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Abstract  

The development of personalized drugs introduces new 

uncertainties and risks in production machinery design, which can be 

mitigated through structured work flows. As the commonly used V-

Model approach has limitations in dealing with complex multi-

domain problems, it is essential to address traceability and 

relationships between requirements and solutions in a regulated 

environment to ensure product quality. This study focuses on the 

conceptual design phase and develops a design methodology called 

the Case-based Axiomatic Design Assistant (CADA) to address this 

type of problem. It takes, as a starting point, Axiomatic Design (AD), 

due to its simplicity and graphical tools for quality evaluation, and 

Case-Based Reasoning (CBR), due to its capacity to integrate data 

structures and continuously improve. This combination is put into 

practice through a visual assistant that utilizes a knowledge graph to 

represent design elements comprehensively. This article describes the 

development, implementation, and testing process of CADA, which 

includes examples of the conceptual design for pharmaceutical 

manufacturing. The proposed CADA method facilitates systematic 

requirements analysis, structured reasoning, and solution evaluation, 

and overcomes the limitations of previous methodologies. It 

represents a novel approach with an intuitive workflow and advanced 

graphical capabilities, exemplified in the context of a conceptual 

design for pharmaceutical manufacturing. The inclusion of intrinsic 

data labeling capabilities and inference visualization enhances its 

relevance. 

 

Keywords—  pharma equipment; axiomatic design; case-

based reasoning; knowledge graph; design for AI 

 

I. Introduction 

      The early Product Design phase is considered one of the 
cornerstones of successful production equipment design. Over time, 
various design methodologies were created due to how designers gain 
the specific knowledge they need to understand user requirements and 
make decisions for the particular use case [1,2]. From a philosophical 
standpoint, knowledge and design are inherently related in the form of 
ontology, the science of things that exist, and epistemology, which is 
the methodology used to achieve and correctly understand knowledge 
[3]. Gruber [4] found an early definition for Ontology in the context of 
computer science as an “explicit specification of a conceptualization”. 
This term is explained as “what exists is exactly that which can be 
represented”. Later, Studer et al. [5] expanded this definition with a 
domain-specific component:“an ontology is a formal, explicit 

specification of a shared conceptualization”. The 
term“conceptualization” hereby stands for “an abstract, simplified 
view of the world that we wish to represent for some purpose”, as a 
general definition for knowledge representation for a specific use case 
[6]. Following the ideas of these statements, a structured design 
process starts with something existing (Ontology). It moves into a 
formalized information flow of reasoning or a cognitive process 
(Epistemology), resulting in a new situation that becomes Ontology 
[3]. 

2. Methods and Theories for CADA Design 
          The following summary of existing methods in the form of 
literature research is grounded in the literature published in the leading 
scientific databases, e.g., Web of Science (Core Collection) and 
Scopus. 
Recognized Methods for Pharmaceutical Equipment DesignQuality by 
Design (QbD) is known as a systematic prospective analysis of 
product and process characteristics during the design phase [16]. The 
main goals of QbD are specifications and control parameters that 
enable processes to achieve predefined quality characteristics [17]. 
The ICH guideline Q8 (R2) on pharmaceutical development [18] 
instructs on using a quality-risk-based QbD approach to develop drug 
substances and manufacturing processes. Quality Target Product 
Profile (QTPP), as described in the Q8 (R2) guideline, forms the basis 
for design and development in the form of a set of measurable product 
properties most relevant to product quality. Critical Quality Attributes 
(CQA) can be derived based on this dataset. CQA is applied to the 
equipment and its internal mechanisms that are in use for the 
production to identify Critical Process Parameters (CPP). These 
physical, chemical, biological, or microbiological characteristics 
determine the product’s ability to meet the QTPP. They must be in a 
dedicated range during the production process or in the product itself. 
QbD is important to remember during the method’s development as it 
is a fundamental description of how pharma structures data-driven 
development of new equipment. 

3. Results: Method Development, Implementation, and 

Testing of CADA Framework 

           Following the literature review, the research develops, 
implements, and tests a data driven, risk-based, and structured design 
method that meets the needs of conceptual design for pharmaceutical 
equipment. For this purpose, we combined existing and function 
proven design frameworks and data architecture to form a novel 
conceptual design method. The results of this study will then be 
described around the process of developing the CADA framework. 
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3.1. Method Development 

  The following Figure 1 shows the proposed method as a selection of 

different tools identified within the literature search. The combination 

and relevance of the individual building blocks are described in detail 

from the bottom to the top layer afterwards. Appl. Sci. 2025, 15, x 

FOR PEER REVIEW 8 of 24 The structure and usability of the 

method need to address the exceptional environment of the regulated 

pharmaceutical branch. Clear and easy-to-follow decision making 

and content visualization are critical success factors for this tool. The 

visual representation of the design and its internal information 

structure must be capable of labeling data and showing the output of 

a trained model in the same way.  

 

 

Semantic Network (SN) 

       
 As knowledge, or in a more general form, “data”, creates the 

backbone of every decision, it is important to us to have an accessible 

and interpretable information layer within our proposed method. 

Former design knowledge systems store information in fragments or 

tables, which may be hard for non-advanced designers to interpret 

without the context of the specific situation. Designers work best 

when they have a concrete design situation on which they can refer 

and base their decisions [8]. SNs implement entities and relations in 

an easy-to-follow way (Figure 2), which allows humans to read it.  
 

 

4. Discussion 
       This research discussed a specific design method covering the 

needs of a domain belonging to the pharmaceutical engineering 

environment. Design methods in this section There is a growing need 

for more effective representation within the design community. Our 

proposed method addresses this by integrating well-established tools 

with modern data architecture. In particular, Axiomatic Design (AD), 

when combined with methodologies such as TRIZ, has shown 

positive impacts by enhancing domain understanding and supporting 

structured workflows [50]. However, merging tools like TRIZ and 

Problem-Solution Networks (PSN) still lacks clear, detailed 

guidelines for translating problems into compliant solutions [27]. In 

our approach, AD inherently offers a structured methodology, 

allowing designers to benefit from its domain-specific guidance 

throughout the design process. 

While traditional research design methodologies often focus on 

textual knowledge representation—as seen in the original form of 

AD—Conceptual Design also employs visual elements such as 

sketches, CAD models, and images [48]. At the enterprise level, 

structuring product design knowledge can be further strengthened 

through the integration of TRIZ, Functional Tree Design, and 

relationship mapping [63]. These combinations are vital for 

organizing design data in ways that enable reuse and evaluation. 

Our proposed method enhances this by incorporating a knowledge 

graph structure capable of handling both textual and graphical 

content. This is further supported by Case-Based Reasoning (CBR) 

attributes, which are essential to our data model. These attributes 

ensure that the information input and the algorithms used to derive 

problem–solution relationships remain structured and consistent. 

A similar multidimensional perspective is found in the Design 

Knowledge Semantic Network (SKSN) by Yue et al. [64], 

underscoring the value of semantic network (SN)-based 

representations in technical design literature. Knowledge graphs also 

provide an effective means of structuring data for visualization 

purposes [44]. Visual guidance during database creation for CBR 

applications has already been implemented in platforms like iSee, 

although such tools tend to focus on different outcomes [65]. 

 

However, existing semantic network tools often lack a well-defined 

process or workflow and are not tailored to support our specific 

domain requirements in detail [48]. Our approach fills this gap by 

offering a regulated environment with a strong emphasis on 

transparency throughout the design and engineering process. For 

instance, ontology-based information models are already used in 

pharmaceutical engineering to support risk analysis [49], and similar 

structures are demonstrated in our use cases, showcasing the 

applicability and effectiveness of the proposed workflow. 

   There is a growing need for more effective representation within 

the design community. Our proposed method addresses this by 

integrating well-established tools with modern data architecture. In 

particular, Axiomatic Design (AD), when combined with 

methodologies such as TRIZ, has shown positive impacts by 

enhancing domain understanding and supporting structured 

workflows [50]. However, merging tools like TRIZ and Problem-

Solution Networks (PSN) still lacks clear, detailed guidelines for 

translating problems into compliant solutions [27]. In our approach, 

AD inherently offers a structured methodology, allowing designers to 

benefit from its domain-specific guidance throughout the design 

process. 

While traditional research design methodologies often focus on 

textual knowledge representation—as seen in the original form of 

AD—Conceptual Design also employs visual elements such as 

sketches, CAD models, and images [48]. At the enterprise level, 

structuring product design knowledge can be further strengthened 

through the integration of TRIZ, Functional Tree Design, and 

relationship mapping [63]. These combinations are vital for 

organizing design data in ways that enable reuse and evaluation. 
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Our proposed method enhances this by incorporating a knowledge 

graph structure capable of handling both textual and graphical 

content. This is further supported by Case-Based Reasoning (CBR) 

attributes, which are essential to our data model. These attributes 

ensure that the information input and the algorithms used to derive 

problem–solution relationships remain structured and consistent. 

A similar multidimensional perspective is found in the Design 

Knowledge Semantic Network (SKSN) by Yue et al. , underscoring 

the value of semantic network (SN)-based representations in 

technical design literature. Knowledge graphs also provide an 

effective means of structuring data for visualization purposes. Visual 

guidance during database creation for CBR applications has already 

been implemented in platforms like iSee, although such tools tend to 

focus on different outcomes [34]. 

However, existing semantic network tools often lack a well-defined 

process or workflow and are not tailored to support our specific 

domain requirements in detail. Our approach fills this gap by offering 

a regulated environment with a strong emphasis on transparency 

throughout the design and engineering process. For instance, 

ontology-based information models are already used in 

pharmaceutical engineering to support risk analysis, and similar 

structures are demonstrated in our use cases, showcasing the 

applicability and effectiveness of the proposed workflow. 

 

 There is a growing need for more effective representation within the 
design community. Our proposed method addresses this by integrating 
well-established tools with modern data architecture. In particular, 
Axiomatic Design (AD), when combined with methodologies such as 
TRIZ, has shown positive impacts by enhancing domain 
understanding and supporting structured workflows. However, 
merging tools like TRIZ and Problem-Solution Networks (PSN) still 
lacks clear, detailed guidelines for translating problems into compliant 
solutions . In our approach, AD inherently offers a structured 
methodology, allowing designers to benefit from its domain-specific 
guidance throughout the design process. 

While traditional research design methodologies often focus on 
textual knowledge representation—as seen in the original form of 
AD—Conceptual Design also employs visual elements such as 
sketches, CAD models, and images . At the enterprise level, 
structuring product design knowledge can be further strengthened 
through the integration of TRIZ, Functional Tree Design, and 
relationship mapping [35]. These combinations are vital for organizing 
design data in ways that enable reuse and evaluation. 

Our proposed method enhances this by incorporating a knowledge 
graph structure capable of handling both textual and graphical content. 
This is further supported by Case-Based Reasoning (CBR) attributes, 
which are essential to our data model. These attributes ensure that the 
information input and the algorithms used to derive problem–solution 
relationships remain structured and consistent. 

A similar multidimensional perspective is found in the Design 
Knowledge Semantic Network (SKSN) by Yue et al. , underscoring 
the value of semantic network (SN)-based representations in technical 
design literature. Knowledge graphs also provide an effective means 
of structuring data for visualization purposes [44]. Visual guidance 
during database creation for CBR applications has already been 
implemented in platforms like iSee, although such tools tend to focus 
on different outcomes [36]. 

 

However, existing semantic network tools often lack a well-
defined process or workflow and are not tailored to support our 
specific domain requirements in detail . Our approach fills this gap by 
offering a regulated environment with a strong emphasis on 
transparency throughout the design and engineering process. For 

instance, ontology-based information models are already used in 
pharmaceutical engineering to support risk analysis, and similar 
structures are demonstrated in our use cases, showcasing the 
applicability and effectiveness of the proposed workflow.  

Modular Design and Structured Workflows 

Traditional approaches often fail to support the individual resolution 
of functional requirements in a modular manner—an essential 
capability for developing interchangeable components that can be 
independently implemented and tested. In response, CADA introduces 
a structured workflow that aids designers in identifying correlations 
and interrelationships among design elements. This approach helps in 
developing robust concepts and reduces the risk of unforeseen issues 
during implementation and testing. 

The evolution of modern pharmaceutical equipment requires not 
only rapid market readiness but also uncompromising product quality. 
Compliance with regulatory standards, such as Good Manufacturing 
Practice (GMP) and Good Engineering Practice (GEP), demands 
detailed descriptions and thorough documentation of equipment and 
internal processes . One effective strategy to meet these demands is 
constructing new solutions using well-documented and validated 
modules—a modular engineering approach that is increasingly 
adopted across various engineering disciplines [37]. 

Our methodology supports this modular design philosophy by 
leveraging enterprise-wide design knowledge, facilitating compliance 
with pharmaceutical standards from the earliest stages of the design 
process. Moreover, the integration of Case-Based Reasoning (CBR) 
fosters continuous improvement—an essential component of robust 
quality management systems. While these capabilities are particularly 
vital in regulated industries like pharmaceuticals, they can also be 
adapted for use in other sectors. However, for unregulated fields, our 
model might involve additional complexity or efforts that may not be 
necessary. 

Scalability and Practical Application of CADA 

CADA is tailored for use in continuous learning environments, ideally 
within large organizations that involve multiple users. In smaller 
companies or startups, its effectiveness may be limited due to the 
smaller case memory, which reduces the efficiency of the 
recommendation features. Nonetheless, even in such settings, the 
quality feedback generated by the system remains beneficial. 
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5. Final Remarks 

5.1 Main Conclusions 

This research proposes a structured and visual method to support 
early-stage design activities in regulated environments. User-
friendliness and guided decision-making are fundamental strengths of 
the approach. The proposed methodology is built upon three integrated 
pillars: Semantic Networks (SN), Case-Based Reasoning (CBR), and 
Axiomatic Design (AD). It was validated through three case studies 
addressing pharmaceutical automation challenges. 

To evaluate the method’s versatility, further studies should examine its 
applicability to a wider range of customer requirements and industrial 
contexts. Additionally, future research could explore incorporating 
TRIZ as an early-stage information model to strengthen and expand 
the design workflow [38]. 

Although our approach offers visual and qualitative feedback, it 
cannot be directly compared with traditional quantitative evaluation or 
decision-making tools. However, the CBR-based data structure 
provides a strong foundation for the application of AI techniques 
aimed at automating the design process according to user-defined 
requirements. Future work should focus on developing a training 
pipeline based on the assistant’s data architecture to further support 
this evolution. 

 

5.2 Limitations and Contributions 

This research has led to the development of a visual design assistant 
built on the principles of Axiomatic Design, enhanced with CBR and 
Semantic Networks. The literature review was exploratory in nature, 
and although comprehensive, it may not encompass all relevant 
sources needed to fully validate the proposed theoretical framework. 

Complex design problems often require multilayered analysis and 
iterative refinement, which can exceed the capabilities of rigid design 
methodologies. While Axiomatic Design provides a solid structural 
foundation, it does not inherently promote exploratory problem-
solving, highlighting the importance of integrating flexible and 
learning-oriented methods like CADA Method. 
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