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ABSTRACT: While performing design tasks, engineers rely heavily on their knowledge. However, the expanding
knowledge space makes it impractical to perform the design tasks without external inputs. This study explores how Al
can bridge the knowledge space expansion gap in design. The study introduces the AICED framework implemented as
a web tool Pro-Explora, leveraging advanced multi-agent LLM technology to accelerate early-stage design tasks. Pro-
Explora generates professional problem definitions, PDS documents, and unique solution concept images within five
minutes, maintaining creative flow. Its effectiveness was validated in a real-life project, with outputs deemed highly
relevant by experienced designers. The study highlights the AICED framework’s industry implications, addressing
required knowledge. This pioneering study opens new avenues for specific LLM applications in engineering design.
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1. Introduction

Engineering design is vital for identifying and solving problems that benefit society. A design engineer’s
effectiveness in addressing engineering design challenges largely depends on their knowledge. While
design engineers possess core knowledge in design process tasks, including design specification, ideation,
and detail design (Lueptow, 2008), this alone is insufficient for successful engineering design activities
(Lindemann, 2015). Engineering design practice often requires knowledge beyond the design process,
including sustainability, materials, manufacturing, and consumer behaviour (Desai & Mital, 2021;
Pidaparti, 2023). Historically, design engineers could maintain comprehensive knowledge in various areas
necessary for effective design, including manufacturing requirements and sustainability demands.
However, the expansion of the knowledge space (Hatchuel et al., 2011; Kazakci et al., 2010) has created a
gap, making it impractical to perform design process tasks without external inputs. This gap arises because
design engineers can no longer independently map design concepts to the required domain knowledge.
According to the Concept-Knowledge (C-K) theory, creative design emerges when new concepts are
matched with appropriate knowledge (Michaeli et al., 2014). Advancements in computational
technologies have shifted the paradigm from using computers as tools to collaborating with them
(Przegalinska & Triantoro, 2024; Song et al., 2023). This shift necessitates reimagining engineering
design practices to explore new possibilities.

This study explores how design engineers can collaborate with Al to enhance engineering design
practices. The research question is: How can Al technologies bridge the knowledge space expansion gap
in engineering design? Specifically, we examine large language models (LLMs), particularly multi-agent
LLMs. An LLM is a deep learning Al model pre-trained on vast amounts of data to understand and
process natural language (Yao et al., 2024). LLMs’ ability to mimic human cognitive behaviour is
unprecedented, supporting complex activities across various fields. It is suggested that Al technologies
can become even more powerful when they reinforce each other or other technologies (Thomas &
Nicholas, 2018). Many Al systems and tools are available but often segregated and not specifically
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adapted to support engineering design activities. Aggregating these tools to support engineering design
practice specifically is explored in this study, highlighting its novelty and contribution. Trust and privacy
are significant concerns when adopting LLM technology for specific applications (Kibriya et al., 2024;
Mireshghallah et al., 2024). However, this study proposes an approach that minimises privacy risks when
using multi-agent LLMs as collaborators in engineering design.

The following section discusses advances in Al technologies that could support collaborative engineering
design, including multi-agent LLMs and retrieval-augmented generation (RAG). Based on related studies,
we explore the capabilities and applicability of these technologies in engineering design. Section 3
presents a framework of Al collaboration in engineering design (AICED) intended to assist engineers in
making informed design process decisions, reducing design process time, and improving the overall
quality of engineering design solutions. Section 4 delves into the implementation of the AICED
framework. Section 5 discusses the AICED framework, including its industry implications. Finally,
Section 6 provides the study’s conclusion.

2. Literature review

2.1. Technologies for AICED
2.1.1. Multi-agent LLM

LLMs represent a significant advancement in cloud-based Al technology, designed to comprehend human
language and perform tasks with high accuracy and coherence, particularly in generating new data
(Kumar, 2024). These models are trained on extensive datasets that include text, images, audio, codes, and
videos. This training enables them to differentiate between various types of data and generate new,
contextually relevant data with applications in engineering design (Chen et al., 2024; Gonzélez & Nori,
2024). The Multi-agent LLM is a cutting-edge development in Al systems (Zou et al., 2023). This
technology involves multiple specialised agents, each powered by an LLM, collaborating to solve
complex tasks. An agent is defined as an entity capable of understanding and autonomously processing
information to achieve a common goal (Hauptman et al., 2024; Shu et al., 2024). Multi-agent LLMs are
particularly beneficial in supporting early-stage engineering design, and this process is inherently
challenging and involves iterative processes in defining concept requirements, conceptual design, and
concept evaluation (Mayda & Choi, 2017). Although early-stage design activities are initially low-cost,
they significantly influence the overall cost of design projects (Mirabito & Goucher-Lambert, 2022).
These activities also encompass socioeconomic, environmental, and manufacturing considerations, areas
in which design engineers often have limited expertise. Researchers have noted that LLMs are
underutilised and have proposed employing multi-agent LLMs to support various stages of engineering
design (Chiarello et al., 2024). The potential uses of LLMs for collaborative support are also being
explored in other fields, such as healthcare report generation and legal document drafting, highlighting
their precision and capability (Naveed et al., 2023).

2.1.2. Retrieval-augmented generation (RAG)

RAG is an advanced Al technique that enhances the accuracy of LLMs by integrating external knowledge
sources (Ibrahim et al., 2024). This reduces hallucination effects or the possibility of LLMs producing
incorrect information (Ji et al., 2023). In Figure 1, the RAG model is depicted within a rectangular box
with a dotted line, illustrating that users can provide the necessary external knowledge.
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Figure 1. A representation of the RAG model
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The RAG model, Figure 1, indexes or organises the external data by loading it, splitting it into chunks,
embedding it (converting it into vectors), and storing it in a vector database. When a user submits a
prompt, the RAG model’s “Retriever’” compares the prompt against the indexed vectors in the database to
retrieve the most relevant documents. These documents augment the prompt, providing context for the
LLM-generated response, and can be examples based on in-house practices. RAG has been explored in
engineering design for guiding LLM outputs (Siddharth & Luo, 2024).

2.2. Existing Al-supported design frameworks

The advancements in Al technology challenge the long-held belief that automating engineering design
activities is difficult (Eisenstein & Puerta, 2000). The capabilities demonstrated by Al technologies are
gradually overcoming their initial resistance and fostering a more receptive attitude towards their
adoption. Researchers have applied Al, particularly pre-trained LLMs, to support engineering design
activities. These models help generate more efficient and cost-effective conceptual ideas compared to
traditional methods, such as crowdsourcing (Ma et al., 2023). Similarly, guiding LLMs with prompt
templates has been explored in generative conceptual design research, resulting in more creative and
reasonable ideas compared with traditional methods (Wang et al., 2023).

Despite these advancements and others (For example, Jiang et al., 2022), a significant gap remains
between the general capabilities of Al technologies and their specific application in improving the design
process workflow to achieve productivity gains in engineering design, as demonstrated in this study.

2.3. The future of human knowledge considering Al

Knowledge is both infinite and immeasurable (Saad & Chakhar, 2010; Wood, 2013). Human knowledge
remains indispensable despite sophisticated advancements in Al technologies, systems, and tools
(Section 2.1). The concept of knowledge space expansion (Section 1) underscores the perpetual
challenge of managing knowledge’s infinite nature, even with computational advancements. For
instance, the development of LLMs has introduced the necessity for prompt engineering - the process of
designing and refining input prompts to elicit optimal responses from LL.Ms (Marvin et al., 2023). Skills
in prompting LLMs are increasingly recognised as crucial for design engineers (Thoring et al., 2023).
Both novice and professional design engineers who lack expertise in prompt engineering will require
training or simplified approaches to use LLM technology effectively. Foundational knowledge is also
essential to formulate prompts that yield the desired responses from LLMs. One significant challenge in
the early stages of engineering design is formulating the right questions to define and understand a design
problem, establish requirements, and develop satisfactory solutions. Collaborating with LLMs would
require effectively asking these questions to get a better response, particularly when using multi-agent
LLMs. Additionally, early-stage design involves creating precise documentation in specific formats,
which can be particularly challenging for novices. For example, producing a design specification - a
critical document that can inspire creativity - is often difficult for novice engineers and students to
execute accurately. A specialised computational system is necessary to enhance design engineers’
capabilities in tackling challenging engineering design tasks. However, while Al can outperform humans
in specific tasks, it is unlikely to replace human knowledge completely. Al is most effective when used in
conjunction with human expertise and judgment.

3. AICED framework

This section outlines the theoretical framework for AICED, as illustrated in Figure 2. The framework
facilitates effective collaboration between designers and Al during engineering design activities, primarily
focusing on early-stage design (problem definition, design specification, and concept generation) while
also considering later stages. The engineering design process necessitates a continuous flow of thought
across stages. When in a state of creative flow, design engineers experience total immersion and focus on
the task at hand, enhancing their creativity and problem-solving abilities (Doyle, 2017). Maintaining this
flow is crucial, particularly during early-stage activities up to the “Concept Generation” phase depicted in
Figure 2. Interruptions in flow can adversely affect performance in predominantly conceptual design tasks.
The scientific basis for uninterrupted flow in cognitive activities has been extensively studied (Vervaeke
et al., 2018). This research indicates that flow spontaneously occurs when there is a proper balance of
knowledge, skill, and challenge.
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Figure 2. Theoretical AICED framework

Figure 2 illustrates the collaboration of the design engineer or team (human-in-the-loop) with Al systems
at each stage of the design process. Al systems can potentially serve as tools and collaborators in
engineering design. The AICED framework provides an integrated Al approach to maintaining creative
flow in design activities, allowing design engineers to maximise their cognitive abilities. This flow can be
disrupted when the required knowledge, skills, and tools are not immediately available or do not align with
the design problem. The AICED framework begins with an identified design problem and provides a
structured guide for solving any engineering design problem.

As illustrated in Figure 2, the design engineer or team collaborating with the AICED framework has two
options at each stage of the design process. Option A involves performing the task themselves, including
modifying, correcting, or rejecting the Al output. Option B allows the delegation of the task to Al agents,
with the design engineer responsible for validating and taking ownership of the Al-generated output.
Consequently, the Al outputs remain reversible, as indicated by the bidirectional arrows in Figure 2,
which also signify the communication between the design engineer or team and the process. At each
stage, the AICED framework activates relevant LLM agents, prompts, and backend examples to guide its
outputs, ensuring they are specific to the process or task.

3.1. The AICED LLM agents

The AICED framework incorporates four LLM agents, each with specific settings to accomplish
process-specific tasks. These agents are the “design engineer”, “manufacturer”, “sales engineer”, and
“writer”. The “design engineer” agent provides the problem context, design constraints, and functional
requirements. The “manufacturer” agent offers advice on manufacturing and sustainability. The “sales
engineer” agent identifies users and stakeholders. The “writer” agent arranges the data in the required
format. Each agent’s task background is detailed in the backstory setting, including the external
reference documents utilised. The LLM agent’s temperature setting, which ranges from 0 to 1, controls
the randomness of its output. Higher temperatures increase the variability and creativity of the
responses. Consequently, the agents’ temperatures are set higher (0.5 - 0.7) to produce rare and
insightful responses. These four agents simulate a collaborative problem-solving environment,
combining diverse expertise and knowledge areas.

The AICED framework shown in Figure 2 simulates the RAG concept in Figure 1 in that external
knowledge augments the multi-agent LLM. A few external examples (few-shot prompting) were used
with the multi-agent LLMs to achieve a satisfactory result (Schulhoff et al., 2024). For this purpose, the
RAG model alternative (dotted lines in Figure 2) would require more examples. A pilot consultation
with design professionals was conducted to determine the knowledge used as examples to augment the
multi-agent LLMs, as shown in Figure 2, ensuring appropriate responses. The examples are provided in
a comma-separated-value (CSV) file, encrypted with Fernet - a class of Python cryptography module
(Raj et al., 2023). The encryption ensures that the external reference data, which could be confidential,
cannot be read without the key. Section 4 provides further discussion on data privacy. The key design
process activities supported with the AICED, as indicated in Figure 2, are discussed next. These
activities are performed with consideration to manufacturing and sustainability issues.

3.2. Problem definition

The design process begins with defining or understanding the problem, a crucial yet challenging aspect
of a design engineer’s role (Newcamp, 2016; Singer et al., 2024). It sets the direction for the subsequent
market research and steers the ideation process towards viable solutions. An engineering design
problem can be defined from multiple perspectives, with four key perspectives identified: 1) customer
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and stakeholder needs, 2) functional requirements, 3) design constraints, and 4) problem context (Liu,
2021). These perspectives were integral in developing a multi-agent LLM for the AICED framework.

3.3. Product design specification (PDS)

Following the problem definition, the next task involves preparing a PDS to guide the concept generation
for a potential solution (Mat et al., 2020). Effectively structuring a design problem within the PDS is
challenging but essential for fostering creativity and innovative solutions (Gohlich et al., 2021). The
design engineer LLM agent creates the PDS elements and their requirements for the AICED framework
shown in Figure 2, while the writer agent compiles and presents the data in CSV format. The design
engineer agent’s backstory included examples from the 32 PDS elements proposed by Pugh (1991).

3.4. ldeation

Ideation involves the conceptual activity of generating ideas to solve a given problem. This brainstorming
process is most effective when guided by constraints, such as those outlined in a PDS. The ideation process
typically includes multiple iterations, with creative visual images crucial in inspiring novel concepts (Han
et al., 2018; Ma et al., 2022). GPT-4, the LLM that powers DALL-E 3, was utilised to generate conceptual
imagery for the AICED model depicted in Figure 2. An engineering design problem was directly input to
prompt the model to ‘conceptualise’ ideas. For each design problem, two alternative image concepts were
generated: Solution Concept A and Solution Concept B (Figure 4).

This section introduces the AICED framework, which employs an external knowledge-augmented multi-
agent LLM approach to support the engineering design process. The framework integrates various stages
of the design process, maintaining creative flow and minimising delays associated with iterative cycles. It
applies to professional engineering tasks such as problem definition, concept generation, and creating
professional documentation like a PDS. The subsequent section will discuss the implementation of the
AICED framework.

4. Implementing the AICED framework

The AICED framework is implemented as a computational web tool, Pro-Explora, accessible through the
graphical user interface (GUI). An interface of Pro-Explora is shown in Figure 3; users can log in to the
tool at https://www.explorefoss.com. Pro-Explora is a simple yet supportive comprehensive tool for
AICED. It enables design engineers to seamlessly generate new engineering design problems, explore
imagery solution concepts, define problems, and create a PDS to guide further concept development.
This study does not cover the aspects of the tool that generate new engineering design problems. Due to
the concurrent and iterative nature of the early-stage design process, activities do not necessarily follow
sequential order (Obieke et al., 2020). Consequently, in Pro-Explora, the generation of image concepts
precedes problem definition and the creation of the PDS.

Welcome, Engineer Inbox(10)

Type in your idea (problem) and click the relevant button:
Up to 200 characters (or about 30 words) can be typed.

The design of a one-hand-operated shovel

Go to problem-exploring
Explore solution concepts Save entered idea

Figure 3. Pro-explora interface for AICED

Figure 3 shows the Pro-Explora interface with a logged-in user, “Engineer,” who submitted a design
problem titled “The design of a one-hand-operated shovel,” an undergraduate final-year project. The user
can “Save the entered idea” to their Pro-Explora inbox or “Explore solution concepts.” Figure 4 shows a
Pro-Explora-generated concept for the design problem, allowing the user to generate alternative solution
concepts, define the problem, or create a PDS. Additionally, the user can return to the computational
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problem-exploring interface, although this aspect is not covered in the current study. Figure 5 shows the
generated documents for the problem definition and PDS, which two experienced design engineers
vetted as highly relevant to guide the innovative design of the shovel.

Problem: “The design of a hand d shovel”

= P

Solution Concept A Solution Concept B

Design shovel
that can boperated wh single hand.
i~ AT

Define Problem

Generate PDS

More Design Tasks

Figure 4. A generated concept of a design problem

ReGenerate concepts Back to problem-exploring

(A) (B)

Problem Definition for: The design of a one-hand-operated shovel Product Design Specification (PDS) for: The design of a one-hand-operated
shovel
Aim: To create a shovel design that enables efficient one-hand operation
Enhancing inclusivity in outdoor activities, the one-hand-operated Criteria Requirement Essential/Desirable
shovel with physical the elderly,
and those with limited strength to participate in gardening. This The shovel handle must be designed to minimize wrist strain during use E
Problem context : ! . ; The gr i ] i
innovation fosters independence and improves mental health by st E
enabling more people to engage with nature without physical Ergonomics even With wec bands
constraints. [Ee : E o
The primary for the one-hand-operated shovel are Lo
) L y - The total weight of the shovel must not exceed 15 kg to ensure ease of use
advocates, to 3
tices, gardening clubs, rehabilitation centers, and eco- i one herd
Target customers and practices, g 3 3 e Weight The weight distribution should be balanced to reduce the effort needed to lift
relevant stakeholders conscious consumers. These groups are deeply invested in the and use the shovel E
(Consider consulting users and | Shovel’s design due to its potential to enhance accessibility for Tiaterls saed shouid be hrwe g yer Ao 5
Sakcholders s prtorming individuals with limited mobilty and its cor ent to R g
u sustainability through the use of eco-friendly materials. This aligns T T T T T =
with their broader goals of promoting inclusivity and Durabiiity
environmental responsibility in product design and usage. oo =
Design for a hand-op d shovel include The design must include 2 guard between the handle and blade to protect the R
. . ensuring ergonomic suitability for users with varying physical hand from slipping
- i?:::fﬁ'x?\:‘“"'"‘:im abilities, balancing weight distribution for ease of use with one Satety "All edges of the handle must be rounded to prevent cuts and scrapes £
tor ,M,,‘,':,m, hand, and selecting materials that are both environmentally The shovel should include reflective materials for visibility if used in low light °
sustainable and durable enough to withstand regular use in various conditions
soil types without degradation. The floraability
The functional for the one-hand-operated shovel o
should include an ergonomic handle for ease of grip and leverage, Z 5
a lightweight design to minimize fatigue, and a locking considered to reduce production costs
Functional requirement | to adjust the blade angle for different tasks. The shovel should be X The blade of the shovel must be made from hardened steelfor durabllity £
(This is a summary; generate a PDS | made of durable, corrosion-resistant materials to withstand varied Material The handle should be mede from il E
for 2 broader view) environmental conditions and provide long-term usability without Materials chosen should be recyclable at the end of the products lifecycle D
frequent maintenance. Additionally, the design should prioritize o E
stability and balance to enhance safety and efficiency during Design e disigy atouk] e skeek wl modeen] £
operation. ]
For manufacturing the one-hand-operated shovel, utilize injection preferences
. p The shovel should be compact enough to be easily stored in a standard tool
molding for the handle to ensure durability and ergonomic design. et or aroge €
Manufacturing involvement F:" ‘heh "éade'de'“""?‘f ’“e‘a'lsza'“l""“‘ a""d"“: ‘I’e:‘me’;" for Portability The design should include 3 hanging hole in the handle for easy storage G
(Discussion with a manufactureris | strength. Consider using req:ce plastics and metals oer ance e shovel should be ightweight and compact nough to be €asily Carried 3 5
ean ing principles to car trunk or backpack for offsite use
optimize production efficiency and scalability, keeping costs low T pesofsal 3
while meeting market demands. The edge of the shovel blade should remain sharp for at least 50 hours of
The one-hand-operated shovel addresses sustainability by using TR G U
eco-friendly materials such as recycled metals or biodegradable Physical
composites. Manufacturing processes are chosen to minimize e v
Sustainability and waste and energy use, such as efficient machining and possibly The shovel should be manufactured using sustainable practices €
environmental assessment | injection molding for non-metal parts. The design focuses on The packaging of the shovel should be minimal and made from recycled €
durability and recyclability, ensuring that the shovel can be Environmental Impact materials
disassembled for recycling at the end of its useful life. This A takeback program should be available for disposal or recycling of the shovel o
approach reduces the overall environmental footprint at the end of itslfe

Figure 5. Problem definition (A) and PDS (B) for shovel design

5. Discussion

5.1. Addressing the research question

The AICED framework effectively addressed the research question posed in Section 1: “How can Al
technologies bridge the knowledge space expansion gap in engineering design?”’ This framework minimises
the knowledge gap that hinders early-stage engineering design activities. The limitation of design engineers
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due to knowledge space expansion became evident as an over-the-wall problem when solo engineering
design practice began yielding unsuccessful results (Ullman, 2010). Concurrent engineering design practice
emerged, incorporating inputs from technical and non-technical stakeholders and becoming essential to the
design process. Despite the widespread adoption of concurrent engineering design, engineers still perform
design tasks individually and make decisions constrained by knowledge space expansion. These decisions
are subsequently discussed with extended design team members, such as manufacturers and environ-
mentalists. To enhance the effectiveness of these discussions, it is crucial to support or augment the design
engineers’ knowledge at the design process level. The more informed the design engineers are about the
subject areas of the extended team members, the more streamlined the group discussions will be.

The manufacturing involvement details in Figure 5A enable the design engineer to assess their
understanding of the design’s manufacturing aspects, forming the basis for discussions with
manufacturers. Similarly, the initial sustainability and environmental assessment informs the design
engineer about the design’s potential sustainability and environmental implications. These elements shape
the design engineer’s concept of the potential solution to the problem. The problem definition document in
Figure 5A incorporates the four key perspectives in defining an engineering design problem (Section 3):
problem context, customers’ and stakeholders’ needs, functional requirements, and design constraints
(Liu, 2021). Additionally, it includes manufacturing involvement, sustainability, and environmental
assessment. With the AICED framework, the first cycle of early-stage engineering design activities—
defining the problem, establishing the essential and desirable PDS requirements, and creating a visual
concept of a possible solution—takes less than five minutes.

5.2. Design freedom for individual practitioners or freelancers

The AICED framework effectively supports design engineers working individually and as part of a team.
The importance of teamwork and individual work in engineering design is well-recognized in academia and
industry (Lindemann, 2015). Encouraging the effective utilisation of both approaches is essential (Han
et al., 2021; Zhang et al., 2022). In some cases, it is beneficial to have team discussions after individual
members have completed specific tasks (Mettler, 2023). This approach is supported by the nominal group
technique (NGT), where individually generated concepts are collectively evaluated to reach a decision
(Cassone, 2024; Messerschmidt et al., 2024). Working individually allows design engineers to concentrate
more efficiently on their tasks, particularly when focusing on design process tasks or conceptualising new
engineering design problems (Obieke et al., 2024). However, the decisions made by a design engineer
during this time are often subject to concurrent review and input from consultants, other design engineers,
or extended team members such as clients, manufacturers, or legal experts (Angelova et al., 2024).
Therefore, the AICED framework benefits student design engineers, freelancers, and individual
practitioners. It lets them quickly expand or enrich their conceptual knowledge of an idea or design
problem, facilitating more informed discussions with other professionals.

5.3. Industry implications: Open AICED framework

The AICED framework is designed as an adaptable, open framework that can be tailored to meet specific
organisational needs. For instance, the PDS document can be customised to a required length and
formatted according to organisational standards, including specific elements of interest. Similarly, any
perspective relevant to the problem can be incorporated into the problem definition document shown in
Figure 5A. Organisations can integrate external knowledge or example data to guide the AICED
framework contextually. The framework includes an encryption technique to protect confidential data
before transferring it to an LLM. However, it is important to note that despite this encryption, the data is
decrypted during LLM processing and may be logged by the LLM service provider (Yan et al., 2024).
Data protection at the LLM service provider’s level depends on the provider’s data control and logging
policies. Therefore, it is advised to contact the LLM service provider to understand their data logging
policies and maintain trust, security, and privacy.

5.4. The constraint of prompt engineering knowledge

Prompt engineering has become crucial for effective interaction with LLMs (Mesko, 2023). As discussed
in Section 2.3, proficiency in prompt engineering is essential for crafting text inputs that guide the
behaviour of LLM-powered applications (Alto, 2024). Without this knowledge, users may struggle to
leverage LLMs’ capabilities fully. Developing specialised support tools across various fields aims to
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democratise access to advanced technologies, enabling individuals who might otherwise be
disadvantaged to benefit from these technologies. For instance, computer-aided engineering tools
empower design engineers to utilise sophisticated technologies without needing in-depth knowledge of
the underlying systems. Similarly, the AICED framework addresses this need by facilitating a specialised
tool that allows design engineers to harness the power of LLMs without requiring extensive knowledge
of prompt engineering. The AICED framework bridges the prompt engineering knowledge gap by
managing LLM design tasks on the backend. As illustrated in Figure 2, using external examples with the
multi-agent LLM simplifies the prompt requirements, as the agent can interpret the example documents
to generate its prompts. This approach ensures that design engineers can focus on their core tasks while
benefiting from LLMs’ advanced capabilities.

5.5. Human in the loop in AICED

The level of safety required in engineering design may not allow for complete digitalisation or the removal of
humans from the design process. The details generated by the Pro-Explora tool, based on the AICED
framework and shown in Figure 5, are highly relevant. These documents are formatted in a specific
engineering design layout to support conceptual thinking (Gohlich et al., 2021). While the tool did not
produce incorrect results, some information requires human interpretation. For instance, the “Weight”
element of the PDS specifies that the shovel’s weight must not exceed 15 kg. This limitis quite high, even with
some content on the shovel. Additionally, the first essential requirement in the “Durability” element of the
PDS appears incomplete, and the “Cost” element does not specify the currency. However, design engineers
can interpret and update this information as needed. The one-page PDS and problem definition documents
facilitate the rapid conceptualisation of design solutions. Since these documents are downloadable in Word
format, they can be easily expanded, edited, or used seamlessly. This significantly simplifies the work of
design engineers, as illustrated in Figure 2, where the Al system handles the more challenging tasks.

6. Conclusion

While Al technologies are increasingly adopted across various sectors to support complex activities, their
application in engineering design remains underexplored. This study addresses this gap by introducing the
AICED framework, a novel approach for Al collaboration in engineering design. Utilising advanced
multi-agent LLM technology, the AICED framework enhances design process activities with Al
capabilities. Implemented as the computational tool Pro-Explora, it augments design engineers’ abilities in
problem definition, product design specification (PDS), and conceptual design. These early-stage
engineering design activities are often identified as challenging in practice. Pro-Explora, powered by the
AICED framework, generates a professional problem definition, a PDS document, and a unique image
description of a potential solution concept within five minutes. This rapid generation process accelerates
the early-stage design cycle and allows design engineers to maintain an uninterrupted creative flow. The
tool’s effectiveness was demonstrated in a real-life engineering design project, with outputs deemed
highly relevant by two experienced design professionals. The study also discusses the industry
implications of the AICED framework, particularly in addressing the growing need for prompt
engineering knowledge and skills. This pioneering study uses multi-agent LLMs as collaborators to
produce standard-format documents in engineering design, leading to new research directions in the
specific applications of LLMs within this field.

This study has limitations, primarily due to the pilot consultation with engineering design professionals to
assess the AICED framework’s outputs and the knowledge used as prompts. Future work will involve a
more formal consultation, including deploying the AICED framework in real-world case studies. Further
research will explore using LLMs for interpreting drawings and analysing 3D CAD models, which would
be particularly useful for creating patent sketches in the required format. By augmenting LLMs with
examples of patent sketches, the AICED framework could facilitate the production of patent sketches from
other engineering drawings. Additionally, the framework could produce other documents to support patent
applications for engineering design practitioners and freelancers, fostering innovation and invention.

References

Alto, V. (2024). Building LLM Powered Applications : Create Intelligent Apps and Agents with Large Language
Models / Valentina Alto (First edition. ed.). Packt Publishing Ltd.

98 ICED25



Angelova, D., Vodenova, P., & Raycheva, R. (2024). Project-Based Teaching in the Online Medium: Advantages
and Disadvantages—Conclusions after an Online Study Module for Design Students. Bulletin of the
Transilvania University of Brasov. Series II: Forestrys Wood Industrys Agricultural Food Engineering, 67—-86.

Cassone, D. (2024). Operational Leadership Using Quantitative Decision Making. In: Springer.

Chen, L., Xiao, S., Chen, Y., Sun, L., Childs, P. R., & Han, J. (2024). An artificial intelligence approach for
interpreting creative combinational designs. Journal of Engineering Design, 1-28.

Chiarello, F., Barandoni, S., §kec, M. M., & Fantoni, G. (2024). Generative large language models in engineering
design: opportunities and challenges. Proceedings of the Design Society, 4, 1959—1968.

Desai, A., & Mital, A. (2021). Sustainable product design and development. CRC Press.

Doyle, C. L. (2017). Creative flow as a unique cognitive process. Frontiers in psychology, 8, 280490.

Eisenstein, J., & Puerta, A. (2000). Adaptation in automated user-interface design. Proceedings of the 5th
international conference on Intelligent user interfaces, (pp. 74-81).

Gohlich, D., Bender, B., Fay, T.-A., & Gericke, K. (2021). Product requirements specification process in product
development. Proceedings of the Design Society, 1, 2459-2470.

Gonzilez, J., & Nori, A. V. (2024). Does reasoning emerge? examining the probabilities of causation in large
language models. arXiv preprint arXiv:2408.08210.

Han, J., Park, D., Hua, M., & Childs, P. R. (2021). Is group work beneficial for producing creative designs in STEM
design education? International Journal of Technology and Design Education, 1-26.

Han, J., Shi, F., Chen, L., & Childs, P. R. N. (2018). The Combinator — a computer-based tool for creative idea
generation based on a simulation approach. Design Science, 4, ell.

Hatchuel, A., Le Masson, P., Reich, Y., & Weil, B. (2011). A systematic approach of design theories using
generativeness and robustness. DS 68-2: Proceedings of the 18th International Conference on Engineering
Design (ICED 11), Impacting Society through Engineering Design, Vol. 2: Design Theory and Research
Methodology, Lyngby/Copenhagen, Denmark, 15.-19.08. 2011, (pp. 87-97).

Hauptman, A. 1., Schelble, B. G., Duan, W., Flathmann, C., & McNeese, N. J. (2024). Understanding the influence
of Al autonomy on Al explainability levels in human-Al teams using a mixed methods approach. Cognition,
Technology & Work, 1-21.

Ibrahim, N., Aboulela, S., Ibrahim, A., & Kashef, R. (2024). A survey on augmenting knowledge graphs (KGs)
with large language models (LLMs): models, evaluation metrics, benchmarks, and challenges. Discover
Artificial Intelligence, 4(1), 76.

Ji, Z., Lee, N., Frieske, R., Yu, T., Su, D., Xu, Y., Ishii, E., Bang, Y. J., Madotto, A., & Fung, P. (2023). Survey of
hallucination in natural language generation. ACM Computing Surveys, 55(12), 1-38.

Jiang, S., Hu, J., Wood, K. L., & Luo, J. (2022). Data-driven design-by-analogy: state-of-the-art and future
directions. Journal of Mechanical Design, 144(2), 020801.

Kazakci, A., Hatchuel, A., Le Masson, P., & Weil, B. (2010). Simulation of Design reasoning based on CK theory:
a model and an example application. DS 60: Proceedings of DESIGN 2010, the 11th International Design
Conference, Dubrovnik, Croatia, (pp. 59-68).

Kibriya, H., Khan, W. Z., Siddiqa, A., & Khan, M. K. (2024). Privacy issues in Large Language Models: A survey.
Computers and Electrical Engineering, 120, 109698.

Kumar, P. (2024). Large language models (LLMs): survey, technical frameworks, and future challenges. Artificial
Intelligence Review, 57(10), 260.

Lindemann, U. (2015). Supporting Creativity in Engineering Design: A Position Paper. Principia Designae-Pre-
Design, Design, and Post-Design: Social Motive for the Highly Advanced Technological Society, 17-24.

Liu, A. (2021). Problem definition. Design Engineering and Science, 167-189.

Lueptow, R. M. (2008). Graphics concepts for computer aided design. Prentice Hall.

Ma, K., Grandi, D., McComb, C., & Goucher-Lambert, K. (2023). Conceptual design generation using large
language models. International Design Engineering Technical Conferences and Computers and Information
in Engineering Conference, (Vol. 87349, p. VOO6T06A021).

Ma, Y., Rong, Y., Ma, Y., & Rong, Y. (2022). Phase 2 Process: Concept Generation, Design and Evaluation.
Senior Design Projects in Mechanical Engineering: A Guide Book for Teaching and Learning, 107-149.

Marvin, G., Hellen, N., Jjingo, D., & Nakatumba-Nabende, J. (2023). Prompt engineering in large language
models. International conference on data intelligence and cognitive informatics, (pp. 387-402). Springer.

Mat, S., Hussin, M. F., Ramli, F. R., Alkahari, M. R., Jamli, M. R., Kudus, S. I. A., & Case, K. (2020). Application
of quality function deployment in product design and development: Car seat case study. Proceedings of the 6th
International Conference and Exhibition on Sustainable Energy and Advanced Materials: ICE-SEAM 2019,
16—17 October 2019, Surakarta, Indonesia, (pp. 81-95). Springer.

Mayda, M., & Choi, S.-K. (2017). A reliability-based design framework for early stages of design process. Journal
of the Brazilian Society of Mechanical Sciences and Engineering, 39, 2105-2120.

Mesko, B. (2023). Prompt engineering as an important emerging skill for medical professionals: tutorial. Journal of
medical Internet research, 25, e50638.

ICED25 99



Messerschmidt, M. A., Cortes, J. P. F., & Nanayakkara, S. (2024). CoTacs: A Haptic Toolkit to Explore Effective
On-Body Haptic Feedback by Ideating, Designing, Evaluating and Refining Haptic Designs Using Group
Collaboration. International Journal of Human—Computer Interaction, 1-21.

Mettler, C. J. (2023). The Engineering Design Team. In Engineering Design: A Survival Guide to Senior Capstone
(pp. 45-77). Springer.

Michaeli, J. G., Hou, G., Hu, X., & Hou, M. (2014). Initial Investigation of Analytic Hierarchy Process to Teach
Creativity in Design and Engineering.

Mirabito, Y., & Goucher-Lambert, K. (2022). Design Strategies that Work: How Engineers Use Sequential
Decision-Making to Improve Design Performance in Concept Selection. International Conference on-Design
Computing and Cognition, (pp. 509-526). Springer International Publishing.

Mireshghallah, N., Antoniak, M., More, Y., Choi, Y., & Farnadi, G. (2024). Trust No Bot: Discovering Personal
Disclosures in Human-LLLM Conversations in the Wild. In. Ithaca: Cornell University Library, arXiv.org.

Naveed, H., Khan, A. U., Qiu, S., Saqib, M., Anwar, S., Usman, M., Akhtar, N., Barnes, N., & Mian, A. (2023).
A comprehensive overview of large language models. arXiv preprint arXiv:2307.06435.

Newcamp, J. M. (2016). Integration of se design principles in a capstone design course: Airborne birdstrike
countermeasure. INCOSE International Symposium, (pp. 600—613).

Obieke, C., Milisavljevic-Syed, J., & Han, J. (2020). Supporting Design Problem-exploring with Emergent
Technologies. Procedia Cirp, 91, 373-381. https://doi.org/10.1016/j.procir.2020.02.189

Obieke, C. C., Milisavljevic-Syed, J., & Han, J. (2024). Advancing engineering design problem-exploring practice:
interviews with industry professionals. Journal of Engineering Design, 1-22.

Pidaparti, R. M. (2023). Design Engineering Journey / by Ramana M. Pidaparti (2nd 2023. ed.). Springer
International Publishing. https://doi.org/10.1007/978-3-031-25969-2

Przegalinska, A., & Triantoro, T. (2024). Converging Minds: The Creative Potential of Collaborative AI. CRC
Press.

Pugh, S. (1991). Total design: integrated methods for successful product engineering. Addison-Wesley.

Raj, V., Suresh, S., & Phridviraj, M. (2023). Performance Analysis of Hybrid Cryptographic Algorithms in
Serverless Platforms. International Conference on Advanced Computing and Intelligent Technologies,
Saad, I., & Chakhar, S. (2010). Aggregation procedure based on majority principle for collective identification of

firm’s crucial knowledge. World Summit on Knowledge Society, (pp. 346-352). Springer Berlin Heidelberg.

Schulhoff, S., Ilie, M., Balepur, N., Kahadze, K., Liu, A., Si, C., Li, Y., Gupta, A., Han, H., & Schulhoff, S. (2024).
The Prompt Report: A Systematic Survey of Prompting Techniques. arXiv preprint arXiv:2406.06608.

Shu, Q., Chen, J., Lu, Y., Zhang, Y., & Wang, Y. (2024). CoRange: Collaborative Range-aware Adaptive Fusion
for Multi-Agent Perception. IEEE Transactions on Intelligent Vehicles.

Siddharth, L., & Luo, J. (2024). Retrieval augmented generation using engineering design knowledge. Knowledge-
Based Systems, 303, 112410.

Singer, A., Aguirre-Jaimes, S., White, A., Vigeant, M., & Jarvie-Eggart, M. (2024). First-Year Design Projects and
Student Perceptions of the Role of an Engineer. IEEE Transactions on Education.

Song, H., Viros-i-Martin, A., & Selva, D. (2023). Effect of Reflection and Incubation on Artificial-Intelligence-
Assisted Design Space Exploration. International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, (p. VOO6T06A033).

Thomas, P., & Nicholas, D. (2018). The fourth industrial revolution: Shaping new era. Journal of International
Affairs, 72(1), 17-22.

Thoring, K., Huettemann, S., & Mueller, R. M. (2023). The augmented designer: a research agenda for generative
Al-enabled design. Proceedings of the Design Society, 3, 3345-3354.

Ullman, D. G. (2010). The mechanical design process: Part 1. McGraw-Hill.

Vervaeke, J., Ferraro, L., & Herrera-Bennett, A. (2018). 24 Flow as Spontaneous Thought: Insight and Implicit
Learning. The Oxford handbook of spontaneous thought: Mind-wandering, creativity, and dreaming, 309.

Wang, B., Zuo, H., Cai, Z., Yin, Y., Childs, P., Sun, L., & Chen, L. (2023). A task-decomposed Al-aided approach
for generative conceptual design. Infernational Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, (p. VOO6T06A0009).

Wood, D. (2013). Fichtes Conception of Infinity in the Bestimmung des Menshcen.

Yan, B, Li, K., Xu, M., Dong, Y., Zhang, Y., Ren, Z., & Cheng, X. (2024). On protecting the data privacy of large
language models (llms): A survey. arXiv preprint arXiv:2403.05156.

Yao, Y., Duan, J., Xu, K., Cai, Y., Sun, Z., & Zhang, Y. (2024). A survey on large language model (llm) security
and privacy: The good, the bad, and the ugly. High-Confidence Computing, 100211.

Zhang, F., Markopoulos, P., Bekker, T., Paule-Ruiz, M., & Schiill, M. (2022). Understanding design-based
learning context and the associated emotional experience. International Journal of Technology and Design
Education, 32(2), 845-882.

Zou, H., Zhao, Q., Bariah, L., Bennis, M., & Debbah, M. (2023). Wireless multi-agent generative ai: From
connected intelligence to collective intelligence. arXiv preprint arXiv:2307.02757.

100 ICED25


https://doi.org/10.1016/j.procir.2020.02.189
https://doi.org/10.1007/978-3-031-25969-2

	A framework of AI collaboration in engineering design (AICED)
	1.. Introduction
	2.. Literature review
	2.1.. Technologies for AICED
	2.1.1.. Multi-agent LLM
	2.1.2.. Retrieval-augmented generation (RAG)

	2.2.. Existing AI-supported design frameworks
	2.3.. The future of human knowledge considering AI

	3.. AICED framework
	3.1.. The AICED LLM agents
	3.2.. Problem definition
	3.3.. Product design specification (PDS)
	3.4.. Ideation

	4.. Implementing the AICED framework
	5.. Discussion
	5.1.. Addressing the research question
	5.2.. Design freedom for individual practitioners or freelancers
	5.3.. Industry implications: Open AICED framework
	5.4.. The constraint of prompt engineering knowledge
	5.5.. Human in the loop in AICED

	6.. Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


