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Abstract

This project integrates rapid prototyping and artificial intelligence (Al) to optimize the design through
iterations and virtual simulations, increasing process reliability. Rapid prototyping allows you to create
custom components, while Al optimizes designs and predicts their performance. CAD/CAE tools are
used to simulate the behavior of the prototype without physical testing. Shigley's mechanical design
methodology, complemented by feedback from large language models (LLMs), such as GPT-4.0, Gemini
15.5 Flash, and Llama 3.2, where GPT-4.0 excelled at offering precise suggestions that improve the
design. In addition, approaches such as the Ishikawa diagram, the AHC model, modular development,
and the SCRUM methodology are incorporated to ensure the continuous evolution of the prototype. This
academic project seeks to promote progress in the management of new approaches, through the
integration of digital technologies and innovative methodologies in engineering.
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Resumen

Este proyecto integra prototipado rapido e inteligencia artificial (1A) para optimizar el disefio mediante
iteraciones y simulaciones virtuales, incrementando fiabilidad en el proceso. El prototipado rapido
permite crear componentes personalizados, mientras que la 1A optimiza disefios y predice su rendimiento.
Se emplean herramientas CAD/CAE para simular el comportamiento del prototipo sin pruebas fisicas.
La metodologia de disefio mecanico de Shigley, complementada con retroalimentacion de grandes
modelos de lenguaje (LLM), como GPT-4.0, Gemini 15.5 Flash y Llama 3.2, donde GPT-4.0 sobresalié
al ofrecer sugerencias precisas que mejoran el disefio. Ademas, se incorporan enfoques como el diagrama
Ishikawa, el modelo AHC, el desarrollo modular y la metodologia SCRUM para asegurar la evolucién
continua del prototipo. Este proyecto académico busca impulsar el progreso en la administracion de
nuevos enfoques, mediante la integracion de tecnologias digitales y metodologias innovadoras en la
ingenieria.
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Introduction

In the construction industry, the quality and strength of concrete are essential aspects to certify the
durability and safety of structures. Measuring the strength of concrete is a fundamental practice that
allows to evaluate its capacity to support loads and to determine if it respects the established standards
and requirements (ACI 214, 2011).

This is how civil engineering finds part of its development, contributing to the review and
application of their knowledge in the construction industry in every field and division of this, within
these, the development of machinery for testing and development issues of quality assurance of materials
is essential, which is why in institutes and universities it is vital to give rise to the development of
technology through the academy in conjunction with students, seeking to develop skills and review and
design criteria in the area (Capote Ledn, et al., 2016).

With this behind, in the Civil Engineering curriculum of the Tecnol6gico de Estudios Superiores
de Valle de Bravo there are limitations of equipment and specialised spaces for scientific technological
development, which gives rise to the creation of projects that encourage students to know and learn in an
applied way the relevant topics in the field, One of these is testing the resistance of materials, and
specifically talking about reinforced concrete specimens, which would be carried out in a universal
testing machine, but since there is no universal testing machine, the creation of a simile machine is
considered, which due to the electronic and hydraulic elements can become costly (Torres & Redondo,
2009).

In this context, the development of specialised machines for the accurate and reliable
measurement of the strength of concrete specimens has become increasingly relevant. These similar
machines, also known as compression testing machines, play a crucial role in quality control laboratories
and in the construction industry in general (zwick/roell, 2023).

Rapid prototyping has revolutionised machine design, allowing the creation of functional
components in significantly reduced times. According to Gibson, et al. (2015), additive manufacturing
technologies have transformed the development process, allowing for faster iterations and greater
customisation in the early stages of design. This improves efficiency, allowing design problems to be
identified and corrected before significant investments are made in production. In addition, rapid
prototyping has facilitated the creation of complex geometries that would be difficult or impossible to
produce using traditional methods, expanding the possibilities in machine design.

The use of artificial intelligence in rapid machine prototyping has transformed design and
manufacturing processes. Thanks to Al, it is possible to optimise component design, predict the
performance of prototypes before they are manufactured and reduce errors during the development
process. Machine learning algorithms can generate multiple design variants based on specific parameters,
making it easier to customise and adapt prototypes to particular needs. Furthermore, through automated
simulations, Al improves accuracy and efficiency in detecting potential failures, minimising iteration
times and costs (Cho, et al., 2022; Edwards, et. al, 2024).

The objective of this paper is to conceptually design a destructive testing machine for frame-type
reinforced concrete specimens, using rapid prototyping methodology enhanced with the use of Al. To
achieve this, a multidisciplinary approach integrating mechanical and materials engineering knowledge
as well as a thorough understanding of the fundamental principles of concrete compression testing is
required.

The design of the machine is based on international standards and regulations established by
organisations such as ASTM and ACI, specifically using as reference ASTM C39 and ACI 201.1R-8,
which contextualise the tests performed on reinforced concrete and its visual inspection in service, i.e. in
the application within constructions. Aspects such as load capacity, testing speed, measurement accuracy,
as well as user safety will be considered (Jauregui Pajares, et al., 2017), the design of the prototype that
integrates the machine will be based on the works described by Mott and Norton that talk about the design
of machinery, selection of elements and specific design criteria (Mott, et al., 2018; Norton, 2021).
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While the methodological part that integrates prototype design including review and testing
standards, includes definition and specification, prototype conceptual design, component selection,
construction and assembly, calibration and testing, optimisation and improvements, and finally
documentation and analysis of results. Each step is developed by means of a theoretical-analytical
conceptualisation.

The modelling and simulation of the prototype will integrate Computer Aided Drafting (CAD)
and Computer Aided Engineering (CAE) systems, which have the advantage and possibility of
developing models in 2D and 3D environments, allowing the drawing of solid parts with the required
dimensional and design characteristics, reflecting the analysis capacity of the tools used in the production
process (Hernandez Hernédndez, et al., 2020). For the refinement of the model, an analysis by means of
the finite element method (FEM) will be used, which will help the prototype to be simulated in service
conditions without ‘trial and error’, this analysis allows a significant reduction in the meshing time and
the number of elements required without affecting the quality of the geometry of the elements (Rojo
Martinez, et al., 2022).

Background

Rapid prototyping has emerged as a crucial methodology in machine design and development, facilitating
a more agile and efficient approach to component manufacturing. This technique, which integrates
various additive manufacturing technologies, allows engineers and designers to create physical models
of their concepts in a reduced time, which not only speeds up the development process, but also improves
collaboration between teams (D. Ngo, et al., 2018; Zhou, et al., 2024). As the complexity of machine
designs increases, the use of rapid prototyping has become essential to meet the challenges of innovation
in industry. However, despite its many advantages, widespread adoption of these technologies faces
barriers related to user familiarity and technical knowledge. This paper seeks to explore the intersection
between artificial intelligence and rapid prototyping, analysing how the integration of these two areas
can optimise machine design and production, thus contributing to the evolution of modern
manufacturing.

In this context, different works propose a perspective on the use of Al in mechanical design
through traditional prototyping and rapid prototyping.

In the work reported by Hossian and Alveral (2019) they present the use of Al for the analysis of
behaviours in autonomous mobile robots, applying it in the intelligent technologies of artificial neural
networks (ANN) for the implementation of supervised error feedback learning, improving the
performance of the mobile robot. On the other hand, Oviedo-Lopera et al. (2020) worked on the design
of a monitoring system for an aquaponics system using unsupervised learning and supervised learning,
obtaining effective results in water pH value predictions and scalable for commercial or mass production
systems.

Maimun et al. (2022) evaluated Al in the search for effective information for the preliminary
design of vessels in an unsupervised manner and then compared the results obtained against the designers'’
criteria, although this was only estimated for designs that had already been carried out or were concrete,
as they describe, linear models, encountering efficient and agile information search and systematisation
processes.

Chen and collaborators (2022) report the application of Al in the design of a smart plug, explicitly
using it in machine learning (ML) techniques for processing energy load data in different plugged-in
household appliances, in such a way that they improve the system itself to know the operating and load
properties in real time. On the other hand, Pengwei et al. (2023) used Al in the design of cost-effective
and low-carbon ultra-high performance concrete (UHPC), integrating the capabilities of automatic data
collection and processing, performing property prediction and optimisation with respect to material cost,
carbon footprint and compressive strength, showing results with higher prediction accuracy and
optimisation performance in UHPC design. In another type of application, Bilgram and Laarmann
(2023), in software design used language modeling (LLM), specifically the use of GPT to improve the
initial phases of innovation; exploration, ideation and digital prototyping, through different business
projects show an Al-assisted approach that appears to be innovative with human interaction and
workflows in each project.
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In a study by Nygard Ege et al. (2024), they showed the potential of Al in idea generation for an
event called Hackathon, where students competed without the use of Al and a team that followed Al
instructions to design a prototype, participating in the first stages of generative design and feedback of
ideas, achieving that the team that used Al finished second out of six teams participating in the event, so
Al is providing clear descriptions and recommendations to better integrate design in engineering.

The studies carried out contextualise the use of Al for design in different areas and how its use
has been expanding each time and the use of algorithms that feed Al learning in different areas of
knowledge that can favour the development of projects continues to soar. The search for an integral
design using the rapid prototyping methodology can be developed for almost any type of
conceptualisation, as long as special care is taken in the critical variables of the project and the
development of these under the supervision of the researcher.

Methodology

To solve the problem we start by identifying the prototype design methodology to be followed, and which
will be tested with the use of Al and interaction through a series of basic feedback questions so that a
cyclical process is carried out to improve the method and thus the conceptualisation of the design to be
obtained, the mechanical design established by Shigley (2020) will be the process to follow which will
be fed back to phase 3 (Figure 1);

2. Planning of
solution
alternatives and
selection

1. Identification of

the need and 5. Execution of

3. Detailed design 4. Construction tests

problem definition

Figure 1

Design methodology adapted from Shigley
Source: Design methodology adapted from Shigley, shows the phases presented in the paper (1, 2 and 3)

During the first phase, the need for the equipment was determined and the functional requirements
necessary to meet the demands of the users and ensure compliance with current regulations were defined.
In the second phase, the usual configurations of testing machines of this type were analysed and the most
suitable elements were selected, considering the regulatory requirements as well as the objectives of the
project.

By means of a morphological matrix (Table 1), the commercial elements that make up the
machine were selected, evaluating the availability and manageability of the materials as criteria
(Olvander, et al., 2009).

With the use of the morphological matrix, the selection of elements that make up the design was
carried out, considering the applicability and availability, in addition to the fact that the selected designs
will be based on customised specifications (Mortensen & Hansen, 2022).

Subsequently in phase three we start with the detailed design thinking about the necessary features
and material available, so the conceptualisation of each part is shown in the design matrix (Table 2), with
which we will start the construction phase.

In this phase we started with the Al feedback, from the instructions shown in the methodology
review and phases one, two and three, we started with a debugging process, for this we chose three LLM
systems; GPT 4.0, Gemini 1.5 Flash and Llama 3.2, in their free versions (Figure 2) and updated to the
month of October 2024.
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Table 1

Morphological matrix for element selection

System

Component

Option A

Option B

Option C

Base

5" steel plate
S

1" steel plate

Clamping element

4" drill press”’

95
PR
. 5

Clamp press  with
clamping screw.

Load cell

Universal machine load cell.

Universal machine load cell on
configurable steel frame.

Load cell under
customised design.

Load cylinder

SAE 1010 steel cylinder.

@)

£

Carbon iron cylinder.

Stainless steel cylinder.

Box 3
Table 2
Morphological matrix of the detailed design of the elements
Design
Detailed CAD design
Component

Base

Clamping element
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Load cell

Box 4

Gemini
1.5 Flash

ChatGPT-40

Figure 2
IA LLM in comparison

To begin with, a test was carried out for the methodological phase, where the Al was asked if
they were familiar with the methodology to be used, and subsequently if they could improve it or if they
had any comments to make (Figure 3).

GPT 4.0 Gemini 1.5 Flash Llama 3.2 Meta

¢Conoces la siguiente metodologia de Shigley para el disefio? Do you
know  the
following
Shigley
methodolog
y for design?

Figure 3

IA LLM in comparative, question one
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All three alternatives gave a positive response in terms of the methodology used, where GPT 4.0,
does not give two possible answers to choose from, while in Gemini we observed a longer answer, giving
detail of the steps and even a summary to the answer, finally, Llama 3.2 gives us a brief but concise
answer to what was asked, in a design approach GPT 4.0 seems to be more competent in this phase. The
second question will be to feed back to the LLM methodology itself without any external author who has
provided support to the methodology (Figure 4).

Box 6

GPT 4.0 Gemini 1.5 Flash Llama 3.2 Meta
Con base en tu informacion, ¢ Puedes mejorar la metodologia y como lo harias?

Metodelegia mejorada del disefio de Shigley

necesidad y definicion del problema

todologia mejorada:

iebas y retroalimenta del problema y objet

6n y evaluacin post-proyecto (nuevo paso)

Figure 4
IA LLM in comparative, question two

In this question the Al participates more actively, presenting considerable improvements to the
methodology presented, we can highlight Llama 3.2 that presents 10 points of improvement and adds
three more phases than the original ones, then we have Gemini that adds 3 more phases but is not as
explicit as Llama 3.2 in these, and finally GPT 4.0, with only one additional phase, but adds
improvements in the other phases, complementing them. So Llama 3.2 shines in this section by
effectively improving the methodological part. For the next step the project was explained and asked to
add the rapid prototyping to improve the project as described (Figure 5).
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GPT 4.0 Gemini 1.5 Flash Llama 3.2 Meta
Now, the project | am working on is to conceptually design a destructive testing machine for frame-
type reinforced concrete specimens, you can adapt the methodology you suggest and also add rapid

prototyping.

Figure 5
IA LLM on benchmarking, feedback and improvement using rapid prototyping

For this phase we noticed that GPT 4.0 collaborated more with the detail of the design,
implementing new ideas from rapid prototyping in each of the phases and being objective in the activities
to be developed, on the other hand Gemini 1.5 focused its response on highlighting some guestions within
the activities in order to obtain more detail in some phases and thus provide more information and now
at the end Llama 3.2 was brief in the ideas presented and apparently more concrete, for the designer's
taste, the improvements provided in this phase by GPT 4.0 seem to be more concise at the time of design
and with greater coherence.

Results and discussion

With the adjustments made, the methodology was rethought with GPT 4.0 improving the initial Shigley
methodology for design with the addition of rapid prototyping for design, which is observed (Figure 6),
this will enhance the project and the new morphological matrices for selection and preliminary detailed
design are presented (Table 3 and Table 4).
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P feasibility ~ and e e onsfruction of e implementation
performance. final prototype
Figure 6

Design methodology adapted from Shigley and enhanced through GPT 4.0 based on designer feedback

Iterating the process that has been enhanced with the use of Al, in the first phase, the following
adaptations were made: 1) activities were proposed in order to meet and 2) the functional requirements
needed to meet user demands were redefined. In the second phase, we performed: 1) a preliminary CAD
simulation and 2) the use of AHP in the process. Phase 3, established the remaining phases to be done
as: 1) agile iteration (fine-tuning) and 2) a design cycle (SCRUM) was established and 3) the design will
be modular.

The remaining three phases involved in the overall build and evaluation process will be reported
in subsequent work. Based on the reported adaptations, a morphological matrix (Table 3) is made to
visualise the aggregated stages that modify the first design process.

Table 3
Morphological matrix of suitability in the use of Al-powered methodology

Design
Chamfer
Identification of the | The concepts were adapted in need to amplify the design objective sought, establishing a clearer idea cloud by means of an
need and definition | Ishikawa diagram:
of the problem
Schedule of | Based on the diagrammatic development, the schedule of activities is developed:
activities

Modification and adaptation carried out

Upon further analysis of the design requirements, it became apparent that the cylinder
attachment within the load cell was missing, so an additional selection row was added to the
morphological matrix in Table 1.

MORPHOLOGICAL MATRIX FOR THE SELECTION OF ELEMENTS
System

Component Option A \Optlon B Option C
New definition of g
requirements based |
on a new needs
analysis. Load eylinder

clamping system

Mechanical

Symmetrical load, Load  cylinders
clamping and test with control and
cylinders with  hydraulic
hydraulic elements  elements

elements with load-
bearing element
fastening by means
of pulleys
Accordingly, Option C is chosen, given that the project is not limited to mechanical elements
with greater accessibility.
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1.1. Consideration
and selection of | Based on what was established by the designer's criteria, modelling work began, which was not adjusted as presented in Table

unfavourable elements

alternative 2, but the simulation processes for the loads were added.
solutions
Morphological matrix of the detailed design of the elements
Design Detailed CAD design
Component
Preliminary = e
simulation in CAE CAE simulation of W

Finite element analysis on unfavourable components

For the use of the AHP we used a freely available calculator developed by Goepel (2022) where important criteria for the
design were established: Load capacity, Precision capacity, Operational safety, as well as Durability and maintenance, based
on this, the priority scale of each of the criteria was established, based on them we have the following results:

Numero de comparaciones = 10 Principal auto valor = 5.140
Ratio de consistencia CR = 3.1% Solucion autovector: 4 iterations, delta = 6.1E-8
Consolidated Result Onin WResult Bna

4

The use of AHP in
the process
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Cat d Rank (#) ) la matriz de decision:
1. 2 3 4 5
Capacidad de

1 ; 5% 7.5% . N
Carga 1 00 5.00 3.00 4.00

Capacidad de 2 100 1 500 400 3.00
2 L o 36.1% i 3% 8.3%
Precision 3 020 020 1 100 2.00
3 Facilidad de Uso  9.9% 3 40% 4.0% 4 033 025 1.00 1 1.00
4 Seguridad 9.5% 4 13% 1.3 5 025 033 050 1.00 1
Operativa

Durabilidad y
Mantenimiento

2. Detaile

d design For this phase only an agile iteration SCRUM process was set up for the machine design and
Agile iteration | improvement cycle.
(adaptations)

PLAN DE PROYECTO AGIL

A design cycle
was established
(SCRUM)

For the modular design, the elements to be modelled and implemented in the modular design were

The design will | established at the designer's discretion considering the manufacturability and accessibility of
be modular. elements.

The refinement of the methodology through feedback can still be improved if we ask for an
exhaustive comparison with specific questions in each of the phases, LLM algorithms are modifying the
ways of working, understanding and generating general-purpose language, so day by day they increase
their training through billions of parameters on massive amounts of text that can predict the scaling laws.
The ability of LLMs for general-purpose language understanding and generation is acquired by training
billions of model parameters on massive amounts of text data, as predicted by scaling laws (Minaee, et
al., 2024).
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Conclusion
The integration of artificial intelligence (Al)-assisted rapid prototyping in the design of destructive
testing machines for reinforced concrete demonstrates the synergistic potential of emerging technologies
(Fan, et al.,, 2021). Through continuous iterations with advanced language models, the design
methodology has been optimised, achieving a customised solution for specific needs of academia and the
construction industry.

This interdisciplinary approach combines mechanical engineering, Al and computational
simulation, highlighting the importance of technological collaboration in applied research and
engineering education (Elahi, et al., 2023). Al has accelerated and refined design, reducing costs and
development times.

The project can be a milestone in the search for innovative and cost-effective solutions for
academic institutions with limited resources. The results establish a solid foundation for future research
on prototype construction and evaluation, advancing knowledge in the area. Future work on the
construction of the prototype is expected to drive the integral conclusion of the project with the
implementation of elements that were also suggested in the feedback.
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