minutes and 10 seconds.  

• Machining time for the left cover plate was 5 minutes and 52 seconds.  

• Machining time for the right cover plate was 4 minutes and 45 seconds.  

The total milling time for all machine blocks within the assembly was 46 minutes and 42 

seconds, and the machining processes for the remaining components of the assembly are 

shown in Appendix 4. The tools used for drilling and tapping reflect imperial standard sizes, 

using the built-in tools and features of SolidWorks.  
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4. Discussion 

This chapter discusses the reasoning behind the results and the methods used to obtain them 

while developing the manufacturing plan utilising DFMA principles and selecting the 

construction materials for the mechanical parts of the Ku-band comb line bandpass filter. It 

will analyse how triangulation method was used, and whether it helped or hurt the 

investigation. Furthermore, the validity of the comments and advice provided by experts will 

be assessed to see if their claims were corroborated by other research. Preparations for future 

research will also be explored. 

4.1. Key findings 

In this section, key findings from this study will be discussed. These findings were 

significant to this thesis, as they proposed alternative ways of thinking, and pointed out 

additional considerations that must be made when manufacturing according to the methods 

described throughout the thesis.  

4.1.1. Standardised components 

As mentioned earlier, the catalogue of Huber+Suhner was researched for the SMA connector 

after consultation with my supervisors. Through this resource, I was able to identify the exact 

part needed, which included detailed drawings and a 3D model that I imported as a PDF and 

STEP file, respectively. During my research on this standardised component, I also recalled 

advice from the expert interview to review the Huber+Suhner RF Connector Guide for 

further insight into SMA connectors. Although this guide primarily focuses on the 

performance characteristics of SMA connectors in a general sense, it proved to be a valuable 

technical stepping-stone. 

The endorsement of Huber+Suhner by industry experts, such as the expert interviewee, 

combined with the comprehensive technical documentation provided confirms that they are 

a reliable manufacturer of standardised radio frequency components suited to these 

applications.  
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4.1.2. Material selection 

During the expert interview, the expert mentioned that they had a similar device to the 14 

GHz bandpass filter being reviewed. He mentioned that his device is made of aluminium. I 

used this as my starting point for research on compatible materials. My research showed that 

aluminium is widely used in these types of devices, as they are cost-effective materials, 

commonplace, and easily machinable, making them especially viable from a DFMA 

perspective. I later confirmed this with my thesis supervisors, who were in agreement with 

the aluminium alloy (Al-6061-T6) I had chosen based on evidence of material characteristics 

mentioned above. This is an example of the triangulation method being utilised effectively.  

Moreover, when removing material quickly from a block, intense milling forces may cause 

the monolithic resonator pins to warp or twist. In this regard, it is not only tool type or motion 

of the cutting tool to consider, but also the cutting forces exerted onto the workpiece.  

For instance, I was directed to a case study done by Harri and Pekka Eskelinen regarding 

material choices in precision components, where ALUMEC was used for the body of a 

microwave filter. The study demonstrated that ALUMEC effectively withstood the cutting 

forces involved in manufacturing, and its superior strength was leveraged to maintain the 

post-milling perpendicularity and straightness of the resonator within (Eskelinen, H. and 

Eskelinen, 2003). Based on these findings, future iterations of the BPF device studied in this 

thesis may want to consider the use of ALUMEC as a valid alternative to aluminium 6061-

T6. 

4.1.3. Tool selection 

Based on the analysis above, from a DFMA perspective the best cutting tool material that 

balances cost, efficiency, and quality is carbide tools, especially with coatings like TiN, 

TiCN, or AlTiN (Jahan, Arbuckle and Rumsey, 2018). This was represented by the selection 

of carbide cutting tools in SolidWorks CAM for all machine tools, to simulate their realistic 

performance in an industrial manufacturing setting.  
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4.1.4. Surface roughness and tolerance grade 

Upon questioning surface roughness, my supervisors noted that in standard manufacturing 

practices, achieving a surface roughness of Ra 3.2 μm is highly feasible, and in many cases, 

even lower values are typically attained. However, pursuing exceptionally fine surface 

finishes can lead to increased production costs, which as the primary focus of this thesis, 

should be considered. Additionally, I was advised to lower the surface roughness of the 

resonator pins to Ra 0.6 μm, as this positively impacts the surface quality of this particular 

component is important for performance. These values can be seen in Appendix 2. 

Moreover, I was advised to define surface roughness as an extension to tolerance class, so 

that surface quality of less critical components is achievable, yet good enough for 

performance. This helps reduce tolerances where they are not needed, resulting in increased 

efficiency and reduced costs from considerations surplus to requirements (Hu and Peng, 

2007).  

Regarding tolerance grade, ISO 2768-mK was used, as it effectively balanced precision with 

cost, according to DFM and DFA principles. I had briefly considered ISO T5, T6, and T7 as 

general tolerance for fits, but decided that this was not necessary from a DFMA standpoint, 

as it would significantly increase production cost in order to reach tolerances not needed for 

specific components, as general tolerances are applied for every dimension, where in this 

case only the resonator pins must have incredibly stringent tolerances (±0.004 inches/0.01 

mm); it is much more efficient to individually define the few high-tolerance components of 

the device, such as the resonator pins, than to subject each dimension of the device to such 

precision.  

4.2. Integration of triangulation and reliability methods 

Triangulation was used to increase validity and reliability of the findings I have made 

throughout the course of this thesis, by using multiple data sources, methods, and 

perspectives. The reliability methods used, as stated in the methodology section, were 

literature review, expert interviews, and 3D modelling. Literature review offered the 

theoretical foundation for my research, using what is already known in the field of 

micromechanics. It also helped me identify knowledge gaps or problems and barriers I ran 
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in into during my research, which I could form questions that I asked experts on my device, 

such as during the expert interview or during the weekly meetings.  

Furthermore, expert interviews helped provide current, real-world perspectives on my 

research questions, and experienced answers to my knowledge gaps and barriers. These 

individuals were deemed experts due to their experience in the field of micromechanics, 

having published reputable studies on the matter.  

Finally, 3D modelling provided a practical, visual method to test the answers which I had 

received for my questions through either of the former methods first, allowing me to validate 

concepts. This step also helped reveal design challenges that surfaced. Additionally, this 

method was crucial in many stages of my design, including in the development of a 

manufacturing plan for the device.  

When combined, these methods support a well-defined and relevant thesis, with a coherent 

structure and argument founded on the ideas of experts and other knowledgeable individuals, 

as well as my own understanding and approach to the research problems. I used reputable 

databases, encompassing dependable sources from LUT Primo, Scopus, IEEE, and 

ProQuest, to ensure that research was accurate, current, and trustworthy. Additionally, I used 

commercial websites by recognised manufacturers to produce the most accurate real-world 

representations of tooling and machine options.  

4.3. Use of DFM software 

While DFMXpress provides general design guidelines or “rules,” it does not account for the 

specific performance requirements of a component. As a result, strictly adhering to its 

suggestions may actually degrade the real-world performance of the final. In the case of the 

BPF, implementing the proposed changes, such as the inaccessible features seen in Table 9, 

would have compromised its functionality. For future research and development, it may be 

more effective to use performance-driven tools such as Ansys, which may be better able to 

evaluate the impact of design modifications more accurately.  

4.4. Use of CAM software, improvements, and future considerations 

SolidWorks CAM was used to create a machining plan for the assembly, according to the 

virtual model of the sample device displayed in Section 3.3. This software facilitated to get 
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the most data from processes simulating the setting of realistic machining feed rates, 

toolpaths, and processes.  

Additionally, to ensure the milling toolpaths could reach every extractable feature, some 

parameter adjustments within the software were needed, mostly regarding tooling options. 

An instance of this was converting the tool size for countersinking operations on the left and 

right cover plates. The resolved toolpaths for these operations are presented in the 

appendices below.  

It was also observed that the face and end mills used in the CAM setup employed right-hand 

spinning, which aligns with common industry standards and was therefore kept under that 

assumption (Tormach).  

Moreover, considerations were made for the face milling of the machined blocks by reducing 

the stock size, so that the process could be made more efficient. As stated above, based on 

interpretations of the milling operation plans provided by SolidWorks, the total machining 

time for the assembly was 46 minutes and 42 seconds. For some reason, however, threading 

and tapping could not be incorporated for any of the milled blocks, as SolidWorks could not 

recognise these features as extractable machining features. This is particularly strange, as 

special care was taken in the design and modelling stage to ensure that precise measurements 

and standard screw sizes were used, and were created using SolidWorks’ built-in Hole 

Wizard feature, rather than modelled by hand, which could result in errors. Efforts were also 

made to produce tooling paths manually, as opposed to SolidWorks suggestions only, but 

proved unable to fix this issue. Future iterations of this thesis should explore this issue and 

see if it can be resolved. This may also raise considerations of whether the using of dedicated 

tapping centre machines would be more efficient and reliable for this stage.  

With all of these processing, CNC combined with CAD can be an effective tool to aid in the 

DFMA principles. To emphasise DFMA principles, efforts were made to reduce machining 

time by eliminating redundant operations. For example, multiple face milling passes for the 

same feature were combined into one pass, as shown in the examples below. In industrial 

settings, this optimisation is typically employed to reduce both production costs and cycle 

times.  

It is important to acknowledge that machine and tool setups can vary, and factors such as 

feed rate can significantly impact aspects like total machining time (MakerVerse). 
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Nonetheless, the integration of CNC machining with CAD tools offers an effective approach 

to enhancing the efficiency and manufacturability of a design.  

4.5. Documentation in imperial units 

Partway through the thesis process, during a weekly meeting, it came to my attention that 

the prompt guiding my research had defined the use of imperial and metric units 

ambiguously. This led to a discussion with my supervisors how best to tackle this difficulty, 

after which we reached a consensus that all documentation would be completed in imperial 

units. This decision required a shift in approach, particularly in the documentation and 3D 

modelling phases of the project.  

While I personally prefer the metric system due to its consistency and ease of use 

internationally, adapting to imperial units necessitated revising some fundamental aspects of 

technical documentation. I drew upon previous knowledge and coursework, supplementing 

it by attending information sessions offered to students completing their thesis focused on 

appropriate documentation techniques. During these sessions, I received valuable advice on 

effectively presenting technical drawings according to industry standards and expectations, 

applying appropriate geometrical tolerances, and selecting the correct projection method. 

Notably, while our coursework primarily taught third-angle projection, an imperial standard, 

I was instructed to use first-angle projection for this project to align with specific standards. 

Across two contact sessions that followed, I received further guidance on improving my 

technical documentation. By implementing this feedback, I produced documentation that 

met both my own standards and those of my supervisors. 

Additionally, an important point was raised concerning international considerations in 

manufacturing, particularly in unit conversion of microwave devices; it was noted that 

components designed in imperial units often require adaptation when implemented in 

markets that primarily use metric systems, such as France. In such cases, extra measures 

must be taken to ensure compatibility and proper functionality, which emphasises the 

importance of dual-unit awareness in globally relevant work, especially regarding DFMA 

principles.  
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4.6. Limitations and accuracy 

Regarding accuracy, measurements were initially taken in millimetres, after which imperial 

screws and their dimensions were determined by converting the metric values to the nearest 

corresponding imperial screw types, under advisement from my supervisors. The 

SolidWorks modelling, DFM, and CAM were subsequently created in IPS (inch, pound, 

second) system rather than the MMGS (millimetre, gram, second) because the 

manufacturing location was advised to be United States of America, according to the 

dimensions of the provided SMA connector and screw sizes.  

Furthermore, regarding the expert interviewee’s input, the information provided was 

considered reliable, as it was supported by multiple references and triangulated with data 

from other reliable sources, which aligned.  

Additionally, challenges arose due to the lack of defined manufacturing requirements aside 

from the tolerance of the resonator pins ±0.01 mm/0.0004 inches, such as budget constraints 

and production timelines, making it difficult to fully establish a balance between quality and 

efficiency. Additionally, machine selection and preferences may vary based on factors such 

as local availability, which further complicates standardising the process.  

4.7. Improvements in design 

I ensured that all components were fully compatible with SolidWorks CAM to guarantee 

proper machining, addressing issues such as the base part being milled incorrectly on the 

exterior plane of the cavity, which was likely due to a manufacturing error during tool path 

mapping. Additionally, I corrected the misaligned hole of the auxiliary tuning screw which 

did not correspond accurately to the tuning screw hole on the cover, as it was located in an 

entirely different area. While specific screw sizes are not a focus of this thesis or 

manufacturing plan, the suggested sizes of 0.099 and 0.112 inches were based on 

measurements from the sample device and are shown in Appendix 2. However, the final 

decision is generally made by the manufacturer, depending on available sizes, and must still 

account for device geometry, and the geometry of other components to produce optimal fit 

(Eskelinen, P., 2025).  
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4.8. Preparations for future research 

Depending on applications, possible substrates, such as ceramic, could be explored and 

compared with compatibility to the base material. As technology improves and becomes 

more affordable for small-batch production or prototyping, other manufacturing methods 

may become more feasible and accessible from a DFMA perspective and could be explored 

as a viable option for producing this device. It is also worth investigating if comparable or 

improved efficiency can be achieved using metric systems and solutions, even when 

designing for markets that primarily use imperial units, such as the United States of America, 

which is known for its prevalence in the aerospace and microwave device industries 

(Eskelinen, P., 2025).   
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5. Summary 

This thesis studied the manufacturing plan and construction materials for the mechanical 

parts of a 14 GHz comb line bandpass filter. This particular device is part of a larger research 

project by Lappeenranta-Lahti University of Technology and its external partners and will 

be returned to active service upon the completion of this thesis. A large focus was made on 

maintaining accurate and reliable information, and to this end the triangulation method was 

followed. This included a dedicated expert interview where specific questions were 

answered by an expert in micromechanics. This was followed by several meetings between 

my thesis supervisors, where additional questions were answered and progress was assessed. 

Material alternatives such as ALUMEC® aluminium alloys were explored, but Al-6061 with 

a T6 temper to improve surface requirements was selected as consensus between research 

and expert opinion. This should facilitate manufacturing without compromising device 

performance. Regarding DFM, The SolidWorks DFMXpress revealed that many parts failed 

several manufacturing process rules, however DFMXpress gives generalised rules to 

manufacturing parts, which will not necessarily indicate real-world performance, and should 

those rules be followed, especially considering an intricate and high-precision component 

such as a BPF. In other words, it is impossible to follow these suggestions as it would 

compromise the performance of the filter. The methods used in SolidWorks CAM proved 

effective at producing an efficiently machined device by removing unnecessary toolpaths 

and using standard-size screws, and based on experimental evidence, produced fewer defects 

as well. Future research could include possible substrates, depending on applications of the 

device, as well as alternative or more advanced machining methods, such as SLA 3D 

printing, depending on budget and redefined DFMA principles. Additionally, improvements 

could be made to the manufacturing plan involving SolidWorks CAM, such as resolving the 

issue with unrecognised tool paths.    
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Appendix 1. SolidWorks models for all machined parts 

 

Figure 1: SolidWorks model for machined base block 

 

Figure 2: SolidWorks model for machined top block with resonator pins 
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Figure 3: SolidWorks model for machined left cover plate 

 

Figure 4: SolidWorks model for machined right cover plate 
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Figure 5: SolidWorks assembly exploded view 
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Appendix 2. SolidWorks documentation for all machined parts 
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Appendix 3. DFM modules for all other machined parts 

Table 1: DFM module for milled base block 

 

Image of part Explanation

Hole Depth/Diameter Ratio [Failed 5/35]

Holes that are much deeper than their diameter can be challenging to 

manufacutre. This is because long, thin drill bits used to machine these 

holes are unstable, and may deviate from the intended path, or even 

break. This makes them unsuitable for efficient mass-production.

Inaccessible Features [Failed 1/1]

All features should be positioned so they can be easily reached by 

standard machining tools. Hard-to-reach areas or undercuts often require 

specialised tooling or techniques. Also, if the tool holder cannot approach 

the feature properly, it may require a long, slender cutter , which is 

undesirable.

Mill Sharp Internal Corners [Failed 1/6]

Milling sharp internal corners is very difficult to achieve, and may 

require the use of expensive, unconventional operations and machines 

such as EDM . 

Partial Hole Rule [Failed 1/10]

When a hole extends to the outer boundary of a part, ensure that at least 

75% of its area remains within the material. If the hole's axis intersects 

an edge or if the drill starts cutting at a transition, the drill may wander, 

leading to inaccurate or poor-quality machining.

Holes with Flat Bottom [Failed 2/13]

Blind holes are generally recommended to have a conical bottom. This is 

because standard twist drills create conical bottoms , so designing holes 

to match this shape helps avoid complications. Ensure that the hole's 

bottom angle aligns with the standard drill point angle for consistency 

and tool compatibility.

Standard Hole Sizes [Failed 21/35]

Use standard drill sizes. Non-standard holes increase manufacturing 

costs  due to custom tooling, purchasing, and inventory requirements

DFMXpress: Base block, Mill/Drill Only
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Table 2: DFM module for milled left cover plate 

 

 

Table 3: DFM module for milled right cover plate 

 

Image of part All Rules Passed

Hole Depth/Diameter Ratio [Passed 15/15]

Inaccessible Features

Mill Sharp Internal Corners [Passed 1/1]

Partial Hole Rule

Deep Pocket/Slot [Passed 1/1]

Hole Entry/Exit Surface

Holes with Flat Bottom

Fillets on Outside Edges

Hole Intersects Cavity

Standard Hole Sizes [Passed 15/15]

DFMXpress: Left cover plate, Mill/Drill Only

Image of part All Rules Passed

Hole Depth/Diameter Ratio [Passed 14/14]

Inaccessible Features

Mill Sharp Internal Corners [Passed 1/1]

Partial Hole Rule

Deep Pocket/Slot [Passed 1/1]

Hole Entry/Exit Surface

Holes with Flat Bottom

Fillets on Outside Edges

Hole Intersects Cavity

Standard Hole Sizes [Passed 14/14]

DFMXpress: Right cover plate, Mill/Drill Only
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Appendix 4. CAM milling operations for other machined parts 

Table 1: Base block milling setup 1 

 

 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Rough milling 10.77 93.98

Contour milling 0.44 3.84

Centre drilling 0.12 1.05

Drilling 0.13 1.13

Base block: Milling Setup 1

Total machining time: 12 min 20 sec
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Table 2: Base block milling setup 2 

 

 

 

 

 

 

 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Centre drilling 0.11 27.50

Drilling 0.20 50.00

Countersinking 0.09 22.50

Base block: Milling Setup 2

Total machining time: 0 min 58 sec
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Table 3: Base block milling setup 3 

 

 

Table 4: Base block milling setup 4 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Centre drilling 0.03 37.50

Drilling 0.05 62.50

Base block: Milling Setup 3

Total machining time: 0 min 12 sec

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Centre drilling 0.13 41.94

Drilling 0.18 58.06

Base block: Milling Setup 4

Total machining time: 0 min 40 sec
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Table 5: Left cover plate milling setup 1 

 

 

Table 6: Left cover plate milling setup 2 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 1.10 61.45

Centre drilling 0.22 12.29

Drilling 0.27 15.08

Countersinking 0.20 11.17

Left cover plate: Milling Setup 1

Total machining time: 1 min 47 sec

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Rough milling 3.26 79.90

Contour milling 0.82 20.09

Left cover plate: Milling Setup 2

Total machining time: 4 min 5 sec
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Table 7: Right cover plate milling setup 1 

 

 

 

 

 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Face milling 1.64 59.42

Contour milling 0.44 15.94

Centre drilling 0.22 7.97

Drilling 0.26 9.42

Countersinking 0.20 7.27

Right cover plate: Milling Setup 1

Total machining time: 2 min 46 sec



6 
 

 

Table 8: Right cover plate milling setup 2 

 

Image of process Processes

Total time 

for process 

(min)

Percentage of 

total time 

(%)

Rough milling 1.55 77.89

Contour milling 0.44 22.11

Right cover plate: Milling Setup 2

Total machining time: 1 min 59 sec
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Appendix 5. Documentation for Huber+Suhner Coaxial Connector 
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Appendix 6. Source materials analysis tool 

 

 

 

Research Question Reference Source Reliability Summarised observations

(F. Cheng et al., 2012) Peer-reviewed Comb line BPFs use quarter-wavelength resonators

(Jen-Tsai Kuo and Huei-

Ping Lin, 2009)

Peer-reviewed Spacing and placement of pins control energy transfer

(Sharif, Smadi and 

Faouri, 2019)

Peer-reviewed BPFs passing and attenuating

 (Antony and

Arunkumar, 2020)

Peer-reviewed DFM and DFA considerations

(MakerVerse) Verified-commercial Improvements to drilling process

Q3: Joining 

methods

(Pekka Eskelinen, 2025) Expert interview Quantity of screws should not be reduced. Tight 

connection is critical.

(Pekka Eskelinen, 2025) Expert interview BPFs frequently use alloys of aluminium

(Kalpakjian, Schmid and 

Musa, 2010)

Peer-reviewed Aluminium 6xxx is heat-treatable

(Pekka Eskelinen, 2025) Expert interview Aluminium frequently used in applicable fields

(Eskelinen, H. and 

Eskelinen, 2003) 

Peer-reviewed ALUMEC aluminium alloy and its benefits

(Afaf M Abd El-

Hameedand Y AA et al., 

2021)

Peer-reviewed Aluminium in space applications

(Schulz et al., 2011) Peer-reviewed Aluminium frequently used in applicable fields

(Tormach) Verified-commercial Right-hand cutting tools vs. left-hand cutting tools

(Unionfab, 2024) Verified-commercial Face, end milling cutting paths

(De Naoum and Lichtig, 

2024) 

Verified-commercial Face, end milling cutting paths

(Ye, 2024) Verified-commercial Centre drilling process, geoemetry, and applications

(AIMS Industrial 

Supplies)

Verified-commercial Centre drill geometry

(Teimouri and Amini, 

2017)

Peer-reviewed Twist drill process and applications

(Ye, 2024) Verified-commercial Twist drill geometry

(McClements and 

Conniff, 2024)

Peer-reviewed Considerations for effective tapping; tool geometry

(Armpre Machinery Co.) Verified-commercial CNC tapping centre; machine example

(Chen, Shao-Hsien and 

Lai, 2022)

Peer-reviewed Considerations for effective tapping; tool geometry and 

synchronisation errors

(Chen, Shyh-Leh, Pan 

and Chou, 2012)

Peer-reviewed Considerations for effective tapping; ILC algorithms

(Walter AG, 2009) Verified-commercial Tapping of blind hole and through hole

(Kalpakjian, Schmid and 

Musa, 2010)

Peer-reviewed CNC machining; considerations

(Koller, Bryerton and 

Hesler, 2018)

Peer-reviewed Tolerance effectiveness of CNC milling machines

(Haas) Verified-commercial Haas VF-3 CNC machine

Q4: Ideal material 

choice (mechanical 

properties and 

milling)

Source material analysis tool

Q1: Function of 

device

Q2: Principles of 

DFM/DFMA

Q5: Appropraite 

cutting direction 

and path

Q6: Drilling tool 

geometry and 

applications

Q7: Tapping tool 

processes

Q8: Appropriate 

milling machines
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(J. L. Medrán Del Río et 

al., 2023)

Peer-reviewed SLA 3D printing as a proven method for fabrication of 

BPFs

(Y. Zhang et al., 2023) Peer-reviewed SLA 3D printing as a proven method for fabrication of 

BPFs

(Siddiqui et al., 2023). Peer-reviewed SLA 3D printing as a proven method for fabrication of 

BPFs; efficient small-batch production

(MacLeod et al., 2020) Peer-reviewed Improvements to SLA production

(Formlabs)  Verified-commercial SLA machine functionality

(Liverani et al., 2023) Peer-reviewed Cost-effectiveness for small production runs of CNC 

milling

(Frank, Wysk and Joshi, 

2004)

Peer-reviewed Effectiveness of CNC in rapid adjustments of tool paths 

and iterations

(Hesser and Markert, 

2019)

Peer-reviewed Improvements to CNC; machine learning

(Li and Liu, 2021) Peer-reviewed Improvements to CNC; machine learning, extending tool 

life and improved efficiency

(Kalpakjian, Schmid and 

Musa, 2010)

Peer-reviewed General machining and operating characteristics of cutting 

tools

(Maity, Chatterjee and 

Chakraborty, 2012)

Peer-reviewed HSS tools comparison

(Jahan, Arbuckle and 

Rumsey, 2018) 

Peer-reviewed TiN, TiCN, and AlTiN tooling options 

(Roy et al., 2009) Peer-reviewed TiN, TiCN, and AlTiN tooling options, and advantages; 

TiC tools may  cause deformations

(Pimenov et al., 2023) Peer-reviewed Machining performance of tools on various aluminium 

alloys

(Abou-El-Hossein et al., 

2013)

Peer-reviewed Diamond tool wear

(Pimenov et al., 2023) Peer-reviewed Aluminium easier to machine than other materials; 30-40% 

lower tool wear

(Gao et al., 2024) Peer-reviewed Aluminium 6xxx series has great mechanical properties for 

machining

(Toh and Kanno, 2004) Peer-reviewed T6 tempering process improves surface qualities of 

aluminium 6061

(Ranjith Kumar et al., 

2021)

Peer-reviewed T6 tempering improves materials for hardness

(Cao, Liu and Yang, 

2018)

Peer-reviewed GDT enrusres component alignment

(Hu and Peng, 2007) Peer-reviewed Tolerancing effectively balances cost and precision

(LEADRP, 2022) Verified-commercial ISO 2768-1 & 2 consideration

(Cao, Liu and Yang, 

2018)

Peer-reviewed Tolerance analysis

(Peng, 2024) Verified-commercial ISO 2768-1 & 2 consideration

(Toh and Kanno, 2004) Peer-reviewed 6061-T6 can produce machining complications

(Abou-El-Hossein, 

Olufayo and Mkoko, 

2013)

Peer-reviewed 6061-T6 can produce machining complications

(Kalpakjian, Schmid and 

Musa, 2010)

Peer-reviewed Surface roughness can be enhanced with appropriate 

cutting tools like Carbide tools

(Pekka Eskelinen, 2025) Expert interview Encourages DFMA principles

(Eskelinen, H. and 

Eskelinen, 2003)

Peer-reviewed Standardisation, reducing the number of components 

promotes DFMA

(Huber+Suhner) Verified-commercial SMA connector model and catalogue

(TRONSER, Inc.) Verified-commercial Candidate fine-tuning screw

(Pekka Eskelinen, 2025) Expert interview Highest cost occurs from labour costs; DFMA principles 

and assembly important

(Eskelinen, H. and 

Eskelinen, 2003)

Peer-reviewed Creating efficient assembly processes decrease time, cost

(Eskelinen, H. and 

Eskelinen, 2003)

Peer-reviewed Unify divisions between manfuacturing and design; 

efficient design with manufacturing in mind

(Radhakrishnan, 2015) Peer-reviewed Systematic approach to manufacutring proccess from 

DFMA perspective

Q19: DFMXpress 

module

(Morrogh, 2023) Verified-commercial Applications and uses of DFMXpress deisgn tool

Q16: 

Standardisation of 

parts

Q17: Cost of 

production 

(DFMA)

Q18: DFMA 

principles

Q12: Machinability 

of aluminium

Q9: Alternative 

applicable 

machines for BPF 

production

Q10: CNC milling 

as an effective tool 

from DFMA 

perspective

Q11: Appropriate 

cutting tool material

Q13: Tempering

Q14: Tolerancing

Q15: Surface 

roughness


