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Abstract The rise of generative Al (GenAl) has
prompted significant attention and discourse across
academia and industry, as stakeholders grapple with its
capabilities, potential applications, and associated risks.
Driven by the aim to address the key question of whether
and how GenAl can reshape the manufacturing industry,
this paper explores the role, applications and prospects of
GenAl for manufacturing. A traditional paradigm of Al
implementation in manufacturing is initially outlined,
followed by a review of GenAl applications in manufac-
turing through a proposed five-level framework character-
izing the depth of GenAl integration. Building on this
review and an analysis of the development trajectory of
foundation models, it is argued that GenAl not only
enhances each stage of the traditional paradigm but also
has the potential to establish a new paradigm in smart
manufacturing. In the envisioned paradigm, GenAl func-
tions as a self-contained service provider, capable of
directly addressing complex manufacturing needs with
innovative solutions, while maintaining a balance between
task efficiency, human well-being, environmental sustain-
ability, and societal impacts. Aligned with the core princi-
ples of Industry 4.0 and Industry 5.0, this paradigm repre-
sents a highly desirable evolution for the manufacturing
sector. Following this, a GenAl-driven product design-to-
manufacturing framework is introduced to ground the
paradigm in practical applications. This research provides
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a robust framework for understanding GenAI’s transfor-
mative trajectory in manufacturing and sets forth a
research agenda for future exploration. Rather than offering
definitive conclusions, this work aims to stimulate on-
going discussions and encourage further exploration in this
evolving field.

Keywords  generative Al, smart manufacturing, large
language model, vision language model, Industry 4.0,
Industry 5.0

1 Introduction

According to the National Institute of Standards and
Technology, smart manufacturing refers to fully-inte-
grated, collaborative manufacturing systems that respond
in real-time to meet changing demands and conditions in
the factory, in the supply network, and in customer needs
(NIST, 2018). While definitions vary in emphasis, from
networked data capabilities (Mittal et al., 2019; Zheng
et al., 2018; Tao et al., 2018), data analytics (Davis et al.,
2012), cyber-physical systems (Kusiak, 2018) to collabo-
rative systems (Lu et al., 2020), the common thread is
leveraging connectivity and computational intelligence to
optimize production processes, enhance productivity, and
improve product quality. Over the past few decades, Arti-
ficial Intelligence (AI), a branch of computer science
dedicated to creating systems capable of performing tasks
that require human intelligence, has played a pivotal role
in advancing smart manufacturing (Xu et al., 2026). From
early expert systems to contemporary machine learning
and deep learning advancements, Al has continuously
enhanced manufacturing through real-time data analysis,
predictive maintenance, automation, and rapid respon-
siveness to market changes and customer demands
(Arinez et al., 2020; Nti et al., 2022; Plathottam et al.,
2023). These advancements have collectively elevated
manufacturing efficiency, quality, and flexibility.
Recently, the rise of generative Al (GenAl) has
captured significant attention from both industry and
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academia due to its successful applications, such as Chat-
GPT, Copilot, and Midjourney, as well as its transformative
potential across various domains. GenAl refers to a set of
artificial intelligence techniques and models capable of
generating text, images, or other forms of data by learning
from existing data sets (Ooi et al., 2025; Sengar et al.,
2024). Distinct from discriminative Al models that learn
the conditional probability P(Y|X), directly mapping
inputs to outputs for tasks such as classification and
regression. In contrast, generative models learn the joint
probability P(X,Y) or the data distribution P(X) itself,
capturing the underlying structure of how data are gener-
ated (Cao et al., 2023). Within the broader GenAl land-
scape, it is important to distinguish between traditional
generative models and foundation model (FM)-based
GenAl. Traditional generative models, such as Generative
Adversarial Networks (GANs), Variational Autoencoders
(VAESs), and Diffusion models, are typically architectures
designed for data generation tasks. These models have
been explored in manufacturing over the past decade,
with applications including synthetic data generation for
fault diagnosis (Ren et al., 2023), design synthesis and
topology optimization (Bing et al., 2026), process param-
eter optimization (Wu et al., 2023), sim-to-real transfer
(Li et al., 2024c) and robot motion planning (Wolf et al.,
2025). In contrast, FM-based GenAl, exemplified by
Large Language Models (LLMs) and Vision-Language
Models (VLMs), represents a distinct paradigm charac-
terized by large-scale pre-training on massive, diverse
data sets, yielding emergent capabilities in reasoning,
natural language interaction, and cross-task generalization
(Weietal.,2022b; Manduchi etal., 2025). While traditional
generative models have been established in manufacturing
for years and can serve as the underlying mechanisms of
FMs, this paper focuses on FM-based GenAl, as its emer-
gent general-purpose capabilities hold the potential to
fundamentally reshape how manufacturing problems are
understood, approached, and solved.

Despite these promising capabilities, manufacturing
engineering problems are largely not to be solved solely
by generating text, images, or other forms of data; they
usually require the utilization of scientific knowledge,
specialized engineering tools, and direct interaction with
physical systems. This reveals an intrinsic limitation of
current GenAl when applied to the manufacturing indus-
try. In manufacturing context, GenAl should be redefined
as a set of technologies that can understand a problem,
chart a plan of attack and generate and execute a
targeted solution to a manufacturing problem. This
“version” of GenAl goes beyond aiding the process of
arriving at a solution; instead, it directly provides the
solution from unstructured semantic prompts. Such solu-
tions should transcend the limitation of digital content
creation, focusing instead on the integration and opti-
mization of real-world production resources to fulfil
manufacturing needs effectively. The new definition

suggests the necessity of developing new forms of GenAl
specifically designed for manufacturing.

Scholarly interest in GenAl for manufacturing has
surged. Kusiak (2025) clarified the concepts of traditional
generative models and FM-based GenAl, and identified
several domains where GenAl may impact manufactur-
ing. Shahin et al. (2025) provided a comprehensive
review of GenAl’s technical architectures and applications
across product design, inventory management, quality
control, maintenance, marketing, and supply chain
management, accompanied by industrial case studies.
Other recent works have examined the technical architec-
tures of industrial FMs (Ayyat et al., 2025; Ren et al.,
2025a; Zhang et al., 2026; Zhao et al., 2025), industrial
agentic Al (Ren et al., 2025b), specific diffusion model
applications (Leng et al. 2025), the broader landscape of
Artificial Intelligence Generated Content (Leng et al.,
2026); applications within Industry 5.0 (Ma et al., 2025;
Zhang et al., 2025) and digital twin integration (Chen
et al. 2025); and domain-specific uses in product design
(Leng et al., 2025; Mustapha, 2025), human-robot collab-
oration (Fan et al., 2025; Dong et al., 2025) and predictive
maintenance (Khan et al., 2025; Mikotajewska et al.,
2025). These works establish a foundational understanding
of the GenAI’s capabilities and constraints in manufac-
turing. Distinct from these efforts, the present work
adopts an exploratory approach with a distinct objective:
to ascertain whether, in what form, and how GenAl can
reshape manufacturing and usher in a new paradigm in
smart manufacturing. To this end, we make the following
contributions: (1) outline the traditional paradigm of Al
implementation in manufacturing as a baseline; (2)
propose a five-level framework characterizing the depth
of GenAl integration; (3) analyze the developmental
trajectory of the underlying FMs; and (4) introduce a
futuristic paradigm in which GenAl functions as a self-
contained service provider, accompanied by a design-to-
manufacturing framework and a case study. This
paradigm-level reconceptualization, grounded in goal-
oriented investigation, distinguishes our work from exist-
ing reviews and offers a forward-looking research agenda
for the manufacturing community.

In the subsequent sections, this topic is systematically
explored to expand our forward-looking perspectives at
the intersection of smart manufacturing and GenAl
While this paper aims to offer insightful answers, providing
definitive conclusions is not its objective. Instead, this
paper seeks to stimulate and foster ongoing discussions in
this evolving field, contributing to a deeper understanding
and further exploration of these topics.

2 Traditional Al in manufacturing

Al has significantly influenced the manufacturing industry
for decades, from early expert systems to machine learning
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and now deep learning, each stage driving intelligent
manufacturing forward (Arinez et al., 2020; Nti et al.,
2022; Plathottam et al., 2023). To effectively explore
how GenAl can reshape the manufacturing industry, it
helps to look back on how traditional Al has been applied
in this sector. However, after decades of development of
Al technologies, Al models have become increasingly
complex, with numerous techniques and vast variants
tailored to specific tasks across every sector and step of
manufacturing. Cataloguing all Al techniques used in
manufacturing is beyond this paper's scope. Therefore,
this section first takes a problem-oriented view to briefly
review Al applications in manufacturing and then
outlines the traditional paradigm of Al implementation in
manufacturing. This foundation paves the way for a
subsequent discussion on how GenAl might transform
this paradigm.
2.1 Problem-oriented overview of Al in manufacturing
Al encompasses a broad range of technologies, which can
be categorized into supervised learning, unsupervised
learning, and reinforcement learning based on learning
paradigms (Goodfellow et al., 2016). Each paradigm
includes a variety of models, e.g., traditional machine
learning models, deep learning models, generative
models, and reinforcement learning models. These
models have been applied to numerous tasks, ranging
from fundamental tasks, e.g., classification, regression,
and clustering to high-level tasks, e.g., natural language
processing, computer vision, and robotic control. Every
technology has found applications in manufacturing
(Wang et al., 2018).

To elucidate the role of Al in manufacturing, a problem-
oriented approach is adopted to review its applications.

Table 1

We have identified six research problems, that can be
addressed by Al in manufacturing and highlighted several
typical applications for each, as shown in Table 1.
Exhaustively listing Al applications in manufacturing is
not our intention; rather, our intent is to present a structured
classification that offers a clear analytical framework and
establishes a foundation for the subsequent analysis of
GenAl’s role in manufacturing. These six categories were
derived based on the distinct functional roles Al serves in
manufacturing, representing how Al creates value rather
than categorizing by specific techniques or process
stages. We acknowledge that this classification is not
exhaustive, some applications may span multiple cate-
gories, and the boundaries are not mutually exclusive.
Nevertheless, this framework captures the major problem
types addressed by Al in manufacturing as observed in
the current literature. For each category, only a select
number of relevant studies are referenced.

2.2 Traditional paradigm of Al implementation in
manufacturing

The previous section summarized six key problems that
Al technologies typically address in the manufacturing
industry. Building on above discussion, a traditional
paradigm of implementing Al in manufacturing can be
outlined, as depicted in Fig. 1. We structured this imple-
mentation process into four distinct stages to mirror the
human cognitive problem-solving process (Polya and
Conway, 2014), transitioning from need clarification to
precise problem abstraction and tailored model develop-
ment, and finally to practical solution integration:

1) Need clarification: Identifying and defining the
manufacturing need. The need can encompass intentions
for improving any facet of manufacturing process,

Six research problems addressed by Al in manufacturing: definitions, typical applications, and some references

Categories Definition

Applications Some references

Pattern recognition and

analysis anomalies, or features from complex data.

Predictive modeling and
decision support

This category uses Al to predict future
outcomes based on the historical data to
support decision-making processes.

Optimization and control This category uses Al to identify optimal
strategies and solutions that enhance the
efficiency, precision, and effectiveness of

various manufacturing operations.

Data manipulation and
utilization

This category uses Al to retrieve, augment,

from manufacturing operations.

Human-machine Interaction This category uses Al to facilitate effective

interactions between humans and machines.

Customization and
personalization

This category uses Al to tailor the product
design and manufacturing process to meet
personal requirements.

manage and organize large volumes of data augmentation, inventory management,

This category uses Al to recognize patterns, Fault diagnosis, quality control, defect Ge et al. (2025); Jiang et al. (2026),

detection, compliance tracking.  Jiang et al. (2025); Zhang et al.(2020);
Zheng et al. (2022); Zheng et al.

(2020)

Liu and Bao (2025); Neu et al. (2022);
Serradilla et al. (2022);
Lvetal. (2023)

Production planning, robot path Usuga Cadavid et al.(2020),
planning, human-robot collaboration, Zhou et al. (2022), Rolf et al. (2023);
logistics planning. Semeraro et al. (2023); Zheng et al.
(2023)

Garouani et al. (2022); Ribeiro et al.
(2021); Ruiz et al. (2023)

Predictive maintenance, demand
forecasting, and process prediction.

Document retrieval, data

automated reporting, question
answering.

Collaborative robots, user-friendly
machine interfaces.

Bonarini (2020),

Guo et al. (2021); Gammulle et al.
(2023); Liu et al. (2021); Zheng et al.
(2025)

Jiang et al. (2022); Liu et al. (2022),
Yin et al. (2021); Wan et al. (2021)

Custom product design, on-demand
manufacturing, human-centric
manufacturing.
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Product design
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Solution 4 Solut}on System
execution integration compatibility
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manufacturing system

Decision trees

SVM 3. Model development

______ Model Dataset
training Construction

VAE
Autoregressive model

« Task-specific development
« Systematic design

« Human limitation

GAN GNN RL

Predictive modelling
and decision support

2. Problem
abstraction

Human-machine
interaction

Pattern recognition
and analysis

Optimization
and control

Customization and
personalization

Data retrieval and
management

Random forests

Genetic algorithm

Transformer

Fig. 1 The traditional paradigm of Al implementation in manufacturing.

including but not limited to all the applications in
Table 1. This stage focuses on application-oriented objec-
tives. The specification remains qualitative and
application-centric, distinct from the specific algorithmic
formulations utilized in the subsequent stage. Clearly
defined needs ensure that subsequent analysis and Al
model development are focused and aligned with the
overarching goals.

2) Problem abstraction: Abstracting the specific prob-
lems that Al can solve based on analyzing the identified
need. This step breaks down the need into specific, math-
ematically solvable problems, e.g., the problems identified
in Table 1, ensuring a targeted and efficient Al solution
development. Precise problem abstraction is crucial for
developing effective Al solutions.

3) Model development: Developing tailored Al models
to address each identified problem. This step can be
further decomposed into data set construction and model
design and training. By focusing on specific problems, Al
models can be modified and fine-tuned for higher accuracy
and effectiveness in solving targeted challenges. Rigorous
Al model development is essential for achieving reliable
applications.

4) Solution integration: Integrating the developed Al
models into a cohesive and process-oriented solution,
involving seamlessly connecting the models with existing
manufacturing systems and devices. This integration
ensures that the Al-driven approach holistically addresses
the initial need, streamlining workflows and enhancing
overall efficiency. Effective integration guarantees that
Al solutions are practical and beneficial within the manu-
facturing context.

The traditional paradigm of implementing Al technology
in the manufacturing industry exhibits three key features:

1) Task-specific development: Developing distinct Al
models for isolated problems. In this approach, manufac-

turing needs are decomposed into discrete sub-problems,
each requiring a bespoke AI model. Since each model
demands data set construction, architecture design, and
training, this approach results in substantial resource
redundancy and lacks cross-task synergy.

2) Expert-driven design: Reliance on experts to archi-
tect the overall solution. Every step of the traditional
paradigm requires careful design by domain experts. The
variations in expertise significantly impact how well the
final solution meets the manufacturing needs.

3) Innovation limitation: Bounded by pre-defined
solution spaces. In the traditional paradigm, Al functions
primarily as an executor or optimizer for expert-crafted
solutions. While these models may outperform humans in
specific tasks, they lack the agency to question or redefine
the underlying solution design. Consequently, the potential
for breakthrough innovation is constrained by the initial
human conception of the solution.

The analysis in this section reveals that the traditional
paradigm of Al implementation in manufacturing mirrors
the fundamental process of human analysis and problem-
solving, which is universally applicable to general engi-
neering challenges. This indicates that the role of Al is an
auxiliary tool for humans to replace manual analysis,
decision-making, and operations. Consequently, while Al
significantly enhances the quality, efficiency, and flexi-
bility of manufacturing, it is inherently constrained by the
scope and creativity of human-driven processes. This
reliance on expert-crafted solutions limits the potential
for Al to achieve transformative innovations.

3 GenAl in manufacturing

This section aims to systematically explore the applications
of GenAl in manufacturing and the challenges. It begins
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with a compact literature review to show the trends of
GenAl applications in manufacturing. Then, it categorizes
the applications into five levels according to the depth of
GenAl integration into manufacturing systems and
analyzes how GenAl has been and will be implemented
into manufacturing processes at each level. Subsequently,
it delves into the technical, practical and social dimensions
of the challenges associated with GenAl implementation
in manufacturing.

3.1 Literature survey: Distribution, trends, and insights

Recognizing that rapid advancements of this emergent
field appear in preprint format, literature was sourced
from both Scopus and arXiv using the query (“generative
AI” OR “LLM” OR “VLM”) AND (“manufacturing” OR
“industry” OR “engineering” OR “production”) across
January 2020-December 2025.

To ensure corpus relevance and rigor, the selection
process adhered to strict inclusion criteria: (1) the study
must explicitly investigate or utilize FM-based GenAl;
(2) the content must address specific industrial manufac-
turing applications; and (3) the work must offer a
substantive scholarly contribution (e.g., empirical study,
theoretical framework, or systematic review), excluding
generic non-technical commentaries.

After manual curation to exclude non-manufacturing
studies, 202 articles (2022-2025) were retained. These
were classified into 158 empirical contributions, defined
as studies presenting original methodologies or systems
substantiated by experimental validation, and 44
secondary or conceptual contributions, comprising litera-
ture reviews, position papers, and theoretical frameworks
without empirical implementation. Eligible empirical
contributions were categorized into six application
domains (defined in Table 1) based on their primary
focus, with their temporal distribution detailed in Table 2.
This curated corpus provides a foundation for analyzing
GenAl’s applications and transformative potential in
manufacturing. Details of the selected articles can be
found in our Github repository: GenAdl in_manufactur-
ing. From the systematic review of the curated literature,

Table 2 Literature distribution by application domain and year

several key trends and insights are summarized to charac-
terize the current state.

* Accelerating yet nascent adoption: The exponential
growth in publications, from only 2 studies in 2022 to 82
in 2025, underscores the increasing recognition of GenAI’
s potential in manufacturing. Despite this rapid expan-
sion, we found that the volume of GenAl-related research
in manufacturing remains relatively limited compared to
other sectors such as education, healthcare, and finance.
This disparity can be attributed to the physicality gap:
unlike digital domains, manufacturing demands that
GenAl not only process multi-modal data but also interact
with immutable physical constraints and machinery,
introducing substantial complexity. Moreover, the
scarcity of pretraining data specific to manufacturing
further exacerbates this disparity.

» Concentration in cognitive applications: The litera-
ture reveals a pronounced skew toward cognitive tasks
rather than perception tasks. As detailed in Table 2,
Customization (42 papers) and Human-Machine Interac-
tion (36 papers) significantly outnumber fundamental
tasks like Pattern Recognition (15 papers). This trend
indicates that current GenAl is primarily leveraged for its
semantic reasoning and code generation capabilities to
address tasks that align with the text-centric nature of
LLMs (Capitanelli and Mastrogiovanni, 2024; Xia et al.,
2024b; Xu et al, 2024a; Timperley et al., 2025).
Conversely, applying GenAl to pattern recognition tasks
(Chen and Liu, 2024; Lin et al., 2025) requires bridging
the gap between semantic tokens and continuous numerical
sensor data, a technical barrier that currently limits adop-
tion in these areas.

* Superficial technical adaption: A notable observation
is that most of the current studies treat GenAl as an off-
the-shelf tool that can be simply embedded into existing
manufacturing systems. While this enables rapid proto-
typing of conversational assistants or basic planners, it
represents a surface-level adaptation, without domain-
specific fine-tuning, architectural modifications, and
physical process integrations. Given that current GenAl
lacks grounded understanding of physical systems and
manufacturing processes, it can manage high-level logic

Domain 2022 2023 2024 2025 Total
Pattern Recognition and analysis - 1 5 9 15
Predictive modeling and decision support - - 2 4 6
Optimization and Control — 2 13 15 30
Data manipulation and utilization - 3 11 15 29
Human-machine interaction 2 2 10 22 36
Customization and personalization - 2 21 19 42
Total 2 10 62 84 158
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but remain inadequate for tasks governed by physical
laws, material properties, and precise engineering
requirements.

This review underscores that while the adoption of
GenAl in manufacturing is growing rapidly, it remains at
a nascent stage as the majority of studies are exploratory
proof-of-concepts rather than validated industrial deploy-
ments. Current implementations predominantly represent
surface-level adaptation, utilizing GenAl’s pre-trained
capabilities without domain-specific fine-tuning, archi-
tectural modifications, or integrations with physical
process feedback loops. Consequently, discussions solely
on application domains (defined in Table 1) are insufficient
to reveal GenAl’s potential in manufacturing. We argue
that a more rigorous understanding requires analyzing
GenAl through the lens of its depth of integration within
manufacturing processes. To this end, the following
section proposes a five-level framework to systematically
characterize this integration spectrum.

3.2 Examining GenAl implementation in manufacturing

While generic LLMs have popularized conversational Al,
the industrial potential of GenAl extends deeper, encom-
passing synthetic data generation, process scheduling,
and intelligent agent creation (Ge et al., 2023). To
systematically characterize the role of GenAl, we propose
a five-level framework (Fig. 2) that maps the tech-
nology's trajectory from a supportive tool to an
autonomous innovator. As illustrated in the figure, the
framework is structured along a continuum of increasing
integration depth and autonomy. The diagonal progression
depicts the alignment between these GenAl levels and the
standard stages of the traditional Al implementation
pipeline. Specifically, Conversational Assistance aligns
with Need Clarification and Problem Abstraction by

3.1 Dataset
construction
2. Problem
abstraction
1. Need
clarification
GenAl
implementation
levels Level 1 Level 2

providing natural language understanding and reasoning
capabilities that support requirements elicitation and
problem formulation. Data Enrichment corresponds to
Data set Construction by generating synthetic training
data. Model Enhancement maps to Model Training by
improving model architectures and training strategies.
Solution Orchestration aligns with Solution Integration
by coordinating multiple AI components into deployable
systems. In contrast, the fifth level, Innovation Creation,
represents a paradigm shift where GenAl transcends the
traditional pipeline to autonomously generate innovative
solutions. Section 4 elaborates on this paradigm shift and
articulating a futuristic vision for GenAl-driven manufac-
turing. This structure provides a taxonomy for under-
standing how GenAl is currently optimizing existing
processes while paving the way for future smart manu-
facturing. The distribution of the reviewed literature
across these five implementation levels is summarized in
Table 3, revealing the current focus and emerging trends
within the research community.

3.2.1 Conversational assistance

Objective: The primary objective at this level is to leverage
GenAl as a conversational assistant to enhance human
decision-making by knowledge retrieval, data analysis,
plan optimization, code generation, and operations
support.

Recent advancements: Recent literature demonstrates
significant strides in adapting generic GenAl for special-
ized manufacturing contexts through novel frameworks
and fine-tuning strategies.

* Operational support and safety: Systems like the
Popeye chatbot (Colabianchi et al., 2022) have been
deployed to assist operators in identifying hazard scenarios
in dock areas. Zhou et al. (2024) integrated structured

4. Solution
integration

. Innovation
Solution creation
Model orchestration

enhancement

Level 3

Level 4 Level 5

Fig. 2 The five levels of GenAl implementation in manufacturing, referencing the traditional paradigm of Al implementation in manu-

facturing.
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Table 3 Literature distribution by implementation level in manufac-
turing and year

Domain 2022 2023 2024 2025 Total
Level 1 1 6 28 36 71
Level 2 - 1 8 4 13
Level 3 - - 5 10 15
Level 4 - 1 11 15 27
Level 5 1 2 10 19 32

Below, we analyze each level in terms of its operational objective, recent
advancements, current maturity, and persistent technical challenges.

causal knowledge graphs with LLMs to enhance root-
cause analysis for quality defects in aerospace manufac-
turing. Li et al. (2023) leveraged GPT-4 to automate the
generation of high-fidelity scene descriptions, accelerating
the construction of industrial digital twins. Wang et al.
(2025) proposed a human-LLM collaborative design
framework, where LLM plays a proactive, multi-faceted
role as both a knowledge provider and decision maker
that integrates multidisciplinary design and manufacturing
knowledge to translate vague customer intentions into
manufacturable generative designs.

* Code generation: To ensure reliable code output,
frameworks such as LLM4PLC (Fakih et al., 2024)
utilize iterative pipelines for PLC code generation. Simi-
larly, Xia et al. (2024a) introduced error-assisted fine-
tuning approaches to adapt models specifically for manu-
facturing-related coding queries.

* Process planning: Extending beyond code, GenAl is
being applied to system-level organization. Holland and
Chaudhari (2024) leveraged LLMs to tackle process plan-
ning challenges, including cycle time estimation and
resource allocation.

* Knowledge retrieval: Addressing the need for
domain precision, researchers have developed advanced
retrieval architectures. For instance, the Golden-Retriever
method (An et al., 2024) incorporates reflection-based
query augmentation to handle industrial jargon, while the
KnowPAT framework (Zhang et al., 2024b) aligns model
outputs with expert human preferences through knowl-
edgeable fine-tuning. Additionally, hybrid approaches
proposed by Yang et al. (2023) utilize small, domain-
specific models to guide larger LLMs, ensuring that
answers are grounded in verified technical data. Recently,
Shi et al. (2025) enhanced manufacturing RAG systems
by leveraging the Asset Administration Shell for structured
knowledge representation.

Maturity status: As detailed in Table 3, Level 1 domi-
nates the research landscape, accounting for 71 studies
(approximately 45% of the reviewed corpus). This preva-
lence is largely attributed to the low technical barrier to
entry at the conversation level without requiring the
complex modification and physical integration necessary
for higher-level automation.

Technical challenges: Despite this maturity,
widespread deployment is hindered by the challenge of
reliability. Generic GenAl is prone to hallucinations,
generating plausible but factually incorrect outputs,
which poses severe risks in precision-critical environments
(Huang et al., 2023; Tonmoy et al., 2024). To mitigate
this, the community has pivoted toward Retrieval-
Augmented Generation (RAG), such as Golden-Retriever
(An et al., 2024) which handles domain-specific jargon,
and Knowledge Alignment, exemplified by frameworks
like KnowPAT (Zhang et al., 2024b) that align outputs
with expert preferences. Beyond factual correctness,
ensuring robust engineering reasoning represents another
challenge. Recent advancements in reasoning-oriented
architectures and Chain-of-Thought (CoT) methodologies
(Wei et al., 2022a; Yao et al., 2023; Guo et al., 2025)
have notably enhanced the logical consistency of GenAl,
allowing models to solve increasingly complex multi-step
problems. However, current models still lack the deter-
ministic reliability required for precision-critical manu-
facturing (Kambhampati, 2024). Bridging the gap
between plausible logic and physically guaranteed execu-
tion remains an urgent frontier necessitating further
research.

3.2.2 Data enrichment

Objective: The primary objective at this level is to utilize
GenAl to overcome the data scarcity in manufacturing by
generating high-fidelity synthetic data and constructing
complex virtual environments.

Recent advancements: Recent literature demonstrates
the versatility of GenAl across these two functional
domains.

* Synthetic data augmentation: To improve the
robustness of downstream models, researchers use GenAl
to generate diverse data samples that are expensive to
collect in reality. For example, Getz and Tong (2025)
utilized an LLM to extract problems and solutions from
the machine maintenance records, compiling a data set to
train a model for deriving insights from operational data.
Leveraging the commonsense reasoning of LLMs, Yang
et al. (2024) modeled human thermal preferences, gener-
ating synthetic behavioral data to train reinforcement
learning algorithms for optimizing HVAC control
systems.

* Automated environment generation: Beyond
discrete samples, GenAl is increasingly used to construct
entire interactive environments for robotics (Thumm
et al., 2024) and digital twins (Martinez-Gutiérrez et al.,
2024). Katara et al. (2024) developed Gen2Sim, a method
that automates the generation of 3D assets, task descrip-
tions, and reward functions, scaling up robot skill learn-
ing. Similarly, Jackson et al. (2024a) leveraged GenAl to
generate valid simulation models for logistics systems
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from verbal descriptions, while Huang et al. (2024b)
integrated GenAl into Digital Twins to simulate unprece-
dented events for decision support.

Maturity status: As shown in Table 3, Level 2
remains an emerging area, accounting for only 13 studies.
This limited adoption is largely attributable to the fidelity
gap: general-purpose GenAl models, pre-trained on inter-
net data, often lack the granular domain knowledge
required for precision manufacturing. Consequently,
researchers continue to favor traditional generative
models trained on specific industrial data to ensure high-
fidelity synthesis.

Technical challenges: Despite the promise of data
enrichment, widespread adoption is hindered by two criti-
cal bottlenecks. First, the indiscriminate use of synthetic
data risks model collapse (Shumailov et al., 2024), a
degenerative process where recursive training on generated
outputs progressively degrades model variance and
fidelity. Second, current GenAl operates primarily on
statistical correlations rather than causal mechanics, often
failing to adhere to strict physical laws. This results in
sim-to-real gaps where models trained on synthetic data
fail in the physical world. Bridging this gap requires
efforts toward World Models and Spatial Intelligence
(Cen et al., 2025; Li, 2025) that explicitly encode
spatiotemporal dynamics to ensure synthetic data and
environments are both digitally effective and physically
valid.

3.2.3 Model enhancement

Objective: The primary objective at this level is to utilize
GenAl to augment the structural design, feature represen-
tation, and interpretability of traditional discriminative
models.

Recent advancements: Recent literature demonstrates
distinct approaches to this integration:

* Semantic feature engineering: A critical advancement
lies in bridging textual semantics with time-series sensor
data. Tao et al. (2025) fine-tuned an LLM for fault diag-
nosis by converting vibration signal patches into token
embeddings. Similarly, Lin et al. (2025) introduced FD-
LLM, which employs modal alignment to map engineering
data descriptions directly to equipment status in the
feature space, significantly improving fault diagnosis
generalizability.

* Automated architecture design and optimization:
GenAl is also revolutionizing neural architecture search.
Nasir et al. (2024) combined LLM code generation with
quality-diversity algorithms to autonomously synthesize
robust neural networks, while Chen et al. (2023a) utilized
LLMs as adaptive mutation and crossover operators in
evolutionary search. On the optimization front, Khanghah
et al. (2025) established a framework that integrates RAG-
based knowledge extraction with iterative LLM-driven

refinement to automatically generate analytical models of
manufacturing processes.

* Explainability and robustness: Beyond perfor-
mance, GenAl addresses the black-box nature of Al It
enhances explainable Al (XAI) by generating natural
language insights into decision-making processes,
thereby fostering stakeholder trust and regulatory compli-
ance (Cambria et al., 2024). Furthermore, although
currently underexplored, the generation of adversarial
examples offers a promising avenue to improve industrial
models against anomalies and external disturbances.

Maturity status: As indicated in Table 3, Level 3
remains an experimental area (15 studies). This limited
adoption reflects a high technical barrier; unlike surface-
level semantic applications, successful implementation at
this level usually requires deep architectural modifications
to align GenAl with discriminative models in the high-
dimensional feature space rather than the accessible
semantic space.

Technical challenges: The central bottleneck is the
alignment between the discrete tokens of GenAl, the
continuous time-series of physical sensors, and the high-
dimensional latent feature spaces of discriminative
models. Effectively bridging these disparate formats
requires complex embedding strategies, as seen in (Lin
et al., 2025) and (Tao et al., 2025). Aligning these modal-
ities without losing signal precision is mathematically
non-trivial. Moreover, integrating heavy GenAl modules
into lightweight, latency-sensitive control loops introduces
computational overhead, creating a barrier to real-time
deployment. Future research can focus on distillation
techniques to compress these semantic capabilities into
efficient, edge-deployable formats.

3.2.4 Solution orchestration

Objective: The objective at this level is to elevate GenAl
from a passive assistant to an autonomous agent capable
of generating and executing manufacturing solutions in
dynamic environments. This level focuses on tool use and
action: agents analyze high-level user queries, assess
available resources, and autonomously control production
equipment.

Recent advancements: Recent literature focuses on
enabling agents to bridge the gap between language and
physical action through two primary scales:

* Robotic task planning and execution: GenAl is
increasingly used to translate natural language into
machine-executable directives. Zheng et al. (2024)
utilized LLMs to autonomously generate and execute
robotic task plans in human-robot collaborative environ-
ments. Similarly, Fan et al. (2025a) proposed a framework
where LLM agents autonomously generate tool paths and
G-code for industrial simulations. Zhou et al. (2026)
developed a multi-agent VLM architecture to achieve
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zero-shot, multi-step robot tool manipulation in industrial
environments. In the domain of logistics, Wang et al.
(2024b) developed a multi-modal agent enabling auto-
mated guided vehicles to navigate based on verbal
commands.

* Multi-agent shop floor orchestration: At the system
level, research has shifted toward multi-agent systems
(MAS) to handle complex production flows. Xia et al.
(2023) developed a hierarchical MAS where manager
agents interpret commands and operator agents execute
production plans. This work was later improved to be
more scalable (Xia et al., 2024b). Expanding on this,
Zhao et al. (2024b) proposed an agentic system enabling
dynamic negotiation and decision-making for high-mix,
small-batch production. Furthermore, Gkournelos et al.
(2024) integrated these agents with manufacturing execu-
tion systems and digital twins, while Wang and Qin
(2024) leveraged frameworks like LangChain to optimize
production sustainability.

Maturity status: As shown in Table 3, this level
encompasses 27 studies, reflecting a surge of research
interest. This momentum is largely catalyzed by the
emergence of specialized agentic frameworks, which
have significantly lowered the technical barrier to entry
for constructing autonomous workflows. However,
current implementations remain confined to isolated pilot
cells and tolerance-lenient tasks, highlighting the chal-
lenges of widespread industrial adoption and precision-
critical manufacturing.

Technical challenges: First, the heterogeneity of phys-
ical interfaces, the sheer diversity of proprietary application
programming interfaces (APIs), communication proto-
cols, and mechanical constraints, remains a formidable
barrier to creating universal manufacturing agents.
Second, current embodied agents face a severe dexterity
gap, largely restricted to elementary primitives (e.g., pick-
and-place) while struggling with the high-precision
manipulation required for manufacturing. Finally, the
stochastic inference and high latency of GenAl conflict
with the strict deterministic and real-time constraints of
industrial control.

3.2.5 Innovation creation
Objective: At this level, GenAl transcends its role as an
auxiliary tool to become a self-contained service provider
to provide innovative solutions that directly meet the
manufacturing need. Unlike Level 4, which focuses on
the autonomous execution of predefined tasks using
existing tools (e.g., generating code to move a robot),
Level 5 focuses on generating novel product designs,
manufacturing methods, system architectures that did not
previously exist and exceed human engineering intuition.
Recent Advancements: Recent literature indicates that
GenAl is beginning to drive innovation across three critical

frontiers:

* Generative product design: GenAl is redefining the
boundaries of product design (Liu et al., 2024; Picard
et al., 2024; Xu et al., 2024a). Nafea (2025) utilized
GenAl tools to design actuators with complex, non-
Euclidean shapes and infill patterns for 4D printing,
achieving functionalities previously unattainable through
manual design. To ensure manufacturability, Chong et al.
(2024) introduced a method that conditions the generative
process on feasible CAD imagery, significantly improving
the engineering validity of the output. Liu et al. (2026)
developed a multi-agent workflow, iDesignGPT, where
specific agents are assigned to optimize specific design
processes, including problem definition, information
gathering, concept generation and evaluation.

* End-to-end manufacturing workflows: Moving
beyond isolated components, research is now exploring
holistic process generation. Makatura et al. (2024) inves-
tigated an end-to-end framework where LLMs transform
text prompts directly into manufacturing instructions,
effectively compiling natural language into physical
products. Similarly, Kyaw et al. (2025) developed a
system that leverages 3D GenAl to generate objects from
speech, discretize them into voxel components, and
autonomously optimize robotic toolpaths for fabrication.

* Factory-level systems engineering: At the macro
scale, Tinsel et al. (2024) explored using LLMs to
analyze user requirements and autonomously plan entire
factory layouts. Their system identifies necessary produc-
tion processes, selects machinery, and generates simulation
models to validate the proposed production system in a
virtual environment before physical implementation.

Maturity status: As shown in Table 3, Level 5 encom-
passes 32 studies, ranking second in publication volume.
However, this activity remains at the proof-of-concept
stage. Most studies concentrate on product design appli-
cation as it only involves a small need-solution loop with
minimal reliance on other devices and machinery.
Crucially, the generated designs often lack the functional
novelty required to be classified as true innovation, often
falling back on statistical averages of their training data.

Technical challenges: The primary barrier to achieving
this level is the creative plateau. Because GenAl models
are trained on historical data, they tend to converge on
known, safe solutions rather than exploring the long tail
of novel, high-risk/high-reward designs. Overcoming this
requires more than stochastic exploration; it demands the
deep integration of domain knowledge to ground genera-
tive exploration in feasible innovation. Additionally,
while GenAl can understand intricate geometries (as seen
in (Nafea, 2025)), verifying that these designs can be
manufactured at scale remains a complex constraint satis-
faction problem. Future research should focus on physics-
embedded GenAl that treats manufacturing constraints
(e.g., material stress, thermal dissipation) not as
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afterthoughts, but as fundamental laws governing the
generation process.

Collectively, GenAl’s implementation is concentrated
at Level 1, aligning with earlier observations that most
studies embed GenAl into manufacturing systems as an
off-the-shelf tool with minimal customization.
Conversely, Levels 2 and 3 exhibit comparatively fewer
articles, largely because these applications usually require
deeper integration and adaptation of GenAl models.
Although the number of studies at Levels 4 and 5 is
higher, this does not imply technical simplicity; rather, it
reflects even straightforward adaptations of GenAl can
yield substantial impacts. However, as noted, these high-
level applications remain largely exploratory, often lacking
the robustness for large-scale adoption.

Manufacturing is a complex system characterized by
diverse devices, intricate processes and a strong emphasis
on interactions within the physical world. From the
preceding discussion, three critical technical features
emerge as essential for GenAl application in manufactur-
ing: (1) advanced multi-modal data processing capabilities
to perceive and interact precisely with the physical envi-
ronment; (2) robust reasoning and planning abilities to
ensure the reliability and effectiveness of outputs; and (3)
seamless control and collaboration across diverse devices
to enable cohesive and efficient operations. Realizing the
transformative potential of GenAl in manufacturing will
require innovative research to address these challenges
and drive advancements.

In conclusion, although the current literature demon-
strates that GenAl has already brought tangible benefits
to the manufacturing industry, its potential for deeper
integration and innovative solutions remains underex-
plored. Further strides in scientific reasoning, domain-

GenAl-assisted

Al-agent driven

specific adaptions, and robust control of physical
manufacturing processes are needed to move from proof-
of-concept studies to systemic transformations. The next
section discusses the broader challenges of GenAl imple-
mentation in manufacturing, spanning technical, practi-
cal, and societal dimensions, and examines ongoing
research that aims to address these hurdles.

3.3 Technology roadmap for GenAl-enabled smart
manufacturing

While Fig. 2 categorizes the integration depth of GenAl
within manufacturing systems, it does not illustrate how
advancing integration progressively transforms smart
manufacturing. To elucidate this developmental trajec-
tory, Fig. 3 presents a technology roadmap that links the
integration levels introduced in Fig. 2 with their underlying
technological drivers and emergent system capabilities.
The upper layer delineates three evolutionary stages of
GenAl-enabled manufacturing. The middle rows specify,
for each stage, the corresponding system capabilities,
technology drivers, and typical applications. The bottom
layer maps the integration levels from Fig. 2 onto these
three stages, highlighting the progressive advancement in
the integration depth, capability and operational autonomy
of GenAl as it evolves from near-term task assistant
toward a long-term end-to-end innovator.

In the near term, GenAl is expected to function primarily
as an Al-assisted tool augmenting specific manufacturing
tasks. At this stage, GenAl provides conversational assis-
tance, knowledge retrieval, and design support to engi-
neers, leveraging its contextual understanding and multi-
modal reasoning capabilities. These applications corre-
spond to the lower integration levels in Fig. 2, wherein
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GenAl enhances human decision-making but does not
assume direct control over manufacturing workflows.

In the mid-term, the emergence of Al agents capable of
interfacing with physical systems enables more advanced
forms of system-level coordination. Rather than supporting
isolated tasks, GenAl systems at this stage orchestrate
multiple manufacturing processes, including design
generation, process planning, and production optimiza-
tion, in an integrated manner. This corresponds to the
solution orchestration level in Fig. 2, where GenAl
becomes embedded within manufacturing workflows to
manage complex production systems directly.

In the long-term, continued advances in FMs may
enable end-to-end innovative solution generation. In such
systems, GenAl autonomously generates, evaluates, and
optimizes manufacturing solutions from general user
queries, driven by self-evolving architectures and
comprehensive world understanding. These systems
could explore novel solution alternatives beyond conven-
tional solution spaces and continuously improve produc-
tion strategies through closed-loop learning. This final
stage corresponds to the highest integration levels in
Fig. 2, wherein GenAl transcends task assistance to func-
tion as an end-to-end innovator.

Importantly, the roadmap should not be interpreted as a
rigid or deterministic timeline. Rather, it highlights how
advances in GenAl capabilities and system architectures
may progressively enable deeper levels of integration
within manufacturing systems, providing a structured
perspective to guide future research and development
efforts.

3.4 Challenges of GenAl implementation in
manufacturing

This section provides a structured analysis of the GenAl
challenges and the associated research opportunities from
technical, practical and social dimensions. Addressing
these issues requires not only technical advancements but
also a comprehensive approach that includes policy
development, stakeholder engagement, and continuous
education for industry professionals. The discussion is
guided by two principles: comprehensiveness in covering
multi-layered challenges, and a specific focus on distin-
guishing those uniquely posed by GenAl.

3.4.1 Technical challenges
The application of GenAl in manufacturing currently
faces several technical challenges, spanning areas such as
data processing, model optimization, and system compat-
ibility. Overcoming these challenges will require cutting-
edge research and innovation across various technical
domains.

Data scarcity and multi-model alignment: While

data scarcity is a common bottleneck in industrial Al,
GenAl introduces unique structural demands regarding
the scale and modalities. Unlike traditional Al models
that can be trained on smaller, task-specific data sets,
GenAl FMs require massive, diverse corpora to develop
generalizable reasoning. High-quality industrial data are
fragmented, proprietary, and scarce (Chen et al., 2023b;
Wang et al., 2023), preventing the creation of a general
manufacturing GenAl. Furthermore, while traditional
multi-modal learning focuses on fusing compatible
numerical features, GenAl faces the specific challenge of
semantic-numeric alignment. The model must bridge the
discrete, symbolic space of language tokens with the
continuous, high-frequency space of sensor signals
(Nafea, 2025). This requires fundamentally new repre-
sentation learning and tokenization strategies (Dai et al.,
2023; Mai et al., 2023; Sun et al., 2023; Devillers et al.,
2025; Zhao et al., 2024a) to prevent the loss of signal
fidelity when translating physical dynamics into semantic
descriptions, a hurdle not present in standard sensor
fusion models.

Reliable output: Unlike traditional deterministic Al,
GenAl introduces stochastic uncertainty, manifesting as
hallucination (Yin et al., 2023) and probabilistic mimicry
in strategic planning. In manufacturing, where decisions
must adhere to strict constraints, the risk of generating
plausible but physically invalid plans is severe. To mitigate
this, developers must apply specific customization strate-
gies based on the nature of the application. RAG (Li
et al., 2024b; Romera-Paredes et al., 2024) is selected for
knowledge-intensive tasks requiring dynamic factual
updates, as it grounds the model in retrieved external
data. In contrast, Supervised Fine-Tuning (SFT) is the
criterion for structure-intensive tasks, where the model
must internalize specialized syntax or jargon through
weight adaptation. Furthermore, Reinforcement Learning
from Human Feedback (RLHF) is essential for safety-
critical scenarios, using reward models to align the
system’s policy with complex human operational standards
(Wang et al., 2024f). Beyond customization, ensuring
ultimate reliability demands advanced intrinsic reasoning
(Qiao et al., 2023; Sumers et al., 2024). Recent advance-
ments, such as CoT (Wei et al., 2022a), enhance reliability
by prompting the model to decompose complex problems
into intermediate linear logical steps. For more intricate
planning tasks, Tree of Thoughts (ToT) (Yao et al., 2023)
further extends this by enabling the exploration of multiple
reasoning branches, allowing the system to look ahead
and backtrack to find optimal solutions. However, a critical
debate persists regarding whether such methods facilitate
true logical deduction or merely refine the mimicry of
reasoning patterns observed in training data (Yao et al.,
2023; Qiao et al., 2023). Consequently, the frontier must
shift from probabilistic coherence to establishing princi-
pled, verifiable reasoning to accomplish complex, multi-
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step manufacturing tasks.

Scientific explainability: In manufacturing, the black-
box nature of Al poses a severe barrier to accountability
(Naqvi et al., 2024). Unlike traditional discriminative
models where explainability focuses on feature impor-
tance, GenAl introduces the challenge of verifying gener-
ative reasoning chains. This encompasses two levels:
model explainability, which involves understanding how
the model output specific results, and result explainabil-
ity, which explains why the results meet user needs and to
what extent. Although various methods have been
explored to enhance model explainability (Luo and
Specia, 2024), including feature attribution analysis
(Wang et al., 2024d), transformer block dissection
(Modarressi et al., 2022), probing techniques (Li et al.,
2024a), and mechanistic interpretability (Zhao et al.,
2023), these approaches remain insufficient for current
GenAl models and will face greater challenges with
larger and more complex future models. In addition,
extensive research is needed to enhance result explain-
ability, as it significantly impacts user experience.

Robustness and generalization: A critical challenge
unique to GenAl is navigating the stability-plasticity
dilemma during adaptation. Unlike traditional discrimina-
tive models that can be frequently retrained from scratch,
FMs risk catastrophic forgetting, the erosion of their core
general reasoning capabilities, when aggressively fine-
tuned on narrow industrial data sets (Jiang et al., 2024;
Parthasarathy et al., 2024). Consequently, achieving
robustness requires moving beyond standard adversarial
training (Wang et al., 2024e) or data augmentation (Wang
et al., 2024a) toward advanced parameter-efficient fine-
tuning and continual learning architectures (Zhang et al.,
2023). The ultimate objective is to develop systems capable
of few-shot adaptation to the long tail of diverse manu-
facturing scenarios (plasticity) while structurally preserv-
ing the broad pre-trained knowledge (stability) essential
for handling unseen edge cases.

Compatibility with existing manufacturing systems:
Integrating GenAl into the vast and complex landscape of
both modern and legacy manufacturing systems, which
encompass diverse tools, sensors, software, and
machines, presents significant challenges (Xia et al.,
2023). Xu et al. (2024b) provided a comprehensive
review of GenAl-enabled cyber-physical systems and
highlighted the key research challenges in this domain.
Integrating GenAl into this ecosystem presents a unique
semantic-structural mismatch. Unlike traditional software
that interacts via rigid, pre-defined APIs, GenAl agents
operate on fluid semantic tokens. Bridging this gap
requires standardized interface abstraction layers that can
deterministically translate agentic intent into the precise,
structured commands required by legacy firmware without
disrupting critical control loops. Emerging standards like
the Model Context Protocol (MCP) offer a promising

trajectory by decoupling model logic from system
implementation. However, future research must extend
such protocols to handle the real-time constraints and
stateful dependencies of cyber-physical systems, ensuring
that GenAl can serve as a scalable orchestration layer
atop the fragmented manufacturing stack.

3.4.2 Practical and operational challenges

Beyond technical challenges, the implementation of
GenAl in manufacturing raises practical and operational
concerns, including data security, high costs, and work-
force adaptation.

Data security and privacy: Manufacturing data often
includes sensitive and proprietary information, and gener-
ated content that must be protected against unauthorized
access, sometimes even including the GenAl provider.
GenAl introduces unique privacy risks, including training
data memorization leading to inadvertent disclosure of
sensitive information, and susceptibility to prompt injec-
tion attacks. Furthermore, clear definitions of content
ownership are necessary to alleviate user concerns about
utilizing GenAl. Future research involves implementing
advanced encryption methods, secure data storage solu-
tions, and blockchain techniques tailored to GenAl in
manufacturing (Gupta et al., 2023).

Cost and investment: Training large-scale GenAl
models demands substantial computational resources,
energy, and expertise, often beyond the financial and
technical capacity of most manufacturing companies
(Berthelot et al., 2024). As a result, current practices typi-
cally involve specialized firms developing GenAl
models, with manufacturing enterprises fine-tuning them
to meet their specific requirements. However, even the
process of fine-tuning often remains out of reach for
smaller enterprises. To overcome this challenge, research
should focus on developing cost-effective, user-friendly
tools and third-party services for fine-tuning and deploy-
ment, along with advancing GenAl that can address cross-
domain manufacturing problems. Recent surveys can be
found in Han et al. (2024) and Xu et al. (2025).

Workforce adaptation: The integration of GenAl in
manufacturing will fundamentally transform job roles
and operational workflows, requiring substantial training
and upskilling of the existing workforce to effectively
utilize GenAl tools. Addressing resistance to change and
fostering a culture that embraces technological advance-
ments are also crucial (Prasad Agrawal, 2024). Another
risk is skill atrophy, where engineers become over-reliant
on GenAl for problem solving, potentially eroding the
foundational domain expertise required to verify the
GenAl’s outputs. Additionally, a recent work revealed
GenAl’s potential to improve workplace well-being
(Yuan et al., 2025), which may, in turn, foster a positive
adoption of the technology.
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3.4.3 Societal needs

The expected widespread adoption of GenAl in manufac-
turing will raise significant concerns regarding its societal
impact. Ethical, security and environmental issues must
be addressed carefully to balance the technological
advancements with the well-being of society and the
environment.

Ethical concerns: Unlike traditional automation which
displaces manual labor, GenAl threatens cognitive
displacement, automating the decision-making and
creative processes that define human expertise. There-
fore, there is an unprecedent risk of substantial job losses
(Gmyrek et al., 2023). To address this challenge, one
direction is to develop human-centric Al technologies
that function as copilots rather than autopilots. Another
direction is to create workforce transition strategies to
help displaced workers find new roles within the evolving
industry. Policymakers and industry leaders must engage
in dialog to create frameworks that balance technological
advancement with social responsibility, ensuring equitable
distribution of GenAl benefits.

Security risks: With the continuous strengthening of
GenAl autonomy in manufacturing, the accompanying
security risks escalate proportionally. These include
vulnerabilities related to sensitive information leaks,
cyber-attacks targeting GenAl systems, and the generation
of hazardous outputs (Wach et al., 2023; Mavikumbure
et al., 2024). Given the complexity of interconnected
devices and systems in manufacturing, securing these
networks against breaches is critical. Future research
should prioritize strengthening cybersecurity measures
tailored to GenAl applications in manufacturing and
conducting risk assessments on generated outputs.

Environmental impact: A significant contradiction
exists between the goal of environment-friendly manufac-
turing and the reality of the massive carbon footprint
associated with training and hosting FMs (Berthelot
et al., 2024). As the scale and complexity of FMs
continue to grow, addressing this issue becomes increas-
ingly urgent. Mitigating these environmental effects
requires research focused on developing smaller-scale
models, energy-efficient training methods, and neuromor-
phic hardware (Narayanan et al., 2021; Schick and
Schiitze, 2021; Kang et al., 2023). Additionally, leveraging
renewable energy sources and establishing regulations
and standards to promote environmentally responsible Al
development and deployment are also essential.

While these challenges span technical, practical, and
social dimensions, their collective impact reveals a funda-
mental tension: the requirement for general-purpose
reasoning versus the rigid, deterministic precision
required by industrial systems. Reaching a broader
impact in manufacturing will require a transition from off-
the-shelf tool usage to physics-grounded GenAl architec-
tures that treat manufacturing constraints as fundamental

laws rather than optional prompts.

4 Prospective insights into GenAl for
manufacturing

Before presenting our prospective insights, it is important
to position this work against recent perspective papers
that have explored GenAl’s future in manufacturing. Ma
et al. (2025) investigated how LLMs can be integrated
with Industry 5.0 enabling technologies and applied
across smart manufacturing stages. Chen et al. (2025)
proposed the Interactive-DT framework for LLM-digital
twin integration, elaborating on LLM's roles at the edge,
digital twin, and service layers to enhance construction,
operation, and cloud-edge collaboration. Fan et al.
(2025b) systematically reviewed VLM applications in
human-robot collaboration, covering robotic task plan-
ning, navigation, manipulation, and human-robot skill
transfer through multimodal data integration. Shahin
et al. (2025) provided a comprehensive survey of GenAl
applications across manufacturing domains and discussed
GenAl’s potential to enhance each domain. Zhang et al.
(2025a) presented a new-generation intelligent manufac-
turing LLM framework to emphasize the LLM’s potential
to enhance five processes of self-perception, self-learn-
ing, self-decision, self-execution and self-adaption in
manufacturing. These works offer their insights into how
GenAl can reshape manufacturing landscape. However,
they predominantly adopt an enhancement perspective,
examining how GenAl improves existing processes, inte-
grates with established systems, or augments existing
technologies. In contrast, the present work adopts a
paradigm perspective, arguing that GenAl’s significance
extends beyond incremental enhancement to fundamen-
tally reshaping how manufacturing problems are
approached and solved. Specifically, we propose that
GenAl can transition from functioning as an auxiliary
tool that enhances individual applications to serving as a
self-contained service provider that directly addresses
manufacturing needs through holistic solution generation.
This paradigm-level reconceptualization distinguishes our
work from existing enhancement-focused perspectives
and offers a forward-looking vision for the manufacturing
community.

4.1 Overview of GenAl and its outlook

The generation capability of GenAl, which is rooted in
the deep understanding of the complex multi-modal data,
stems from the underlying Foundation Models (FMs)
(Zhou et al., 2023) which are large-scale models pre-
trained on extremely extensive data sets. Analyzing the
development trajectory of FMs is crucial for understanding
the future potential of GenAl.

While current terminology surrounding FMs can be
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ambiguous, especially with some researchers also referring
to models capable of processing visual content as LLMs
(Jinetal., 2024), this paper presents a distinct classification
of FMs based on the data types they process.

The initial FMs emerged as LLMs (Chang et al., 2024),
designed to interact with human language, including
textual and audio formats. Recognizing the value of multi-
modal perception, Vision Language Models (VLMs)
(Zhang et al., 2024a), also known as large multi-modal
models or Multi-modal LLMs (Yin et al., 2024), are
subsequently developed to integrate diverse data modali-
ties, including text, image, video, audio, and sensory
data. By enhancing environmental perception, VLMs
play a crucial role in advancing embodied Al (Mu et al.,
2023). Integrated with action modules, recent develop-
ments in vision-language-action (VLA) models have
enabled physical agents, including various robots and
autonomous vehicles, to achieve unprecedented generalist
capabilities (Brohan et al., 2023; Cui et al., 2024). Building
on this trajectory, it is anticipated that future FMs will
holistically understand the complex dynamics of the real
world, thereby providing more trustworthy and capable
Al. Therefore, the concept of Unified World Models
(UWMs) is proposed. Unlike the world models that
primarily focus on predicting world states in response to
different actions in the context of robotics (Ha and
Schmidhuber, 2018), UWM integrates the abilities of
LLM and VLM, while also emphasizing a scientific
understanding of both the physical world and human
society. Fig. 4 illustrates the development trajectory of
FMs, highlighting the increasing capabilities of FMs
without suggesting a sequential development depen-
dency. This classification is depicted as a nested hierar-
chy, illustrating that advanced models encompass and
extend the capabilities of their predecessors rather than

Large language model

* Language interaction

* Contextual understanding

» Knowledge integration

merely replacing them. Furthermore, the figure highlights
a critical inverse relationship for industrial application: as
the supported prompt modality expands (from text-only
to multimodal sensory inputs), the required prompt
complexity diminishes. This trend suggests that as FMs
evolve, manufacturing interactions will shift from rigid,
highly specific technical prompting to natural, intuitive
human-machine interaction.

The key features of LLMs, VLMs, and UWMs are
summarized in three aspects: data modality to be inter-
acted, content to be understood, and knowledge to be
mastered.

4.1.1 Key features of LLM

* Language interaction: LLMs excel in understanding
and generating human language. The essence of language
is sequential data, which explains why LLMs can adeptly
process not only text but also audio (Huang et al., 2024a),
code (Ni et al., 2023), and other forms of sequential data
(Yu et al., 2023).

* Contextual understanding: LLMs demonstrate a
profound ability to comprehend and maintain context
over extended sequences, enabling them to generate
coherent and contextually appropriate responses.
However, because LLMs can only process linguistic
prompts, which inherently possess ambiguity, these
prompts must be precise and detailed to ensure high-quality
outputs. This highlights the importance of prompt engi-
neering as a crucial technique when working with LLMs
(White et al., 2023).

* Knowledge integration: LLMs integrate vast
amounts of information from diverse sources, providing
knowledgeable responses on a wide array of topics. They
can also be fine-tuned for specific domain knowledge

Vision language model
» Multimodal integration
* Environmental understanding

* Basic physics reasoning

T Prompt
modality

Prompt
complexity

Fig. 4 The development trajectory of foundation models in GenAl: LLM, VLM, and UWM. As the trajectory progresses from LLMs to
UWMs, the supported prompt modalities expand, while the complexity and specificity required in the prompts diminish.
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(Shen et al., 2024). However, as probabilistic models,
they sometimes produce probabilistically plausible but
nonsensical answers, highlighting a limitation in ensuring
output accuracy (Ji et al., 2023).

4.1.2 Key features of VLM

* Multimodal integration: VLMs can process and interact
with both visual and linguistic data. In this context, visual
and linguistic data represent broader categories of spatial
and sequential data, respectively.

* Environmental understanding: Beyond contextual
understanding, VLMs can interpret and comprehend the
visual environment. This encompasses recognizing the
states of various elements, their interrelationships, and
their dynamic changes in the environment. Consequently,
the required complexity of prompts is reduced, as VLMs
can intuitively grasp both environmental and contextual
cues.

* Basic physics reasoning: Unlike LLMs, which
emphasize textual knowledge understanding, VLMs
place higher demands on accurate application of physics
knowledge to generate high-quality visual content.

4.1.3 Key features of UWM

* Holistic representation: UWMs create holistic internal
representations that encompass various aspects of the
world, combining visual, auditory, linguistic, and other
sensory information.

* World understanding: UWMs emphasize a compre-
hensive understanding of the physical world, human
interpretation of reality, and the dynamics of human soci-
ety. They can handle multi-modal prompts with lower
complexity, and even enable prompt-free applications,
allowing for natural interactions with the world guided by
the implanted general purpose. For example, a robot
empowered by a UWM would instinctively catch a
falling human to prevent injury. In manufacturing, the
general purpose can encompass human well-being, envi-
ronmental sustainability, and societal values.

* Advanced science application: Beyond basic
physics, UWMs can adeptly integrate and apply
advanced knowledge from both natural and social
sciences. When addressing real-world challenges, UWMs
apply advanced scientific knowledge to develop solutions
that benefit tasks, humans, the environment and society
as a whole.

It should be noted that the FMs discussed here refer to
the general-purpose FMs. Researchers have also been
developing FMs in various specific domains such as
bioscience (Hao et al., 2024), autonomous driving (Wang
et al., 2024c¢), and robotics (Firoozi et al., 2025). These
domain-specific FMs are variants of the general-purpose
FMs.

The development trajectory of FMs, as depicted in
Fig. 4, underscores the future advancements of GenAl
toward multimodal data interaction, comprehensive and
scientific world understanding, and advanced knowledge
application. These advancements are critical for the
manufacturing industry, which inherently deals with
multimodal data, requires precise interaction with the
physical world, and relies on extensive domain knowl-
edge.

4.2 A futuristic paradigm of GenAl implementation in
manufacturing

Recent research highlights researchers’ efforts to advance
GenAl beyond conversational assistance toward deep
integration with manufacturing systems, enabling end-to-
end automation from design to production while driving
innovation (Kyaw et al., 2025; Makatura et al., 2024;
Nafea, 2025). Based on these trends, we take a step
further to envision a futuristic paradigm (Fig. 5) in which
interprets user needs, expressed through any modal
prompts, and subsequently generates and executes inno-
vative solutions. This futuristic paradigm is rooted in the
principles of Industry 5.0, moving beyond traditional
operational metrics to adopt a value-driven framework. It
reconceptualizes prompts to integrate functional manu-
facturing needs with broader human, environmental, and
societal values. The values can be embedded as implicit
constraints, ensuring GenAl aligns outputs with them
even for purely functional requests. Consequently, the
generated solutions are required to exhibit four core
attributes:

* Task optimization: addressing manufacturing needs
efficiently and with high quality.

* Human well-being: catering to workers’ physical
and mental wellbeing.

* Environmental sustainability: minimizing resource
consumption, reducing emissions, and promoting eco-
friendly practices.

* Societal impacts: upholding ethical standards and
contributing to broader societal sustainability.

Synthesizing these four diverse attributes presents a
complex multi-objective optimization (MOO) challenge.
Traditionally, MOO is typically resolved through mathe-
matical formulations. In contrast, the proposed GenAl
paradigm approaches this optimization through semantic
reasoning and constraint satisfaction. By internalizing
these values as high-dimensional context within the latent
space, the GenAl implicitly navigates the trade-offs,
aiming to generate solutions that logically co-satisfy the
functional prompt and the embedded value constraints.
This represents a fundamental shift from numerical trade-
offs to holistic value alignment. However, achieving
consistent, optimal trade-offs through the implicit semantic
approach, remains a significant research challenge, neces-
sitating further investigation.
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Task
optimization
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* End-to-end generation

* Innovation potential

Manufacturing
need

Fig. 5 A futuristic paradigm of GenAl implementation in manufacturing.

Compared to the traditional paradigm, the futuristic
paradigm of GenAl implementation in manufacturing
exhibits three transformative features:

1) General-purpose development: One GenAl model
addressing diverse applications. Unlike the task-specific
approach, FMs are inherently general-purpose. A single
model can seamlessly transition between tasks without
the need for task-specific retraining. This capability
directly addresses the industrial need for scalable intelli-
gence, eliminating the high cost and complexity of main-
taining a fragmented ecosystem of bespoke Al tools. This
shift advocates for researchers to transition from develop-
ing specialized Al models to collaboratively advancing
general GenAl for manufacturing.

2) Holistic generation: Holistically generating a solu-
tion to meet the manufacturing need. In contrast to the
expert-driven solution design, GenAl functions as a
holistic service provider to generate and execute solutions
that fulfil the manufacturing needs directly from the
prompt. This addresses the industry need for operational
agility by mitigating the complexity of manual system
integration. The quality of generated solutions averts the
impact of the experts’ expertise variations but is highly
dependent on the proficiency of the GenAl

3) Innovation potential: Transcending expert-defined
boundaries. By leveraging broad knowledge and reasoning
capabilities, GenAl can explore solution spaces beyond
human intuition, conceptualizing novel solutions that
redefine the boundaries of manufacturing productivity
and product performance. Early studies have shown
promising results of GenAl innovations in manufacturing
(Chong et al., 2024; Timperley et al., 2025); however, it
is highlighted to ensure that generated solutions align
with human, environmental, and societal values. To fully
harness the innovation potential of GenAl, the develop-
ment of UWM is essential.

Compared to the traditional paradigm, the new
paradigm has revolutionized the manufacturing industry
in three aspects: Development mode — shifting from a
task-specific to a general-purpose development approach,

where a single model can address diverse applications;
Solution Formulation — transitioning from expert-driven
solution design to Al-driven holistic solution generation,
thereby enhancing efficiency and reducing reliance on
human expertise; Solution Potential — breaking expert-
defined boundaries to foster unprecedented innovation,
addressing needs more effectively and comprehensively.
Overall, in the traditional paradigm, Al functions as an
auxiliary tool extending human capabilities. In contrast,
within the futuristic paradigm, GenAl takes on the role of
a self-contained service provider that directly and holisti-
cally fulfils manufacturing needs.

4.3 Evaluation framework

The proposed paradigm aims to guide future technology
development. Consequently, it is essential to evaluate
both the targeted technology’s adherence to the paradigm
and its practical effectiveness in real-world applications.
The evaluation can be approached from two perspectives:

(1) Evaluating the alignment of the given technology
with the three key features of the proposed paradigm

* General-purpose development: Evaluating the model's
ability to seamlessly transition between different applica-
tions without requiring significant retraining or
customization.

0 Metrics: Zero-shot task success rate (ZSR) and Cross-
task performance retention (CPR) when transferring to
unseen tasks without fine-tuning.

0o Measurement: ZSR = Nsuccessful tasks /Ntotal unseen tasks s Where
Naceessiuasks denotes the number of tasks whose outputs
satisfy predefined task constraints.
CPR = Performance ../ Per formance ineq, where
Per formance,,, ., represents the model’s average perfor-
mance on tasks within the training domain, and
Performance,,,, represents its performance on the
unseen tasks. Performance can be measured using task-
specific metrics such as accuracy, constraint satisfaction
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rate, or planning success rate.

* Holistic generation: Assessing the system's ability to
autonomously generate and execute manufacturing solu-
tions that directly meet user needs without requiring
human intervention.

0 Metrics: Human intervention ratio (HIR), defining as
the number of mandatory human corrections divided by
the total number of process steps generated; End-to-End
Task Completion Rate (ECR).

0 Measurement: A human-in-the-loop logging protocol
where every manual override of the GenAl’s output is
recorded' HIR = Nmanual corrections /Nlotal generated steps and
ECR =N, successful autonomous workflows / N total tasks -

* Innovation potential: Examining whether the gener-
ated solutions offer innovative approaches that go beyond
existing human-designed solutions.

0 Metrics: Design Novelty Index (DNI); Performance
Improvement Ratio (PIR).

0 Measurement. Compute novelty using distance from
existing design database, DNI = 1 —similarity(generated,
nearest.sing). Similarity methods include geometric simi-
larity for design, sequence similarity for process plan-
ning. PIR = (Performance,, ... — Per formance,,,.)/
Per formance,,,.. Performance could be cycle time,
energy consumption, production throughput.

(2) The effectiveness of the technology can be validated
through metrics that focus on four dimensions

* Task performance: Evaluating the system's efficiency,
accuracy, and quality in executing manufacturing tasks.

0 Metrics: Overall equipment effectiveness (OEE)
(Singh et al., 2013) for production efficiency; First Pass
Yield (FPY) for quality generation; Inference Latency
(ms) for real-time control applicability; Task success rate
(TSR) for reliability.

0 Measurement:. OEE is calculated as the product of
availability, performance, and quality: OEE = Availabilityx
Performance x Quality, where Availability is defined as
operating time divided by planned production time,
Per formance is defined as actual output divided by theo-
retical maximum output, and Quality is defined as the
number of good units divided by the total units produced.
FPY measures the proportion of products that meet quality
standards without rework, F'PY = Nyoq units/ Nrotal units produced»
where Nypoauwics T€presents units passing inspection in the
first attempt. Inference Latency is measured as the average
time difference between receiving an input query and
producing the corresponding output. 7S R = Nycessiul tasks/
Nowwsks, Where successful tasks are defined as those
completed without system failure or manual override.

* Human well-being: Assessing the system’s impact
on workers' physical and mental health by analyzing
metrics such as human fatigue level, task workload
reduction, and job satisfaction.

0 Metrics: NASA Task Load Index (TLX) (Hart and
Starveland, 1988) for cognitive workload; RULA/REBA
Scores (Kee 2021) for physical ergonomic risk.

0 Measurement:. After completing each task, operators
rate six dimensions (mental demand, physical demand,
temporal demand, performance, effort, and frustration) on
a scale from 0 to 100. TLX = (ZL w; r[)/(Zf’:l w;), where
r; represents the operator’s rating for dimension i, and o,
denotes the weighting factor obtained through pairwise
comparison of the workload dimensions.

* Environmental sustainability: Quantifying the
system’s environmental impacts by evaluating the metrics
related to resource utilization, energy consumption and
other sustainability factors.

0 Metrics: Carbon footprint; Specific energy consump-
tion (SEC) (Lawrence et al., 2019) per unit; Material buy-
to-fly (BTF) ratio (material efficiency).

0 Measurement. Conduct life cycle assessment
(ISO14040) on the GenAl-generated process plans to
calculate the theoretical carbon footprint (kg CO,)
compared to traditional process plans. SEC is defined as
the energy used per unit of production, expressed in kg
CO; per unit. BTF is defined as the mass of raw material
divided by the mass of the finished part.

* Societal impact: Evaluating the system’s adherence
to societal values such as net employment balance, work-
force adaptation readiness, data privacy and decision
transparency.

0 Metrics: Explainability score (SHAP/LIME values);
Workforce transition readiness score.

0 Measurement: Apply interpretability tools (SHAP/
LIME (Givisis et al., 2025)) to assess decision trans-
parency. Conduct training adoption surveys to evaluate
workforce readiness.

This section establishes a structured evaluation frame-
work to assess GenAl-driven manufacturing systems.
However, the proposed framework is intended to provide
a structured baseline for evaluating GenAl-driven manu-
facturing systems from multiple dimensions rather than
an exhaustive standard. The proposed metrics and
measurement methods serve as a foundational reference
that can be further adapted and extended according to
specific application requirements. Given the rapid evolu-
tion of FMs, these measurements cannot fully capture the
complex, emergent behaviors of autonomous agents.
Therefore, establishing a universal benchmarking protocol
remains an ongoing challenge, requiring continuous
metric refinement and the development of large-scale,
open-source data sets.

4.4 A GenAl-driven product design-to-manufacturing
framework and case study

In this section, a holistic GenAl-driven product design-to-
manufacturing framework is proposed to demonstrate
GenAl’s capability to function as a self-contained service
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provider. This framework integrates distinct operational
phases, ranging from product design and production plan-
ning to manufacturing execution and system mainte-
nance, into a unified, intelligent workflow. Subsequently,
to ground these theoretical components in the physical
world, a case study regarding the autonomous design and
fabrication of a customized phone stand is conducted.
This empirical experiment validates the framework's
feasibility and illustrates its unique ability to embed
human and environmental values directly into the manu-
facturing lifecycle.

4.4.1 A GenAl-driven product design-to-manufacturing
framework

A GenAl-driven product design-to-manufacturing frame-
work is presented in Fig. 6. This conceptual framework
synthesizes GenAl’s demonstrated capabilities in product
design (Chong et al., 2024), process planning (Wang and
Qin, 2024), automation (Xia et al., 2024b), maintenance
(Kiangala and Wang, 2024), and supply chain management
(Jackson et al., 2024b), integrating these advancements
into a cohesive system. It demonstrates how GenAl holis-
tically designs and manufactures products that meet user
requirements while simultaneously maintaining the
production system.

In this framework, the user interacts with the system
solely by providing an unstructured, semantic prompt

describing the desired products. GenAl then operates in
three sequential stages:

1) Product design: Based on the user’s prompt, GenAl
generates a highly tailored product design that aligns with
the specified requirements. GenAl synthesizes entirely
new geometry from abstract descriptions and proactively
infers implicit constraints (e.g., user preferences,
ergonomics, sustainability) without explicit specification.

2) Production planning: The generated design is
transformed into an implicit prompt, combined with the
initial prompt, enabling GenAl to generate a dynamic
production plan that incorporates existing manufacturing
resources and constraints. Through cross-domain reason-
ing, GenAl infers implicit constraints and adapts to
resource availability, capabilities beyond rule-based
scheduling approaches.

3) Manufacturing: The production plan is further
processed as an implicit prompt, guiding GenAl to coor-
dinate and manage manufacturing resources to execute
the production tasks. GenAl generates machine-specific
instructions while handling exceptions through reasoning,
rather than relying on pre-programmed error-handling
routines.

Simultaneously, GenAl performs real-time analysis of
sensor data to monitor and maintain the production
system, ensuring operational stability and efficiency. To
fulfill the above applications effectively, GenAl needs to
engage in real-time communication and interaction with
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‘ € :t\ & ./ @ N »  Programming  Agsembly
Personalized | ows® P Com e ‘
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L — L Dynamic production plan _)-i L Instruction AR )
A g |  Prompt 4 Prompt | p .
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droenselgannjl m @ é’
‘ ° l produce ten in SEISOE ﬁ?‘ @ ;!ZD
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" plan -0
J
v
e N s - ™ e - N
Knowledge base Available resources External services
i
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Fig. 6 A GenAl-driven product design-to-manufacturing framework.
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knowledge bases, available production resources and
necessary external services.

Figure 6 offers a conceptual visualization of how
GenAl integrates seamlessly into the design-to-manufac-
turing workflow in the proposed paradigm fashion. It is
important to emphasize that this framework fundamentally
depends on GenAl’s unique generative capabilities.
Traditional discriminative models map inputs to outputs
within predefined parameter spaces, whereas GenAl
generates novel solutions through semantic reasoning in
open-ended spaces. Specifically, traditional Al cannot:
(1) interpret ambiguous natural language prompts without
structured preprocessing; (2) generate novel product
designs from abstract user intent; (3) infer implicit
constraints (e.g., user preferences, ergonomics, sustain-
ability) without explicit specification; or (4) maintain
coherent cross-domain reasoning across design, planning,
and execution stages within a single FM. These generative
capabilities are what enable the paradigm shift from Al as
an auxiliary tool to GenAl as a self-contained service
provider (Section 4.2).

4.4.2 Case study: Value-driven design-to-manufacturing
of a phone stand

To wvalidate the Design-to-Manufacturing framework
(Fig. 6) and ground its theoretical components in physical
reality, we implemented a case study: the autonomous
design and fabrication of a customized phone stand. This
case study demonstrates the system's ability to translate
abstract user intent into physical product without human
intervention. This experiment highlights the framework's
value-embedded architecture where agents are not merely
functional executors but are conditioned to proactively
optimize for human-centric ergonomics, societal respon-
sibility, and environmental sustainability. The experimen-
tal setup comprises a MAS driven by Claude Opus 4.5 as
the reasoning core, integrated with a Creality Ender 3 3D
printer managed by an OctoPrint server. The workflow
proceeds through four phases, as shown in Fig. 7.

Phase 1: Intent parsing & value alignment: The work-
flow commences with a user prompt: “I need a desk
phone stand for my iPhone 16 that allows for charging
while in use.” The Requirement Analysis Agent parses
this input via a value-embedded Meta-Prompt, which
injects value constraints into the design brief alongside
the explicit functional requirements. In this case, it
contains two types of value constraints:

* Human value (Ergonomics): The agent proactively
infers the need for usability, appending the constraint:
“Design a 60-degree angle from horizontal to optimize
user posture and reduce neck strain.”

» Environmental value (Sustainability): The agent inter-
prets the generic need for a stand through a sustainability
lens, appending the structure type constraint: “Frame
with large cutouts to reduce plastic waste.”

Phase 2: Generative product design: The Design Agent
translates this enriched design brief into executable
geometry. Leveraging the coding capabilities of Claude
Opus 4.5, the agent generates a parametric OpenSCAD
script. This code-based approach enables mathematical
control over functional features, including accommodating
the dimensions of iPhone 16, integrating a bottom cutout
for charging cable, enforcing the ergonomic 60-degree
inclination, and designing a frame structure to save mate-
rials.

Phase 3: Sustainability optimization: To strictly
enforce the system's environmental mandate, the design
is passed to a specialized Sustainability Agent. The agent
applies a Biomimetic Bone Structure optimization algo-
rithm to excavate the internal volume but saving the solid
skin to handle mechanical loads. This strategy reduces
filament consumption by 30.1% compared to a solid
counterpart. This Agent is also designed by Claude Opus
4.5.

Phase 4: Automated 3D printing: The 3D Printing
Agent utilizes a headless slicing engine (CuraEngine
CLI) to convert the optimized geometry into machine-
specific G-code. Then, it executes the fabrication using
the OctoPrint REST API. The agent utilizes a POST
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Fig. 7 Workflow of the value-driven autonomous manufacturing of a phone stand.
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request to autonomously upload the G-code and triggers
the print job on the connected printer.

The fabricated phone stand demonstrates that the
system successfully addressed several core requirements:
accommodating the iPhone 16 dimensions, implementing
the ergonomic 60-degree viewing angle, and incorporating
a bottom cutout for cable access. However, physical testing
revealed two design shortcomings attributable to GenAl’s
limited spatial reasoning: (1) the front lip supporting
the phone is insufficiently deep, resulting in unstable
retention; and (2) the charging port cutout fails to account
for the charger head length, providing inadequate vertical
clearance.

Despite these shortcomings, this case study confirms
that the proposed framework can successfully orchestrate
the entire Design-to-Manufacturing cycle with embedded
values, demonstrating a shift from passive automation to
responsible, value-aligned autonomy. The Meta-Prompt,
generated OpenSCAD code, Sustainability Agent, and
product files are available at our Github repository.

Nevertheless, the observed deficiencies highlight the
limitations inherent to current GenAl. While the agents
excelled at semantic interpretation of functional require-
ments and sustainability optimization, they struggled with
precise dimensional reasoning for physical interfaces,
which is a manifestation of the spatial grounding challenges
discussed in Section 3.4. Furthermore, the lack of a deter-
ministic physics engine prevented structural verification
via Finite Element Analysis (FEA). Consequently, the
current framework is best suited for conceptual design
and prototyping. Advancing toward production-ready
systems will require GenAl with robust spatial reasoning
capabilities for precise mating interfaces and kinematic
constraints.

4.5 Further discussion

This section analyzes how the proposed paradigm
supports the core principles of Industry 4.0 and Industry
5.0, and outlines critical directions for future research.

4.5.1 Synergy with Industry 4.0 and Industry 5.0
According to (Hermann et al., 2016), Industry 4.0 is char-
acterized by four key principles: Interconnectivity, Infor-
mation Transparency, Decentralized Decisions, and
Technical Assistance. The proposed paradigm supports
them as follows:

* Interconnectivity: The proposed paradigm integrates
GenAl with manufacturing devices, sensors, machines
and systems, enabling seamless communication between
interconnected objects. This establishes GenAl as a tool
for device interconnectivity, eliminating the need for
additional efforts to unify communication protocols
across various devices. Additionally, GenAl’s natural

language interaction capabilities also ensure seamless
communication between humans and interconnected
objects.

* Information transparency: GenAl enhances trans-
parency by providing comprehensive analysis, interpreta-
tion, and visualization of data from multiple sources,
presenting it in a clear format for informed decision-
making.

* Decentralized decisions: By improving interconnec-
tivity and information transparency, GenAl enables
decentralized decision-makers to access local and global
data and devices, optimizing decision-making processes
across different levels of the organization.

* Technical assistance: GenAl offers flexible and intu-
itive assistance, allowing users without specialized exper-
tise to solve a wide range of problems efficiently.

Industry 5.0 emphasizes three principles: Human-
Centricity, Sustainability, and Resilience (Xu et al. 2021).
The proposed paradigm supports them as follows:

* Human-centricity: GenAl’s natural interaction capa-
bilities are inherently aligned with the principles of
human-centric  design. Furthermore, the proposed
paradigm highlights that the generated solutions should
prioritize human well-being.

* Sustainability: The general-purpose development
mode of the proposed paradigm also enhances environ-
mental sustainability by reducing redundant development
efforts that consume significant energy (Samsi et al.,
2023). Besides, the proposed paradigm requires the
generated solutions to be energy-efficient.

* Resilience: By leveraging comprehensive data analysis
from various sources and integrating diverse manufactur-
ing equipment, GenAl enables effective responses to
disruptions through global optimization and proactively
maintenance scheduling, thus enhancing the resilience of
manufacturing systems.

In conclusion, the proposed paradigm not only aligns
with but also enhances the principles of both Industry 4.0
and Industry 5.0, making it highly valuable for the future
of manufacturing.

4.5.2 Future prospects and research directions

While the proposed paradigm offers a transformative
vision, realizing its full potential requires addressing
several frontier challenges. We identify three critical
directions for future research:

* From passive models to agentic Al: The frontier lies
in developing autonomous manufacturing agents capable
of long-horizon planning, tool usage, and self-correction.
Future research must focus on endowing these agents
with embodied intuition, the ability to perceive and
manipulate the physical world through active sensorimotor
loops.

* Federated foundation models for privacy: Manu-
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facturing data are highly proprietary. Developing Feder-
ated Learning frameworks for Foundation Models is
essential. Future work should explore mechanisms to
train shared UWMs across organizational boundaries
without exposing sensitive local process data, balancing
collective intelligence with corporate privacy.

» Standardization and trustworthiness: As GenAl
takes on control roles, establishing rigorous industrial
benchmarks is imperative. Future efforts must move
beyond generic NLP metrics to define manufacturing-
specific standards for reliability, safety, and physical
validity. This includes the development of frameworks
that embed immutable industrial safety protocols directly
into the model's inference logic.

5 Conclusions

At the dawn of GenAl cutting a striking figure, this paper
explores the role, applications, and prospects of GenAl in
the manufacturing industry, highlighting its transformative
potential. Through a proposed five-level framework char-
acterizing the depth of GenAl integration, our analysis
reveals that GenAl not only enhances every phase of the
traditional Al implementation paradigm but also has the
potential to establish a new paradigm that reshapes the
future of manufacturing. In this new paradigm, GenAl
directly addresses diverse needs with innovative solutions
that transcend human design limitations, as well as
address task, human, environmental and societal needs
holistically. Furthermore, it enhances the core principles
of Industry 4.0 and 5.0. The evaluation framework of the
proposed paradigm is discussed. Following this, a GenAl-
driven product design-to-manufacturing framework is
introduced to ground the paradigm in practical applica-
tions.

Compared to the traditional paradigm, the new
paradigm demonstrates three key advancements: general-
purpose development approach, where a single model
addresses multiple applications; Al-driven holistic solution
generation, reducing reliance on human expertise; and the
ability to generate innovative solutions that surpass
human design limitations. As a result, this paradigm has
the potential to reshape the manufacturing industry. In
addition, GenAI’s user-friendly nature lowers the entry
barrier, enabling rapid adoption even among non-experts,
further accelerating the industry’s transformation.

This paper makes a bold proposition on the development
trajectory of FMs, which underpins the envisioned futur-
istic paradigm. It is anticipated that FMs will evolve from
current LLMs and VLMs to UWMs, enhancing capabilities
in multimodal data interaction, comprehensive and scien-
tific world understanding, and advanced knowledge
application. However, these propositions are our prospec-
tion based on the analysis of literature and industry needs

rather than a definitive conclusion. Readers are encouraged
to critically evaluate our findings and engage in rigorous
discourse. Moreover, we invite further substantive studies
to validate, refine, and expand upon our propositions,
fostering a deeper understanding and more robust
advancement of GenAl applications in manufacturing.

Finally, the technical, operational, and social challenges
of integrating GenAl into manufacturing have been thor-
oughly discussed. Successfully overcoming these chal-
lenges will require not only technological innovations but
also active collaboration among stakeholders to advance
management practices, policy frameworks, and legal
regulations. It is necessary to address these challenges
holistically to unlock the full potential of GenAl, ensuring
it delivers widespread benefits to both industry and
society.
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