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ABSTRACT Recent literature indicates the potential of applying Artificial Intelligence (AI) tools to
enhance ideation outcomes and optimize functionality across various engineering disciplines. However,
a comprehensive understanding of applying Al in the design process is lacking, particularly regarding
projects involving innovative design. Here, we address the integration of Al in a case study project. The
project goal is to design a haptic boot to be used on Mars. We apply a popular Al tool, ChatGPT-3.5, to each
design step, from the requirement gathering phase to the prototyping and testing phase. To assess the merit
of the AI contributions, we asked eight domain experts to give qualitative feedback. The results indicate
that current Al tools can provide a valuable starting point in the requirements and design phases. However,
we noted instances of hallucinations and poor traceability. Finally, the experts’ evaluation points out that the
Al-proposed requirements and design are missing key elements expected as an outcome in an engineering
design process. This study offers insight into the practical application of Al through a specific engineering
design process.

INDEX TERMS AI, ChatGPT, design, engineering, space, haptics.

I. INTRODUCTION
Adopting a design process has numerous benefits in any
engineering development project. For one, it provides a
systematic framework to manage all the engineering design
activities, thus increasing operational efficiency. Without
adhering to a structured design process, organizations
might face challenges in maintaining product consistency,
encounter increased development costs due to inefficiencies,
and struggle with delayed market entry, ultimately impacting
the competitive edge and profitability [1].

With this in mind, each industry has developed and
refined their own unique design processes tailored to
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their circumstances. For example, Agile models prescribe
structured, iterative cycles in software development that
aim to reintegrate the design at each stage for continual
refinement [2]. Beyond software development, engineering,
in general, witnessed a significant evolution in these method-
ologies in response to changes in the technological landscape.
Traditional methods, such as Waterfall, that demand early,
detailed requirements, a design freeze, and a linear design
approach have been deemed impractical in many cases,
such as commercial App development. This is due to the
fact that planning is ineffective in high-complexity, high-
change environments (such as App development). In contrast,
modern Agile methodologies (LeanUX, Scaled Agile Frame-
work, Extreme Engineering, and other flavors) accept a
flexible content of the work in exchange for rigidity in
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the iteration cycle (time-boxing) and product increments.
Empirically, this approach has been found to outperform the
waterfall methodology in software development, hardware
development, and many other sectors [3].

The recent advancements in Al provide a novel opportunity
to integrate it into various phases of the Engineering Design
Process that was not possible before. Specifically, the
current capabilities of Al, particularly with Large Language
Models (LLMs) such as Generative Pre-trained Transformer
models (GPT), have led to novel ways to share knowledge
through conversations. Tools based on LLMs, such as
OpenAI’'s ChatGPT, with their vast information repository
and interactive response format, are now well-positioned
to bring about significant changes across various indus-
tries [4] as these tools are becoming increasingly valuable in
design, particularly in enhancing traditional design processes,
to facilitate the ideation phase of a process For instance,
in ChatGPT-enhanced brainstorming sessions, user prompts
can effectively and quickly generate numerous design options
at a low cost. Ironically, due to the black-box nature of the
LLMs, the concept of Prompt Engineering has emerged as
an active research area. Prompt Engineering is defined as a
heuristic that helps the user maximize the utility of the LLM.
It is also the art of crafting, refining, and applying prompts or
directives to guide the responses of LLMs [5]. It also involves
a methodical technique for interacting efficiently with Al
tools to obtain desired outcomes. Properly crafted prompts
result in better responses, whereas inadequately designed
prompts may produce unsatisfactory results [6].

Recent studies have reviewed the use of such tools in vari-
ous disciplines, such as education. For example, Lo [7] used
ChatGPT as an instructional aid for creating course materials.
This trend indicates that tools like ChatGPT are increasingly
instrumental in design. Another example is ChatGPT’s ability
to analyze vast datasets. This ability expedites the design
process in structural engineering, ensuring integrity while
optimizing materials and costs. Studies have found that these
tools are already useful in Electrical Engineering, particularly
in designing and optimizing electrical systems. For instance,
they have been proven helpful in safety and reliability [8] and
even prediction of network failures in time series [9].

Even as the benefits of applying LLMs are widely recog-
nized in software engineering, few studies are available on
integrating LLMs into the engineering design process. How
LLMs impact the engineering process is currently subject
to ongoing exploration and debate. Here, we examine the
integration of LLM-based generative Al in the Engineering
Design process through a hardware project. The project
goal is to develop a space boot that incorporates haptics.
During the process, ChatGPT-3.5 was utilized to assume
diverse stakeholder roles and aid in the comprehensive
haptic boot design. This process involved giving input in
gathering requirements, creating prototypes, and executing a
test plan. Then, we evaluate the accuracy and effectiveness
of the inputs. This research examines the contributions
and challenges of generative Al and how they might drive
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fundamental changes and advancements in the current design
process practice.

In a previous study [10], we briefly covered a few elements
of our study but did not present comprehensive details.
Specifically, the article lacked an in-depth explanation of
the prompts used, the process of refining these prompts,
a detailed discussion of the results obtained, and an evaluation
of the approach. Current studies on integrating generative
Al into the engineering design process often fall short in
a detailed evaluation of the responses’ effectiveness and
prompt design evaluation. For instance, while researchers
such as [50] and [4] discuss general improvements in design
efficiency and AI’s conversational capabilities, they lack
details on implementing prompt engineering techniques.
Studies like [51] explore generative Al in robotics but lack
a structured software engineering approach, focusing more
on code generation and deployment than the entire design
process. Another limitation is that existing research often
does not address real-time prompt and response evaluation.
For example, a study [8] highlights AI’s application and
challenges in architectural design, but does not offer in-depth
analyses of prompt performance or how well the Al adapts to
changing design requirements.

In contrast, our approach utilizes a structured and iterative
software engineering methodology using ChatGPT-3.5. Like
other studies, we used the language model as a black
box, i.e., we interacted with it via prompts. We begin by
eliciting requirements through use cases and user stories,
then base the design on these requirements and develop
a comprehensive test plan. Our research comprehensively
evaluates prompt effectiveness in real-time during the design
process, focusing on space-haptic boots. We offer a detailed
analysis of how generative Al and prompt engineering can be
optimized for practical use by employing a detailed approach
to requirement gathering, conceptualization, and prototyping.
This structured methodology ensures a thorough and practical
integration of Al tools into the design process. It addresses
the shortcomings of previous studies by providing clear and
actionable insights into the effectiveness of Al-driven design
solutions.

Il. LITERATURE REVIEW

A. ENGINEERING DESIGN PROCESS

Engineering design is a broad field encompassing domains
such as government, industry, history, technology, education,
science, society, and practical use [11]. Engineering design
stands distinct from other design forms in that it is tightly
bound by the principles of engineering sciences, economic
considerations, and other factors [12]. Multiple flavors and
styles of engineering design process vary by discipline. These
flavors include Agile, Waterfall, and Lean User Experience
(UX) [13]. One common trait among each is a defined
set of steps or phases that outline, categorize, and set
timelines for the tasks necessary for completing a project.
These phases serve as a roadmap, guiding the project from
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conception to completion. In sequential models like the
waterfall model, these phases are rigid, one-way, and follow a
linear progression. In contrast, in iterative models like Agile,
the content of phases is flexible while the cycle times are rigid
(time-boxing) [14]. However, as technology and industries
advance, the methods used in the engineering design process
also evolve. For instance, agile has its roots in hardware,
expanding to software engineering areas like security and
usability. It eventually scaled to large organizations with
hundreds of team members with the Scaled Agile Framework
and DevOps [15].

B. GENERATIVE Al

Al has significantly influenced organizations, societies,
and individuals by demonstrating proficiency in systematic
reasoning, adapting to input variations, predicting outcomes,
and adjusting to environmental changes. Integrating Al into
the design iteration process enhances designer performance,
increasing efficiency and solution quality [50]. During its
initial development, Al primarily concentrated on supervised
and unsupervised learning. The early Al landscape fea-
tured conventional algorithms like neural networks, genetic
algorithms, decision trees, random forests, support vector
machines, and k-means clustering. However, these algorithms
faced limitations due to their reliance on structured data for
model construction and information processing [16]. Newer
Al algorithms enable the effective handling and classification
of unstructured data, fostering more insightful analyses [17].
Amongst these Al algorithms, two key advancements are
reinforcement learning (RL) and automated machine learning
(AutoML). AutoML operates in supervised and unsuper-
vised modes, facilitating the efficient selection of optimal
algorithms for diverse real-world applications. Conversely,
reinforcement learning focuses on achieving specific objec-
tives by training agents to perform optimally within defined
environments [18].

Another essential method within the Al domain is genera-
tive Al This type of Al uses deep learning models to create
human-like content [19]. Generative Al design, utilizing
machine learning algorithms to derive insights from data and
generate novel content, has been recognized in 2023 as a top
ten technology trend. Furthermore, recent advancements in
Al, exemplified by intelligent generative technologies like
DALL-E, OpenAI’s ChatGPT, and DeepMind’s AlphaFold,
showcase the remarkable versatility of generative Al across
diverse fields [20]. ChatGPT and other Generative Al (GAI)
methodologies fall within Artificial Intelligence Generated
Content (AIGC). This category encompasses the generation
of digital content, including images, music, and natural
language, through the utilization of Al models [21]. These
cutting-edge developments underscore the current forefront
of Al research.

Much of the extensive textual data within big data
sets can be effectively harnessed through natural language
processing (NLP), a potent Al tool. NLP enables computers

VOLUME 12, 2024

to comprehend and process text and rapidly generate textual
content. This capability makes NLP a crucial algorithmic
foundation for generative models for word-level understand-
ing [22]. NLP algorithms like GPT, BERT, and LSTM
initially required abundant data and significant computational
resources, posing challenges for real-world applications.
However, newer Al models like federated learning and tiny
machine learning have addressed these issues and found
adoption in industrial applications [23]. As NLP has become a
foundational algorithm for generative models, understanding
generative models and their applications across domains has
become a must. Several variations exist in generative Al
models, encompassing versatile generative models like GPT-
3, Megatron-Turing NLG, Gopher, and others [24].

Generative Al offers potential applications in various
industries, including business, education, healthcare, and
content generation. The solutions offer various business
applications, spanning marketing and sales, operational
processes, IT and engineering tasks, risk management,
legal functions, human resources, financial operations, and
employee optimization in utility settings [25]. Generative
Al has diverse roles in education and research. It assists
students with information retrieval, subject-related queries,
and multilingual writing. For educators, it generates teaching
materials, grades assignments, and creates lesson plans.
It also creates personalized educational content, enhancing
engagement and learning outcomes [26]. Generative Al can
also revolutionize the healthcare sector. The technology can
play a significant role in patient interaction, clinical diagnosis
support, telehealth services, health education, advice, and
promotion, thus reshaping healthcare in various ways. It can
also develop new drugs and treatments [27]. Furthermore,
a study by Rane [8] utilized generative Al, the architectural
engineering design process, to generate creative design
ideas and optimize spatial planning and material selection.
Consequently, generative Al has the potential to revolutionize
and bring change across many domains.

C. PROMPT ENGINEERING

Prompt engineering is a relatively new field of research
that refers to designing, refining, and implementing. prompts
or instructions that guide the output of large language
models (LLMs) to help in various tasks [28]. A prompt
can shape subsequent interactions and the output produced
by an LLM by offering explicit rules and guidelines for
the initial phase of the conversation. Specifically, a prompt
establishes the context, indicating to the LLM the pertinent
information and the preferred form and content of the desired
output [29]. Effective prompts result in favorable responses
from the Generative Language Model (GLM), whereas
inadequately formulated prompts will generate unsatisfactory
results [6]. During the 2018-2019 period, the focus of
prompt engineering was directed towards the refinement of
control codes, templates, and fine-tuning. This era of prompt
engineering emphasized fairness, human-Al collaboration,
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and adaptation to low-resource scenarios. In the following
years, 2020- 2021, we witnessed a shift towards contextual
prompting and transfer learning. Most recently, in 2022-2023,
advanced techniques such as unsupervised pre-training and
innovative reward shaping have been introduced in prompt
engineering [30].

A prompt generally consists of four parts: an instruction
for the task, additional context for better understanding,
the input or question driving the task, and an output
indicator specifying the desired response format. These
elements provide the necessary structure and context for
the model to generate accurate and meaningful outputs in
line with our objectives [28]. Various prompts guide GLMs:
zero-shot prompts query unfamiliar data, and few-shot
prompts offer examples for comprehension. Prompting levels
classify complexity, from simple questions to breaking down
requests. Structured prompts include context, request, role,
and format, ensuring clarity. Iterative prompts involve GLMs
in creating ideal prompts. Conversely, ineffective prompts
are vague, misleading, inappropriate, or mathematically
challenging [6].

To understand prompt engineering, one must analyze the
techniques utilized to enhance the effectiveness of prompts
for GLMs. Heston and Khun [6] highlighted a five-step
process to create high-quality, meaningful prompts. These
steps include selecting a pre-training model, engaging in
prompt engineering for tailored tasks, designing task-specific
responses, expanding paradigms for improved outcomes,
and implementing efficient training strategies. This process
highlights prompt engineering as a critical technique to
ensure the generation of effective prompts. Furthermore,
Lo [31] presents the CLEAR Framework for Prompt Engi-
neering, tailored to enhance interactions with Al language
models such as ChatGPT. The framework comprises five
fundamental principles: Concise, Logical, Explicit, Adaptive,
and Reflective, to improve the evaluation and generation
of Al-generated content. After the prompts are chosen,
optimizing them becomes another vital element within
prompt engineering. Schick and Schutze [32] showcase
diverse approaches to prompt optimization. For instance,
Wallace et al. [33] employ a gradient-based search with input
tokens to iteratively find short texts related to pretrained
models for generating desired predictions. Some works
extend beyond natural language prompts in the discrete
space, opting for automatic construction in the continuous
text embedding space. For instance, Li and Liang [34]
prepend continuous task-specific sequences to inputs, lever-
aging learnable parameters for optimization via downstream
datasets.

Prompt engineering can be applied and extended to several
domains. For instance, Busch et al. [35] assert that prompt
engineering is a pivotal bridge for Business Process Man-
agement (BPM) research. Furthermore, in medical education,
prompt engineering proves invaluable by crafting realistic
patient scenarios, formulating multiple-choice questions,
and elucidating intricate medical concepts [6]. Furthermore,
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another study [4] explores ChatGPT’s potential in the
manufacturing industry, highlighting its ability to provide
knowledge through conversation. The findings emphasize
ChatGPT’s strengths and limitations and potential for the
future. In terms of supporting businesses, Short and Short [36]
explores the implications of prompt engineering within the
domain of entrepreneurship research and practice. Other
studies such as [51] integrate generative Al into the design
process for robotics by using ChatGPT and prompt engi-
neering to handle tasks through natural language instructions,
code synthesis, and XML parsing.

Furthermore, Kuhail et al. [10] showed the integra-
tion of Al into the engineering design process by using
ChatGPT to design an innovative space boot with haptic
technology, demonstrating the iterative nature of prompt
engineering. Building on that study, our research is unique
in its focus on space-haptic boots, utilizing a thorough
software engineering methodology that includes require-
ment gathering, conceptualization, prototyping, and testing.
Unlike previous research, we provide detailed examples
and evaluations by engineers, highlighting both the benefits
and challenges of Al integration in the engineering design
process.

lIl. METHODOLOGY

This study evaluates the effects of integrating the use of
prompt engineering in the engineering design process by
using a case study of a haptic boot. We leverage prompt
engineering techniques, using ChatGPT-3.5’s advanced text
generation capabilities, to generate innovative and functional
design concepts based on use cases and user stories from each
stakeholder’s perspective and requirements of the system.
ChatGPT-3.5 can understand and generate human-like text
based on given prompts. Using prompts facilitates the
creative generation of design ideas while ensuring alignment
with mission objectives and stakeholder needs. The design
is then refined and improved based on the safety, ethics
standards, and specific requirements. The flowchart below
illustrates the prompt engineering design process (Figure 1).

Information
collection

13 13

Stakeholder Iterative prompt refinement

| PR
identification DesIgn prototyPe iy context consiaints, instructions
e teers

) I

1 Use cases from 1

Prompt types
and Elements

Design and
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Create test plans for

perspective of each Giaiia

Zero-shot prompt
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Testing different prompts J,

User stories from Create test protocols
perspective of each and test cases
stakenolder

Tterative prompt refinement
(super prompt)
Shallist requirements
ofthe system

Safety and ethical
quidelines

Assess test protocols
and test cases

Prompt refinement

Design veriication

Verfly the design
against the
requirements

FIGURE 1. The prompt engineering design process.
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A. PROMPT TYPES AND ELEMENTS

We conducted various trials with the ChatGPT-3.5 during the
initial experimental stage to determine which prompts gen-
erate the most desirable results. Constructing a well-crafted
prompt involves considering five fundamental components:
instructions, context, examples, constraints, and role. The
“Instruction for the prompt” is a concise directive establish-
ing the desired action or outcome. The instruction should
be brief, clear, and to the point, providing unambiguous
guidance without unnecessary details.

Further, the prompt includes “Additional Context” to
provide crucial background information that sheds light on
the task’s purpose or significance. The length of additional
context depends on the complexity of the task. It should be
adequate to provide clarity but not overly detailed.

An “Example” serves as a guide, demonstrating how to
execute the task at hand. It adds specificity and clarity to the
expected outcome and progress. The practical representation
facilitates understanding of the task by presenting a real-
world application of the given instructions. The length should
be sufficient to clarify the task but not extend beyond what is
required for clear comprehension.

“Constraints” are expressly stated to outline any limita-
tions, ensuring adherence to specific conditions. Constraints
should be stated concisely, specifying limitations without
unnecessary elaboration. Finally, the “Role” component
designates the individual or entity responsible for task
execution. It helps set the perspective for understanding the
instructions better. The description should be concise, clearly
identifying the responsible individual or entity without
unnecessary details. The prompt length should be sufficient
to establish context but avoid excessive information. Addi-
tionally, understanding the prompt and writer’s intention and
perspective adds a crucial layer, influencing the effectiveness
of the communication.

These five elements of prompts contribute to creating a
comprehensive and purposeful prompt, guiding a clear and
well-informed approach to the given task.

To initiate the design process, we tested the following
prompts:

Zero-shot prompt: We first used a basic, simple, and
short prompt to design a haptic space boot for the Mars
exploration mission. (Figure 2) We used the following
prompt.

“Design a haptic space boot for Mars exploration.”
The results of this prompt did not prove to be useful.
The design provided by ChatGPT-3.5 was incomplete
as it lacked essential details (i.e., it did not specify the
materials and required parts).

Super prompt: We tried to improve the quality and
relevance of ChatGPT-3.5’s responses by iteratively
refining and experimenting with prompts. Next, we fed
ChatGPT-3.5, a super-prompt with additional instruc-
tions, context, role, and constraints. We used the
following prompt.
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Design a haptic space boot for Mars exploration

© Designing a haptic space boot for Mars exploration involves several key
considerations to enhance astronaut performance and safety on the Martian

surface. Here's a conceptual outline for such a boot:

1. Objective

The primary objective is to develop a boot that provides enhanced sensory
feedback, stability, and comfort in the harsh Martian environment, aiding in
navigation, mobility, and environmental interaction.

2. Material and Structure

* Outer Material: Use lightweight, abrasion-resistant materials like Kevlar or

Vectran to protect against the rough terrain and extreme temperatures.

® Inner Lining: Memory foam lined with moisture-wicking fabric to ensure

comfort during prolonged wear.

® Sole Design: Incorporate flexible, non-slip tread patterns designed for Martian
soil, with embedded pressure sensors for terrain analysis.
+

FIGURE 2. A screenshot of interacting with ChatGPT.

“Suppose you are a design engineer for NASA. You are
assigned to design a haptic boot that can provide haptic
feedback to the astronauts to help them feel the Martian
terrain when wearing these boots on Mars exploration
mission. The boots should not be bulky so the astronaut
can walk safely wearing these. Provide technical details
of your initial prototype and give details on what
actuators (if any) would you use to render the terrain?”
We also added this follow-up prompt:

“Provide the exact details of the boot design, haptic
feedback system and power connectivity. Specify the
material, sensor models and names so the required
equipment can be ordered.”

The response provided by ChatGPT-3.5 reflected a compre-
hensive understanding of the prompt. The response included
technical details of the initial prototype, encompassing boot
design, haptic feedback system, power, and connectivity.
It addressed the prerequisites for a lightweight and ergonomic
boot with precise haptic feedback while ensuring safety
and mobility. The response also provided details such as
boot materials, sole construction, haptic sensors, actuators,
power sources, and wireless connectivity options. Further, the
response suggested sensor, actuator models, and microcon-
troller options for the control system and specific lithium-
ion polymer battery and wireless connectivity modules for
implementation. However, the recommended motors were
not practical as they were too bulky in size and weight for
this application.

B. ITERATIVE DESIGN PROCESS

This phase tackles the iterative enhancement of the prompts
identified during the testing phase. We proceeded with the
design process by identifying the stakeholders, followed
by the development of use cases, collection of a list of
requirements, and integration of safety and ethics standards.
We then used an iterative approach to refine the prompts
further. Given that the previous responses lacked safety
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protocols or testing, we opted for a structured process of
creating a haptic boot that satisfies the requirements of each
stakeholder while also developing appropriate use cases for
safety and accuracy.

1) STEP 1 - INFORMATION COLLECTION

This stage of the project involves gathering requirements for
the haptic boots to be utilized in space. Our first step is to
identify all stakeholders involved and determine the use cases
from each stakeholder’s perspective. Then, we outlined the
shall-list requirements for the project.

a: STAKEHOLDERS

After running a prompt to generate a list of stakeholders
involved in the project, ChatGPT-3.5 provided a compre-
hensive and well-structured response. The output included a
detailed list of stakeholders, including industrial engineers,
engineers, and astronauts. ChatGPT-3.5 further analyzed each
stakeholder’s unique perspective on the haptic boot design
use cases, offering insights into their roles and contributions.
This approach showed the diverse perspectives of the stake-
holders and provided the details of their roles, considering
the project’s interdisciplinary nature. The stakeholder list
covered various aspects, including technical, safety, legal,
ethical, and public engagement considerations.

b: USE CASES AND USER STORIES

We asked ChatGPT-3.5 to provide use cases and user
stories from each stakeholder’s perspective generated in
the previous step. The provided use cases included the
goal, precondition, main success scenario, and postcondition.
Similarly, each user story was provided from the perspective
of a specific stakeholder, such as astronauts, engineers, and
industrial designers. Furthermore, the user stories captured
the goals and desires of each stakeholder involved in
developing and utilizing the haptic boot for Mars exploration
missions.

¢: COLLECT REQUIREMENTS
We requested ChatGPT-3.5 to generate a comprehensive
shall-list of requirements for the haptic boot project.

d: COLLECT SAFETY AND ETHICS STANDARDS

To maintain the standards of quality and ethics, relevant
safety guidelines and ethics standards about haptic boot
design were also requested from ChatGPT-3.5. As high-
lighted in the model’s response, adherence to safety and
ethical standards is crucial in developing and using haptic
boots for Mars exploration. These safety standards prioritize
the well-being of astronauts and acknowledge the challenging
environmental conditions on Mars. The ethical standards
ensure that the usage of the haptic boots aligns with ethical
principles, protects astronauts’ privacy, and considers the
broader impact on the environment.
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e: REFINE STAKEHOLDERS' INPUT AND REQUIREMENTS

We tried to use a single prompt to modify the use cases,
user stories, and the stakeholders’ requirements to include
the safety and ethical standards listed in the previous prompt.
This prompt resulted in an incomplete response. ChatGPT-
3.5 failed to retrieve all the points from its previous response.
Thus, we ran the prompt again, but this time manually
added the previously generated user stories, use cases and
shall requirements. The modified shall-requirements reflect
integrating safety standards related to materials, ergonomic
design, and environmental responsibility. We noticed that
ChatGPT-3.5 retains the memory of past prompts and
responses, although, after a few subsequent prompts (3 or
more), its outputs may become blended.

2) STEP 2: DESIGN AND EVALUATION

a: INITIAL DESIGN

After identifying requirements, we moved on to the prompt-
based design iterations. Role-based prompts were used to
elicit the design from ChatGPT-3.5. By assigning ChatGPT-
3.5 the role of a design engineer at NASA, we asked the
model to propose a haptic boot design based on the data
collected in the previous steps. ChatGPT-3.5 provided a
conceptual design proposal covering several key haptic boot
aspects. Furthermore, the responses provided specific sensor
models as part of the design proposal. However, ChatGPT-
3.5 provided a design including model numbers that were
merely placeholders. Consequently, we ran a follow- up
prompt to verify if the model numbers specified in the design
were correct, but ChatGPT-3.5 failed to help. It acknowledged
its limitations as an Al language model and emphasized the
need for consultation with NASA’s engineering team.

b: DESIGN REFINEMENT

The initial responses generated by ChatGPT-3.5 were evalu-
ated. We asked ChatGPT-3.5 to play various roles, such as that
of a safety engineer at NASA, to assess the feasibility of the
responses, check for compliance with safety standards, and
ensure alignment with user stories and requirements. We used
the feedback from ChatGPT-3.5 as a safety engineer to refine
the prompts, gradually narrowing down the design space
and guiding subsequent model-generated responses. The
response by ChatGPT-3.5 as an engineer identified several
areas of improvement in the proposed design and suggested
ways to address them. The proposed modifications aimed
to improve the design’s suitability for the Mars exploration
mission and ensure it meets the required quality and safety
standards.

c: DESIGN EVALUATION PLAN

We asked ChatGPT-3.5, acting as a test engineer at NASA,
to provide a comprehensive and well-structured testing plan
for the proposed design. The testing plan for the haptic
boot design follows a comprehensive approach covering
mechanical, sensor, communication, power management,
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ergonomics, safety, environmental, and data storage aspects.
Continuous documentation, analysis of results, collaboration,
and iterative design improvements are key pillars of this
testing plan, ensuring that the haptic boot design evolves
optimally to meet the unique demands of Mars exploration
missions.

d: DESIGN EVALUATION CRITERIA

We ran a role-based prompt to provide test protocol and test
cases. As a test engineer at NASA, ChatGPT-3.5 provided
a comprehensive set of test protocols and test cases for
evaluating the design. The protocols covered various aspects,
including mechanical testing, sensor testing, communication
and control testing, power management testing, ergonomics
and safety testing, environmental testing, and data storage,
processing, and testing. Each set of test cases was designed to
evaluate the haptic boot’s performance, safety, and reliability,
ensuring it meets Martian exploration’s specific requirements
and objectives.

e: DESIGN EVALUATION CRITERIA REFINEMENT

We ran a prompt to assess the test protocol and test cases
generated in the previous step. As seen later, ChatGPT
improved the test cases by generating each test’s procedure
and acceptance criteria. Similar thoroughness was applied to
other protocols, such as Sensor Testing and Communication
and Control Testing. The protocols were designed to be
comprehensive, addressing mechanical robustness, sensor
accuracy, communication reliability, power efficiency, user
comfort, safety features, environmental resilience, and data
storage capabilities.

3) STEP 3: DESIGN VERIFICATION

Finally, in this phase, we verified that the design meets the
requirements collected in the data collection phase. Since
ChatGPT does not completely remember all the details of the
previous chat, we manually inserted the design requirements
it generated and prompted it to verify whether it meets all the
requirements in its final design.

IV. RESULTS

In this section, we show the output of ChatGPT-3.5 when
prompted. We show (1) the requirements in the form of use
cases, user stories, and shall-list requirements, and (2) the
design concepts. The data behind the results, i.e., the prompts
and the outputs provided by ChatGPT-3.5, can be found
in [52].

A. REQUIREMENTS

Figures Figure 3 and Figure 4 show the outputs of ChatGPT-
3.5 when prompted for use cases, one from the perspective of
an astronaut and the other from a specialist in human factors.
The first use case (Figure 3) describes an astronaut walking on
Martian terrain where haptic feedback enhances awareness of
surface conditions. While this scenario sets a clear objective
for haptic boot technology and emphasizes safety and surface
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awareness, it oversimplifies the complexity of walking
on Martian terrain. For instance, the use case overlooks
factors like extreme environmental conditions, including
temperature variations, radiation, or the reduced gravity of
Mars, each of which significantly impacts movement and the
boot’s functionality [37]. The second use case, involving a
human factors specialist, centers on designing an intuitive
and user-friendly interface for the haptic boot. This scenario
stresses the importance of user-centered design and iterative
testing. However, it lacks specifics regarding the types of
interfaces that could be used and how they will operate
within the constraints of a spacesuit. This use case does
not address astronauts’ unique challenges in space such
as communication delays, sensory deprivation effect, and
limited dexterity when wearing a spacesuit [38].

e Use case: Walking on Martian Terrain.

s Actor: Astronaut.

¢ Goal: To provide haptic feedback to the astronaut while walking on the Martian surface.
e Precondition: The astronaut is wearing the haptic boot and is outside the spacecraft.

« Postcondition: The astronaut successfully walks on the Martian terrain with enhanced
a of the surface conditi

e Main Success Scenario:
1. The astronaut starts walking on the Martian terrain.

2. The haptic boot detects variations in the surface, such as rocks, slopes, or uneven
textures.

3. The haptic boot delivers appropriate tactile feedback, providing the astronaut with a
sense of the terrain's characteristics.

4. The astronaut adjusts their gait or posture based on the haptic feedback to maintain
stability and prevent slips or falls.

FIGURE 3. A ChatGPT-generated use case related to walking in the
martian environment.

e  Use case: User Interface and Interaction Design.

e  Actor: Human Factors Specialists.

e  Goal: To design an intuitive and user-friendly interface for
interacting with the haptic boot's settings and functionalities.

e  Precondition: Human Factors Specialists collaborate with
the design team during the development of the haptic boot.

e  Postcondition: The haptic boot's interface design is user-
friendly, enabling astronauts to conveniently control and
customize the boot's functionalities.

. Main Success Scenario:

1. Human Factors Specialists conduct user research and gather
feedback to understand the astronauts' needs and preferences
regarding the haptic boot's interface.

2. The interface is designed with clear and easily understandable
controls and displays, considering factors such as visibility,
legibility, and ease of use in a spacesuit environment.

3. Iterative design testing is conducted to assess the usability
and efficiency of the interface, making necessary adjustments
based on user feedback.

4. The final interface design ensures that astronauts can easily
configure and interact with the haptic boot's settings while
wearing their spacesuits.

FIGURE 4. A ChatGPT-generated use case related to the user interface.
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User Story: Haptic boot Exploration

Actor: Astronaut

"As an astronaut, I want to use the haptic boot during Mars
exploration missions so that I can feel and understand the terrain
beneath me, enhancing my spatial awareness and ability to
navigate safely."

FIGURE 5. A ChatGPT-generated user story of an astronaut.

User Story: Haptic boot characteristics.

Actor: Industrial engineers.

"As industrial designers, we want the haptic boot to be
lightweight, durable, and ergonomic, ensuring astronaut comfort
and ease of movement during Mars exploration missions while
maintaining its functionality in harsh environmental conditions."

FIGURE 6. A ChatGPT-generated user story generated from an industrial
engineer’s perspective.

Figures Figure 5 and Figure 6 show two user stories, one
from the perspective of the astronaut and the second one from
the perspective of an industrial engineer. The user stories offer
insights into the needs and expectations of the boot. Each falls
short in addressing the complexities of the respective fields.
The astronaut’s user story in Figure 5 focuses on enhancing
spatial awareness and safe navigation on Mars through the
haptic boot. While the user story captures the boot’s essential
benefit, it oversimplifies the interaction between the astronaut
and the Martian environment; it does not address an important
engineering concept: how the boot would integrate with other
sensory inputs and the astronaut’s gear.

On the other hand, the industrial engineers’ story of
Figure 6 emphasizes the boot’s physical attributes, such as
being lightweight, durable, and ergonomic. This user story
acknowledges the importance of comfort and functionality in
human factors. However, it lacks specificity in defining what
makes a boot lightweight or durable for Mars exploration.
It omits key details about materials, technologies, and how
effective haptic feedback could be beneficial.

Figure 7 shows an example of a shall-list of requirements
for the haptic boots. The list emphasizes real-time haptic
feedback, accurate representation of Martian terrain, and
a lightweight design suitable for extravehicular activities.
While these requirements lay a foundational blueprint,
they are somewhat basic and lack detailed specifications.
For instance, the exact nature of the haptic feedback,
how the boots will differentiate between varying terrain
characteristics and the specific technologies to be employed
remain undefined.

Figures Figure 8 and Figure 9 show examples of the
specified safety and ethical standards generated by ChatGPT-
3.5. The specified safety standards underscore the impor-
tance of impact resistance, fall detection and prevention,
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1. The haptic boots should be designed to provide astronauts with real-time
haptic feedback about the terrain beneath them.

2. The haptic feedback should accurately represent the characteristics of the
Martian terrain, including texture, hardness, slope, and obstacles.

3. The haptic boots should be lightweight to minimize the additional weight
burden on astronauts during extravehicular activities (EVAs).

FIGURE 7. A ChatGPT-generated shall-list requirements.

electrostatic discharge protection, temperature resistance,
ergonomics, hazard mitigation, and material safety. These
standards prioritize the well-being of astronauts, ensuring
that the haptic boots provide adequate protection, minimize
risks of falls, and withstand the challenging environmental
conditions on Mars. In parallel, the ethical standards outlined
encompass informed consent, privacy protection, responsible
data use, accessibility, inclusivity, equity in deployment, and
environmental responsibility.

Safety Standards:
1.Impact Resistance: Haptic boots should be designed to withstand potential
impacts and provide adequate protection to the wearer's feet.

2.Fall Detection and Prevention: The boots should incorporate mechanisms

alerting the astronaut or adjusting the haptic feedback to improve balance.

3.Electrostatic Discharge (ESD) Protection: Given the presence of dust and
the potential for electrostatic discharges on Mars, haptic boots should have
measures in place to mitigate the risk of ESD-related incidents.

4.Temperature Resistance: The boots should be designed to withstand
extreme temperature fluctuations on Mars and maintain their functionality
and structural integrity under challenging environmental conditions.

5.Ergonomics: The design should prioritize ergonomics to minimize the risk
of discomfort, fatigue, or musculoskeletal issues for the wearer, especially
during long-duration missions.

6.Hazard Mitigation: The boots should undergo rigorous testing to identify
and mitigate potential hazards, such as tripping, entanglement, or sharp
object penetration risks.

7.Material Safety: The materials used in the construction of the haptic boots
should comply with safety standards, ensuring they are non-toxic, non-
allergenic, and safe for human contact.

FIGURE 8. A list of ChatGPT-generated safety standards.

These standards focus on transparency, confidentiality,
responsible use of collected data, accessibility for diverse
physical abilities, fair deployment criteria, and environmental
sustainability. We further followed up with ChatGPT-3.5 to
verify the source of the safety and ethical standards men-
tioned in Figure 9. The ChatGPT-3.5 output was that these
standards are not specific to any space agency, such as NASA.
Instead, they represent general considerations applicable to
the project.

Following the safety and ethical standards, we used
a prompt to refine the use cases, user stories, and the
stakeholders’ requirements to include the safety and ethical
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Ethical Standards:

1.Informed Consent: Astronauts participating in Mars missions should be
adequately informed about the purpose, functionality, risks, and benefits of
using haptic boots and provide informed consent before using them.

2.Privacy Protection: Data collected by the haptic boots, such as terrain
information or physiological parameters, should be handled in accordance
with privacy regulations and guidelines to ensure the confidentiality of
astronauts' personal information.

3.Responsible Data Use: The collected data should be used solely for the
purposes of mission objectives, scientific research, and astronaut safety,
with measures in place to protect against unauthorized access, misuse, or
data breaches.

4.Accessibility and Inclusivity: The design and functionality of haptic boots
should consider accessibility and inclusivity, accommodating astronauts
with diverse physical abilities to ensure equal participation in Mars
exploration missions.

5.Equity in Deployment: The selection and deployment of haptic boots
should be based on fair and transparent criteria, avoiding any form of
discrimination or bias in access or usage.

6. Environmental Responsibility: Consideration should be given to the
environmental impact of haptic boot manufacturing, usage, and disposal,
with a focus on sustainability and minimizing waste generation.

FIGURE 9. A list of ChatGPT-generated ethical standards.

standards listed in the previous prompt. The second iteration
of safety and ethical standards emphasizes enhanced mea-
sures for impact resistance, fall detection, Electro Magnetic
Compatibility (ESD) protection, temperature resistance,
ergonomics, hazard mitigation, and material safety. Addi-
tionally, ethical considerations now include comprehensive
informed consent, strengthened data privacy, responsible data
use, accessibility, fairness in deployment, and environmental
sustainability. Unfortunately, this second iteration resulted in
an incomplete response. ChatGPT-3.5 failed to retrieve all the
points from its previous response, as reported elsewhere, due
to the token window limit at the time. Figures 10, 11, and 12
depict an example of a second iteration of use cases, user
stories, and requirements by integrating the safety and ethical
standards of Figure 9.

Use Case: Ensuring Astronaut Safety and Terrain Understanding

Safety and Ethics Considerations: The haptic boot should incorporate
safety features such as impact resistance, fall detection, and ESD
protection to ensure astronaut safety. Ethical considerations include
informed consent, privacy protection, and responsible data use.

FIGURE 10. ChatGPT-generated ethics and safety standards (second
iteration).

Following the second iteration of use cases, we ran the
prompt again, but this time manually added the previously
generated user stories, use cases and shall-requirements. The
modified shall-requirements reflect integrating safety stan-
dards related to materials, ergonomic design, and environ-
mental responsibility. This time, the ChatGPT-3.5 outcome
indicates significant improvements in detail and specificity.

VOLUME 12, 2024

User Story: Haptic boot Exploration

Actor: Astronaut

Safety and Ethics Considerations: Astronaut safety should be
prioritized through impact resistance, fall detection, and privacy
protection. Responsible data use ensures the confidentiality of personal
information.

FIGURE 11. ChatGPT-generated ethics and safety standards for user
stories.

Shall List Requirements:
Safety Standards:

1.Shall-Requirement: The haptic boots shall be designed with impact-
resistant materials and construction to provide adequate protection to the
wearer's feet during potential impacts on Mars.

2.Shall-Requirement: The haptic boots shall incorporate fall detection
mechanisms and pr to prevent injuries, ensuring astronaut
safety during explo

Ethical Standards: 1. Shall-Requirement: The haptic boots shall incorporate
mechanisms to obtain informed consent from astronauts regarding their
usage and the collection of personal data during Mars exploration missions.

2.Shall-Requirement: The haptic boots shall adhere to privacy protection
guidelines, ensuring the confidentiality and responsible use of data collected
from astronauts.

FIGURE 12. ChatGPT-generated shall-list of safety and ethics standard
requirements.

In the ChatGPT reply, safety considerations now include
impact resistance, fall detection, ESD protection, temperature
resistance, ergonomics, and hazard mitigation. Ethical con-
siderations encompass informed consent, privacy protection,
responsible data use, accessibility, fairness in deployment,
and environmental sustainability. Hence, these refinements
provide a more detailed approach to addressing safety and
ethical considerations throughout the design process. The
model retains the memory of past prompts and responses,
although, after a few subsequent prompts (3 or more), its
outputs may become blended. Figures 13, 14, and 15 illustrate
an example of the ChatGPT response after manually inserting
the modified use cases, user stories, and requirements that
integrate the safety and ethical standards in Figures 11 and 12.

B. COMPONENTS AND ASSEMBLY
We explored various use cases to determine the most
crucial functionalities that haptic boots must possess, such
as providing feedback on the surface of an unfamiliar terrain
or considering the safety and reliability of the boots by the
challenges imposed by the Martian environment. Though our
use cases formed a basis for brainstorming and a starting
point, stakeholders must be engaged to ensure that all
necessary functionalities are included.

In the initial stage, an initial attempt was made to
design the haptic boots using a single super prompt from
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Use Case: Slope and Terrain Gradient Perception

Shall List Requirements:

Safety Considerations:

1.The haptic boot incorporates sensors and algorithms to detect
changes in slope and terrain gradients, providing real-time feedback to
the astronaut.

2.Tactile feedback from the boot helps the astronaut maintain stability
and adjust their movements, accordingly, reducing the risk of slips,
falls, or other injuries.

Ethical Considerations:

1.The design and deployment of haptic boots consider accessibility
and inclusivity, ensuring astronauts with diverse physical abilities can
effectively perceive and navigate terrain gradients.

FIGURE 13. ChatGPT's output for safety and ethics considerations when
the ethics and safety standards context is added to the prompt context.

User Story: Haptic boot exploration.

Actor: Astronaut.
Safety Standards:

1.Impact Resistance: The haptic boot should be designed to withstand
potential impacts, providing sufficient protection for the wearer's feet.

2.Fall Detection and Prevention: The boot should incorporate
mechanisms to detect falls and assist in preventing injuries, such as
alerting the astronaut or adjusting haptic feedback to improve balance.

3 Electrostatic Discharge (ESD) Protection: The boot should have
measures in place to mitigate the risk of ESD-related incidents given
the presence of dust and electrostatic discharge potential on Mars.

Ethical Standards:

I.Informed Consent: Astronauts should receive comprehensive
information about the purpose, functionality, risks, and benefits of
using haptic boots and provide informed consent before using them
during Mars exploration missions.

2 Privacy Protection: Data collected by the haptic boot, such as terrain
information or physiological parameters, should be handled in
accordance with privacy regulations and guidelines to ensure the
confidentiality of astronauts' personal information.

3 Responsible Data Use: The collected data should be used solely for
mission objectives, scientific research, and astronaut safety, with
measures in place to protect against unauthorized access, misuse, or
data breaches.

FIGURE 14. ChatGPT’s output for user story when ethics and safety
standards context is added to the prompt context.

a product designer’s perspective (Figure 16). The table
highlights crucial components such as the haptic feedback
system, weight considerations, comfort and ergonomics, and
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Safety and Ethical Standards:

1.The haptic boots should be designed to provide astronauts with real-
time haptic feedback about the terrain beneath them, enhancing spatial
awareness and navigation safety.

2.The haptic feedback should accurately represent the characteristics of
the Martian terrain, including texture, hardness, slope, and obstacles,
aiding astronauts in understanding the terrain they traverse.

3.The haptic boots should be lightweight to minimize the additional
weight burden on astronauts during extravehicular activities (EVAs),
ensuring optimal mobility and energy efficiency.

4.The boots should be durable and capable of withstanding the harsh
environmental conditions on Mars, including extreme temperatures,
dust, and potential impacts, providing adequate protection to the
wearer's feet.

FIGURE 15. ChatGPT-output for shall-list of requirements when ethics
and safety standards context is added to the prompt context.

safety and reliability. The haptic feedback system mainly
provides the user feedback on the planet’s surface. The
haptic feedback system enhances functionality by integrating
key components such as inertial measurement units (IMUs),
pressure sensors, vibrating motors, and diverse sensor arrays.
This integration allows the system to capture essential data,
enabling the wearer to effectively perceive and navigate
unfamiliar surfaces and terrains on the planet. Design consid-
erations ensured the boots were lightweight and mobile. The
comfort category prioritized user well-being and adaptability,
focusing on features like secure-fitting straps to enhance the
overall comfort. Simultaneously, the safety and reliability
category addressed potential planetary hazards, such as falls
and slips, ensuring the wearer’s safety during exploration.
Figure 16 shows a part of some components generated by
ChatGPT-3.5 during the early-stage attempt.

In the final stage, an iterative approach involving the roles
of engineers at NASA was used to refine the design of
the haptic boot via multiple prompts. The table presented
a more detailed breakdown, introducing categories like
exterior design, haptic feedback system (sensor array),
communication and control, power management, ergonomics
and fit, and environmental considerations. New components,
including force sensors, texture sensors, and incline sensors,
enhanced the haptic feedback system. Ergonomic features
like adjustable straps and cushioning were further optimized.
Additionally, safety features like fall detection sensors and
impact-resistant materials were introduced. This stage also
emphasized data storage and processing, guaranteeing the
secure retention of critical mission data. Additionally, this
phase highlighted environmental considerations, ensuring the
boots could withstand temperature fluctuations and were
designed to resist dust infiltration. This final-stage design
thoroughly considered various aspects, ensuring a well-
rounded and durable solution for astronauts. The following
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example highlights a part of the updated response (Figure 17),
which includes the components, reasons for inclusion, and
model numbers for each category.

Researcher: You are a product design enginesr at NASA. Based on the use cases, user stories
d shall-list of all the stakeholders above, propose a design of a haptic boot for the Mars
Exploration mission specifi the semsors required with the specific model muonber. You can also
suggest more than one modesl. specify any other alactronics and matarials that ave reguired with its
model mamber. You can also suggest more than one model

ChatGPT: s a language model, I can provide a conceptual design proposal for the haptic boot
Jfor Mars Exploration missions. However, please note that the specific model nurmbers for sensors,
electronics, and materials may vary based on future technological acdh and the d: i
Qf NASA's enginesrs. This proposal aims to cutling the key features and components required for an
gffective haptic boot dasign.

Design Proposal: Haptic Boot for Mars Exploration Mission

I Exterior Design:

*The haptic boot should have a lightweight and durable outer shell constructed from matertals such
as I polvmers or ite materials, with high impact resisiance and temperature
tolerance. (Model: PolvmerX-2023 or CompositeTech-3000)

2 Haptic Feedback System:

~Sensor Array: The boot should be equipped with a sensor array capable of detecting terrain
characteristics, including texture, hardness, slope, and obstacies. The following sensors are
reconumended.

“Force Sensors: 1o measure the pressure and distribution of the foot's contact with the growd
(Model: ForceSense-2023)

Texture Sensors: To caprure tha taxture of the terrain, providing tactils feadback. (Modal:
TextureSense-2030)

Incling Sexsors: To measure the slope and mclineation of the ground (Model: InclineSense-2032)

*Obstacle Sensors: To detect and measure the presence af obstacles in the environment. (Moded:
ObstacleSense-2033)

FIGURE 16. An early-stage attempt example.

Figure 18 shows a conceptualization of the ChatGPT-
generated solution. The sensors collect data about the user’s
environment, such as the force applied to the boot, the
texture of the ground, the incline of the ground, the presence
of obstacles, and a 3D map of the surroundings. The
microcontroller processes this data and generates control
signals for the actuators. The actuators then vibrate the boot
to provide haptic feedback to the user. A battery powers
the system. The conceptual design is based on the design
suggested by ChatGPT-3.5 in Table 1.

By examining the design’s evolution, the effect of the
iterative prompts becomes evident from the early to final
stages. In the early stages, basic components were outlined,
focusing on weight, comfort, and safety (Table 2). Signif-
icant improvements appeared in the final stage, building
on iterative prompts. The design became more detailed,
introducing advanced technologies like force and incline
sensors and addressing additional categories such as commu-
nication, power, ergonomics, data storage, and environmental
considerations (Table 1). This unsurprising effectiveness of
the iterative process is universally acknowledged in adjacent
disciplines such as design thinking [39].

However, some proposed components in the design are
not available in real life or are mentioned in a vague
sense by the language model. For instance components such
as MarsShield-2025, TextureSense-2032, InclineSense-2035,
ObstacleSense-2038 and RadHardLink-7000 either do not
exist in reality or its model number does not exist.

VOLUME 12, 2024

Researcher: Based on your evaluation, updste the proposed haptic baot design.

ChatGPT: Updated Haptic Boot Design for Mars Explovation Mission:

1. Exterior Design:

Quter Shell: The haptic boot should have a lightweight and durable outer shell constructed from
specific polvmers or composites that demonstrate high impact resistance and temperature
lolerance, praven suitable for Mars conditions. (Model: MarsShield-2023)

2. Haptic Feedback System:

Sensor Array:

Force Sensors: Include pressure-sensitive sensors fo measure foot contact with the ground and
distribute hapfic feedback accordingly. (Model: PressureSense-2030)

*Texture Sensors: Implement factile sensors to capture terrain texture and provide realistic haptic
Jesdback. (Model: TextwreSense-2032)

“Incline Sensors: Include accurate incling sensors to measure slope and provide precise fecdback.
(Model: InclineSense-2033)

*Qbstacle Sensors: Incorporate obstacle detection sensors to identify and measure potential
obstacles. (Mode!: ObstacleSense-2035)

3D Terrain Mapping Sensor: Integrate a sensor capable of creating detailed terrain maps for
improved haptic feedback. (Model: TerrainMapper-2040)

3.Communication and Control:

Microcontrolier: Utilize a radiation-hardened microcontrolier to process sensor data and
generate appropriate haptic feedback. (Mbdel: RadHardControl-6000)

ication with

Wireless I - Include a radiation-hardened wireless o iver for
mission systems and data transmission. (Model: RadHardLink-7000)

FIGURE 17. A final-stage attempt example.

Sensors
(Force, texture, incline, obstacle,
3D Mapping)

1

Microcontroller
(data processing, communication,
safety control, energy management,
data storage)

|

Actuators
(vibration motors)

Battery

FIGURE 18. The conceptualization of ChatGPT outcome.

C. TESTING AND VERIFICATION

We asked ChatGPT first to generate a testing plan for
the proposed design in the role of a NASA test engineer.
The haptic boot design’s testing plan (Figure 19, Table 3)
follows a comprehensive approach covering mechanical,
sensor, communication, power management, ergonomics,
safety, environmental, and data storage aspects. Mechanical
testing involves assessing the design’s durability and strength
through impact resistance, compression, and strap strength
testing. Sensor testing utilizes diverse methods, including
force sensor calibration, texture sensor validation, and obsta-
cle sensor detection, ensuring accurate feedback and obstacle
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TABLE 1. Design proposed by project engineer at NASA using single
super prompt in final stage attempt.

TABLE 2. The design of the haptic boot was proposed by a product
design engineer at NASA (ChatGPT role) using a single super prompt
during an early-stage attempt.

detection. Communication and control testing focuses on
evaluating microcontroller performance and wireless trans-
fer reliability. Power management testing gauges battery
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Design area Component | Rationale for Part number
Inclusion Design area Component Rationale for Part number
4 P
Exterior Design | Outer Shell | Lightweight, MarsShield-2025 inclusion
durable, impact- Haptic Feedback | Inertial Captures boot Bosch BNOO055,
::;:t:rn;t,uz:d System Measure-ment orientation and STMicroelectronics
tolerant : Unit (IMU) motiondata LSMQPSI
Haptic Feedback | Force Measures foot PressureSense-2030 Haptic Feedback | Pressure Sensors | Detects pressure Sensation SDP810-
System Sensors contact with System §hanges v&{hen b°9t 125Pa
(Sensorsarray) the ground for intracts with terrain
accurate Haptic Feedback | Vibrating Creates haptic Precision
feedback System Motors sensations Microdrive’s Pico
Haptic Feedback | Texture Tactile sensors TextureSense-2032 Actuators Haptic Feedback
System Sensors to capture Kit,Nidec Copal
(Sensorsarray) terrain texture Electronics
for rlea]istic SHW15-BCS
haptic Weight Consider-| Lightweight Ensures weight Carbon fiber
feedback. ations Materials does not exceed composites,
Haptic Feedback | Incline Measures slope InclineSense-2035 Ikg onEarth lightweight alloys
System Sensors for precise 3D-printed parts ?
(Sensorsaﬁay) feedback Comfort and Cushioned Insole| Provides comfort N/A
Haptic Feedback | Obstacle Detects and ObstacleSense-2038 Ergo-nomics
System Sensors measut{eiq Comfort and Adjustable Offers secure fit N/A
(Sensorsarray) potentia Ergo- . Straps/
obstacles rgo-nomics raps
Haptic Feedback | 3D Terrain | Creates TerrainMapper-2040 Laces
System Mapping detailed terrain Comfort and Arch Support Enhances walking N/A
(Sensorsarray) Sensor maps for Ergo-nomics comfort and stability
improved Comfort and Ventilation Manages temperature | N/A
feedback Ergo-nomics and moisture
Communication | Micro- Processes RadHardControl-6000 Safety and Slip-Resistant Prevents slips and VibramT™
and Control controller sensor data for Reliability Outsole falls on Martian . 1 1. TM rubber
generating terrain Michelin
haptic feedback compounds
Communication | Wireless Enables RadHardLink-7000 Safety and Reinforced Toe | Protects against N/A
and Control Transceiver | communication Reliability Caps impacts
with mission
systems
Power Battery Provides power MarsPower-10000
Management System for prolonged
use during
missions performance and energy harvesting efficiency. Ergonomics
Power Energy Extends battery | Solar/Kinetic Energy f . . f f f .
Management | Harvesting | life and Harvesting and safety testing examine fit, comfort, fall detection, and
igﬁ‘;ﬁ on impact protection. Environmental testing validates if the
recharging boots are dust and temperature-resistant, while data storage
Ergonomics and | Adjustable Provides SecureFit-2024 d . lid h dule f .
Fit Straps personalized fit and process testing validate the memory module function-
for astronauts ality. Overall, the testing plan highlights that the system
Ergonomics and | Cushioning | Minimizes foot ComfortTech-2026 . . .
Fit and Arch | fatiguc during is reliable, strong, and can persevere in the unprecedented
. Support long missions conditions of the Martian environment.
Ergonomics and | Safety
Fit Features Next, we asked ChatGPT-3.5 to generate a role-based
Ergonomics and | Fall Prevents FallDetect-2045 .
Fit Detection | injuries by prompt to provide test protocol and test cases. ChatGPT,
sensors detecting acting as a test engineer at NASA, provided a comprehensive
sudden . .
orientation set of test protocols and test cases for evaluating the design
changes : : .
Ergonomics and | Tmpact Enhamces oot | TmpaciGuard 2050 (Figure 20). The testmgcategones covered here are the same
Fit Resistnt | protection as the ones generated in the testing plan. For each testing
Materials . . .
Frgonomics and | ESD Mitigates risk of protocol, a test case is generated that aims to validate the
Fit Frotection | ESD-related performance of the designed boot. For instance, within the
Data Storage and| Memory | Stores sensor | RadHardMemory-8000 mechanical testing protocol, the impact resistance test case
Processing Module data securely : : : .
during missions involves dropping the haptic boot prototype from various
Environmental | Dust- Prevents dust | N/A heights onto a hard surface to simulate Mars exploration
Considerations Resistant infiltration .. . .
Design conditions. Other mechanical protocols, such as compression
Environmental | Temperature| Withstands N/A and strap strength testing, were assessed through compression
Considerations Resistance extreme |
temperature and load tests. Sensor testing covered force, texture, and
fluctuations

incline sensors, involving pressure distribution, validation,
slope measurement, and detection tests. Communication
and control testing evaluated microcontroller performance
through data processing, haptic feedback generation, and
signal transmission tests. Power management testing focused
on battery and energy harvesting efficiency, encompassing
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endurance and energy harvesting tests. Ergonomics and
safety testing included fit and comfort, fall detection and
prevention, and impact protection, incorporating wearability
assessments, fall simulations, and impact resistance tests.
Environmental testing for dust and temperature resistance
involved dust infiltration and extreme temperature tests. Data
storage and process testing, specifically memory module
validation, included test cases for data storage and retrieval.

Researcher: Suppose vou are the test engineer at NASA. How will you test the proposed haptic
boot protorype design?

ChatGPT: As the test engineer at NASA, Iwould conduct various tests to evaluate the
performance and functionality of the proposed haptic boot prototype design. Here is an outline of
the testing process:

1 Mechanical Testing:

o Impact Resistance: Test the outer shell material (MarsShield-2023) for its ability to
withstand impacts and simulate Mars terrain conditions.

o Compression Testing: Apply controlled forces on the boot using specialized
equipment to ensure the durability and structural integrity of the haptic boot.

o Strap Strength Test: Verify the strength and adjustability of the straps (SecureFit-
2024) to ensure they can securely hold the boot on different foot sizes.

2. Sensor Testing:

o Force Sensor Calibration: Calibrate and validate the pressure-sensitive force
sensors (PressureSense-2030) to accurately measure foot contact and pressure
distribution.

o Texture Sensor Falidation: Validate the tactila sensors (TextureSense-2032) to
ensure they accurately capture and transmit terrain texture information.

o Incling Sensor Accuracy: Test the incline sensors (InclingSense-2033) by
simulating various slopes and verifying their ability to measure slope angles
accurately.

o Obstacle Sensor Detection: Assess the obstacle detection sensors (ObstacleSense-
2038) by evaluating their ability to detect and measure obstacles in the
environment.

o 3D Terrain Mapping Sensor: Validate the terrain mapping sensor
(TerrainMapper-2040) by comparing its generated terrain maps with actual
tferrain features.

FIGURE 19. ChatGPT-proposed test plan.

Every test case is designed to evaluate how well the
haptic boot performs in known and unprecedented conditions,
ensuring its safety and reliability align with the problem’s
requirements. Figure 20 is an example of one part of the test
cases generated by ChatGPT-3.5. Table 4 demonstrates the
test cases generated corresponding to each test protocol.

Following the prior step’s generation of test protocols
and cases, we utilized a prompt to assess and refine
these elements. ChatGPT-3.5 significantly improved the
performance by generating more test cases and providing
acceptance criteria for each evaluation. For instance, in the
“Data Storage and Retrieval” test case, the model generated
the following acceptance criteria for the memory module
validation:

The memory module should have sufficient capacity and
reliability to securely store data during Mars missions.

The acceptance criteria were clearly defined, emphasizing
that the memory module should exhibit sufficient capacity
and reliability to securely store data during Mars missions.
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Researcher: As test engineer at NASA, provide the protocols or test cases based on the test
criteria you provided for the haptic boat for Mars exploration?

ChatGPT: 4s a test enginger at NASA, Twould develop test protocols and fest cases to evaluate
the haptic boot for Murs exploration based on the provided test criterin. Here are some example
protocols and test cases:
1 Mechanical Testing:
o FProtocol: Impact Resistance
o Test Case I: Drop Test
o Drop the haptic boot protofype from various heights onto a hard surface to
simulate impact forces during Mars exploration.
o Assess the ntegrity of the owter shell (MarsShield-2023) and verify that no critical
damage or deformation occurs.
o Test Case 2: Compression Test
o Apply controlled compressive forces to the haptic boot prototype using a testing
machine.
o Measure the response of the boot and ensure it retains its structural ntegrity
without any significant deformation or falure.
Frotacol: Sirap Strength Test
Test Case: Load Test
Apply a controlied load to the straps (SecureFit-2024) using a testing maching.
Verify that the siraps can withstand the load without any siippage or failure,
ensuring a secure and personalised fit
2. Sensor Testing:
o Protacol: Force Sensor Caltbration
o Test Case: Pressure Distribution Test
o Step ona pressure-sensitive platform with the haptic boot prototype and compare
the sensor readings with the actual appiied force distribution.
o Ensure the forcs sensors (PressureSense-2030) provide accurate and consistent
pressure readings across different arear of the faot
o Protocol: Texture Sensor Validation
o Jest Case: Terrain Texturs Analysis
o Walk on different surfaces with varying textures while wearing the haptic boot
profotype.
o Compars the tactile sensor readings (TextureSense-2032) with the actual terrain
texture fo assess accuracy and consisiency.
Frotocol: Incline Sensor Accuracy
Test Case: Slope Measurement
FPlace the haptic boof prototype on inclingd surfaces with nown angles
Compare the incline sensor measurements (TnclineSense-2033) with the actual
slope angles to verify accuracy within acceptable folerances.
Frotocol: Obstacle Sensor Detection
o Test Case: Obstacle Detection
o Flace various obstacles of different heights and sizes in the path of the haptic boot
profotype.
o Verify that the obstacle sensors (ObstacleSense-2038) can detect and measure the
presence of obstacles accurately.

o o D oo

0o o oo

o

FIGURE 20. ChatGPT generated test cases.

Table 5 show the test cases after refinement. The
testing plan appeared comprehensive, covering essential
elements such as mechanical robustness, sensor accuracy,
communication reliability, power efficiency, user comfort,
safety features, environmental resilience, and data storage
capabilities. Overall, this thorough approach assessed the
generated test protocols and cases. In evaluating the haptic
boot design test protocols and test cases, our model aimed to
encompass various critical aspects of the evaluation. These
test cases and protocols served as a foundation and can be
further optimized and tailored to the specific requirements of
the problem.

Our final plan was to verify if the test cases generated met
the design requirements. Since ChatGPT-3.5 does not carry
forward all the details of the previous chat, we manually
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TABLE 3. A summary of the proposed test plan.

Testing categories

Specific tests and methods for
evaluation

Part number

Mechanical testing

Impact Resistance Testing

MarsShield-
2025

Compression Testing

Strength Testing

SecureFit 2024

TABLE 4. A summary of the test cases to each test protocol.

Testing category

Specific tests &evaluation
methods

Test case corresponding
to each protocol

Mechanical
Testing

Impact Resistance, Compression
Testing, Strap Test

Drop Test, Compression
Test, Load Test

Sensor Testing

Force Sensor Calibration, Texture
Sensor Validation, Incline Sensor
Accuracy, Obstacle Sensor
Detection, 3D Terrain Mapping
Sensor

Pressure Distribution
Test, Sensor Validation,
Slope Measurement,
Sensor Detection

Communication Microcontroller Performance, Data Processing and

and Control Wireless Transfer Range and Haptic Feedback

Testing Reliability Generation, Signal
Transmission

Power Battery Performance, Energy Endurance Test, Energy

Management Harvesting Efficiency Harvesting Validation

Testing

Ergonomics and
Safety Testing

Fit and Comfort Evaluation, Fall
Detection and Prevention, Impact
Protection

Wearability Assessment,
Fall Simulation, Impact
Resistance Test

Environmental
testing

Dust Resistance, Temperature
Resistance

Dust Infiltration Test,
Extreme Temperature
Testing

Data Storage and
Process Testing

Memory Module Validation

Data Storage and
Retrieval

Sensor testing Force Sensor Calibration PressureSense-
2030
Texture Sensor Validation TextureSense-
2032
Incline Sensor Accuracy InclineSense-
2035
Obstacle Sensor detection ObstacleSense-
2038
3D Terrain Mapping Sensor ObstacleSense-
2038
Communication and Microcontroller Performance RadHardControl
Control Testing -6000
Wireless Transfer Range and RadHardLink-
Reliability 7000
Power Management Battery Performance
Testing
Energy Harvesting Efficiency MarsPower-
10000

Ergonomics and Safety Fit and Comfort Evaluation SecureFit-2024,

Testing

Fall Detection and Prevention FallDetect-2045

Impact Protection ImpactGuard-
2050
Environmental testing Dust Resistance
Temperature Resistance
Data Storage and Memory Module Validation RadHardMemor
Process Testing y-8000

inserted both the design requirements it generated and the
final design it proposed before prompting it to verify if the
design meets all the requirements.

V. EVALUATION

A. MEASUREMENTS

The evaluation for the haptic boots’ ChatGPT-generated
requirements and design were conducted through a question-
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naire. The questionnaire includes quantitative and qualitative
questions. In evaluating the use cases, we asked the
participants whether the use cases reflected a real need from
the perspectives of an industrial designer, an engineer, and
an astronaut. These questions were evaluated on a scale
from 1 to 5, where 1 means strongly disagree and 5 means
strongly agree. Furthermore, participants also evaluated other
qualities of use cases, such as completeness, clarity, and
consistency, which were based on IEEE 830 requirement
standards [40]. Relevance and verifiability were also con-
sidered. Completeness was assessed by asking, “How do
you evaluate the completeness of the requirements collected
in the form of use cases?” [40]. We verified clarity via
the question, “How do you evaluate the clarity of the
requirements collected in the form of use cases?” [40].
Consistency was examined by asking, “How do you evaluate
the consistency of the requirements collected in the form of
use cases?”’ [40]. Relevance was assessed with the question,
“How do you evaluate the relevance of the requirements
collected in the form of use cases?”’ Participants were tasked
with assessing whether the requirements addressed real needs
from the stakeholders’ perspectives. According to Irshad et al.
[41], the results become relevant for the practitioners if
obtained in a realistic context of environment, subjects, and
tasks.

Verifiability was explored by asking, “How do you
evaluate the verifiability of the requirements collected in the
form of use cases?” A set of requirements is considered
verifiable and testable if it can be verified that functional
requirements and quality attributes have been properly
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TABLE 5. Summary of test cases after refinement.

Calibration, Texture
Sensor Validation,
Incline Sensor
Accuracy, Obstacle
Sensor Detection, 3D
Terrain Mapping
Sensor

Testing Specific tests and Test case

category methods for corresponding to
evaluation each protocol

Mechanical Impact Resistance, Drop Test,

Testing Compression testing, Compression Test,
Strap Strength Test Load Test

Sensor Testing Force Sensor Pressure

Distribution Test,
Sensor Validation,
Slope
Measurement,
Sensor Detection,
Terrain Texture
Analysis

Communication

Microcontroller

Data Processing

Prevention, Impact
Protection

and Control Performance, Wireless and Haptic
Testing Transfer Range and Feedback
Reliability Generation, Signal
Transmission
Power Battery Performance, Endurance Test,
Management Energy Harvesting Energy Harvesting
Testing Efficiency Validation
Ergonomics Fit and Comfort Wearability
and Safety Evaluation, Fall Assessment,
Testing Detection and Fall Simulation,

Impact Resistance
Test

Environmental
testing

Dust Resistance,
Temperature Resistance

Dust Infiltration
Test, Extreme
Temperature
Testing

Data Storage
and Process
Testing

Memory Module
Validation

Data Storage and
Retrieval

implemented in design and code. This standard emphasizes
the importance of clear, measurable criteria for verifying
that the use cases have been successfully implemented [42].
Participants were also required to elaborate on any missing
requirements via the prompts, “Did the use cases miss any
important requirements? What are they?”’. Participants were
also required to elaborate on the use cases’ verifiability.
Verifiability means whether you can test or measure to
confirm that the use case has been successfully implemented.
Including this in the evaluation criteria was essential, as use
cases that are too vague or subjective might not be verifiable.
Finally, participants were prompted to consider the strengths
of the requirements, such as user-centric approaches or
innovation.

Similarly, in evaluating design components, participants
were directed to consider specific questions aligned with key
standards. These questions aimed to comprehensively assess
alignment with project requirements, overall satisfaction,
durability, mobility, and user comfort. Alignment with project
requirements was scrutinized by asking, “How do you
evaluate if the provided design meets the requirements?”” To
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know effective requirements are in the final design neces-
sitates clear identification, understanding, retention, and
utilization. Activities and methods facilitating these aspects
are deemed ‘““good,” while those hindering or neglecting
them are considered ‘“‘inadequate” [43]. Overall satisfaction
was explored by asking, “How do you evaluate if the
provided design is satisfactory?” This question probed user
satisfaction, focusing on both design components and overall
performance [44]. Durability was assessed with the question,
“How do you evaluate if the provided design is durable?”
Durability ensures the boot’s sustained effectiveness over
time. This standard is key since durability is a critical design
challenge that affects usability and ergonomics [45]. Mobility
was examined by asking, “How do you evaluate if the pro-
vided design is light and mobile?”” This standard highlighted
the critical aspect of mobility, especially in space environ-
ments, emphasizing the importance of lightweight and easily
movable design components. In applications requiring space-
suited crewmembers to traverse rough terrain, boot fit and
mobility are critical to a crewmember’s overall performance
capabilities [46].

User comfort was considered with the question, ‘“How do
you evaluate if the provided design is comfortable for the
user?”” This question focused on meeting user needs in terms
of comfort, both with design components and navigating
challenges in space environments [47]. Participants were also
prompted to identify missing aspects in the design by asking,
“Are there missing aspects in the provided design?”’ They
were further tasked with identifying incorrect elements in the
design with the question, “Are there some wrong elements
of this solution?”” These questions ensure a comprehensive
evaluation, covering any gaps or inaccuracies in the design
components. Finally, participants were required to elucidate
the strengths of the generated requirements through the
question, “‘Are there any strengths of the proposed design?”’
This question encouraged participants to recognize and
highlight positive aspects such as innovative approaches,
clear modular design, or effective integration of various
systems in the evaluated design components.

B. SAMPLE

Our questionnaire targeted eight professionals coming from
diverse backgrounds to ensure a broad representation of
perspectives on the effectiveness of the generated response
and to eliminate any bias. Our survey participants were
selected from varied age groups, spanning 21 to 50 years,
and included a spectrum of professional experience ranging
from 1 to 22 years. Participants were from different back-
grounds, including academia and industry. The questionnaire
aimed to capture a holistic understanding of the use of Al
tools in the engineering design process. We received the
ethical clearance to conduct the survey, and the participants
consented to take part in the study. Table 6 outlines the
participants’ demographic characteristics and the distribution
of the obtained answers.
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TABLE 6. The demographics of the participants.

Demographic Distribution

Age 21-30 (N=6, 75%)
31-40(N=1, 12.5%)
41-50(N=1, 12.5%)

Job Position Researcher (N=3, 37.5%)

Advanced manufacturing manager (N=1, 12.5%)
Systems Engineer (N=1, 12.5%)

Graduate Student (N=1, 12.5%)

Research Assistant (N=1, 12.5%)

Professor (N=1, 12.5%)

Years of Experience 1-5 (N=5, 62.5%)
6-10 (N=1, 12.5%)

11+ (N=2, 25%)

Country of UAE (N=7, 87.5%)
Residence Spain (N=1, 12.5%)
C. RESULTS

1) DESCRIPTIVE STATISTICS

The rating-type questions in the survey, assessing haptic
boot use cases and design aspects, provide valuable insights
into the participants’ viewpoints. By measuring responses
on completeness, clarity, consistency, verifiability, relevancy,
durability, mobility, satisfaction, and comfort on a scale of
1 to 5, we gathered feedback to evaluate the effectiveness and
user satisfaction with the Al-generated content.

TABLE 7. Descriptive statistics for requirement evaluation.

Rating Category Mean Standard Deviation
Completeness 3.75 1.08
Relevancy 4.12 1.36
Clarity 35 1.11
Consistency 3.75 1.29
Verifiability 3.5 1.41

Table 7 displays the results. The average and standard
deviation values are comparable. “Relevancy” achieved
the highest mean of 4.12, showing that participants found
the generated requirements quite relevant. However, the
accompanying standard deviation of 1.36 indicates notable
variability in individual opinions. “Clarity” and ‘‘Verifia-
bility”” received the lowest mean scores of 3.5, suggesting
a need for improvement regarding requirement clarity
and verifiability. The corresponding standard deviations of
1.11 and 1.41 suggest moderate agreement among partic-
ipants. Overall, the ratings fall within the range of 3.5 to
4.12, reflecting moderate to high satisfaction levels. Although
there is room for improvement, these results provide valuable
insight to refine ChatGPT’s response generation.

Table 8 depicts the average and standard deviations of
the collected answers related to the design of the boots.
Users rated their satisfaction at an average of 3.0, with a
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standard deviation of 0.86, indicating moderate satisfaction
and some response variability. Durability received a slightly
higher average rating of 3.12 and a standard deviation of
0.92, suggesting more consistent feedback in this category.
The aspect of mobility and lightness was rated at an average
of 3.25, with a standard deviation of 1.19, indicating varied
user perceptions. User comfort was also rated at an average
of 3.25, with a standard deviation of 0.96, reflecting moderate
comfort levels and some variation in user experiences. These
results highlight areas of strength and opportunities for
improvement in the design of haptic boots.

TABLE 8. Descriptive statistics for generated design evaluation.

Rating Category Mean Standard Deviation
Satisfaction 3.0 0.86
Durability 3.12 0.92
Mobility and Lightness 3.25 1.19
User Comfort 3.25 0.96

2) QUALITATIVE EVALUATION FROM SURVEY
RESPONDENTS

Diverse responses from different participants for each
question facilitated analysis of ChatGPT’s competence in
generating requirements and design. Four questions were
asked regarding the use cases generated by ChatGPT.

The first question addressed whether the collected use
cases reflected the real needs of an industrial designer,
an engineer, and an astronaut. The responses affirmed
the use cases’ adequacy, with participants approving the
emphasis on branding for mission alignment while noting
the need to prioritize functionality and safety over aes-
thetics. Participants suggested using alternative sensors for
detection tasks, such as an obstacle detection system on
the astronaut’s suit that communicates with the haptic shoe
system, which could be more efficient. Adapting weight
limits to Mars’ lower gravity and calls for more realistic
functional requirements were noted. Concerns were raised
about assuming seamless functionality in Mars’ environment.
Vital requirements include redundancy systems to ensure
functionality if one part fails, modularity and repairability
for easy part replacement, sustainability by using materials
sourced or manufactured on Mars, and radiation protection
due to Mars’ thin atmosphere. Other suggestions sought to
ensure compatibility with other equipment and continuous
connectivity with mission control. Bio-security measures
to prevent contamination, long-term durability for extended
missions, and localization capability for precise tracking
were deemed crucial. Incorporating requirements such as
customization, user interface, maintenance and repair, power
management, environmental robustness, software updates,
data security, training, user feedback, compliance, lifecycle,
sustainability, and interoperability would create a more
robust set of requirements. These additions would ensure
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the haptic boots are functional, user-friendly, durable,
maintainable, and capable of evolving to meet future needs.
The results also noted establishing reliable power backup
sources for continuous operation, enhancing the boots’
resilience and functionality in the Martian environment
and ensuring the boots remain operational under various
conditions.

The responses regarding the verifiability of the use cases
for the haptic boot highlight several points. Overall, the use
cases are considered accurate and verifiable, though their
applicability may vary depending on specific application
details. Some participants expressed uncertainty about verifi-
cation without available guidelines, though industrial design,
engineering, and astronautics specialists can verify and
implement the use cases as needed. Objectively measurable
aspects, such as sensor calibration, material performance,
and system integration, are verifiable through testing and
data analysis. However, aspects related to user experience,
astronaut perception, and aesthetics may require subjec-
tive assessments, making them less verifiable. Effective
verification will likely need a combination of objective
measurements and user feedback. Iterative design processes
with feedback loops can ensure continuous validation. While
most technical performance and integration use cases are
highly verifiable, those relying on subjective feedback,
like comfort and aesthetics, are moderately verifiable and
would benefit from including objective metrics. Detailed test
procedures and measurable success criteria would further
enhance the verifiability of all use cases.

The generated use cases exhibit several key strengths.
Firstly, they align with common design principles and product
design practices, ensuring they are well-grounded in industry
standards. They cover all aspects of product engineering
and design comprehensively, addressing the concerns of
various stakeholders. The clear and sequential structure
of the use cases (goal -> precondition -> main success
scenario -> postcondition) makes them easy for stakeholders
to understand. Emphasizing multidisciplinary collaboration
across fields such as industrial design, engineering, and astro-
nautics underpins the cohesive development of space tech-
nology. The use cases address perspectives from industrial
design, engineering, and astronaut requirements, ensuring
a thorough and holistic approach to haptic boot design.
They prioritize user comfort and experience, enhancing
usability and effectiveness during Mars missions. Safety
features such as obstacle detection, emergency response,
and slip resistance are emphasized, highlighting a strong
focus on astronaut safety. Additionally, the use cases
ensure harmonious integration with spacesuits, branding, and
overall mission presentation, contributing to a unified visual
identity. They allow for iterative feedback and improvements,
promoting adaptability and continuous enhancement. Finally,
considerations for long-term durability and maintenance,
along with innovative elements and adaptability to evolving
mission needs, ensure the use cases are well-rounded and
future-proof. Overall, these strengths collectively contribute
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to the development of functional, reliable, and user-centric
haptic boots designed to meet the challenging environment
of Mars.

While targeting possible design flaws, the participants
raised several potential issues and areas for improvement
in the design of the haptic boots. For example, there are
concerns about the choice and suitability of components, such
as using commercial-grade rather than industrial-grade IMU
units and not considering size limitations for sensors and
actuators. This might stem from using commonly available
sensors more suited for hobbyist projects rather than space
missions. Further, the proposed design includes poorly
developed speculative components, making it too general
and lacking in detailed interfacing information. Moreover,
the extensive use of advanced sensors for terrain analysis,
obstacle detection, and haptic feedback might pose reliability
issues in the harsh Martian environment. Specific concerns
include overemphasizing branding, unrealistic expectations
for detecting sudden environmental changes, and insufficient
weight considerations for Martian gravity. Energy harvesting
may not be practical, and customization for each astronaut
could lead to logistical challenges. The design lacks details
on the reliability and longevity of the power supply, data
redundancy, and error correction mechanisms. Claims of
temperature and dust resistance lack experimental validation,
and the overall weight of the fully equipped boots remains
unspecified.

In determining whether the proposed solution missed
obvious elements, the participants pointed out several critical
areas for improvement. While the integration is generally
coherent, more detailed aspects need expansion. One partici-
pant noted the absence of a microcontroller/microprocessor
(MCU/MPU), which is essential for space applications
requiring real-time capabilities (RTOS). Another partici-
pant highlighted that although power and harvesting were
addressed, the discussion remains abstract. A significant
omission was the lack of a camera for object detection.
Participants suggested that a camera on the astronaut’s body
could stream live video to a deep learning model for obstacle
classification, with results communicated to haptic shoes for
guidance. Additionally, participants mentioned the absence
of measures to shield astronauts from solar and cosmic
radiation and the lack of redundant communication systems
for emergencies. Participants also noted that bio-security
measures to prevent Martian environmental contamination
and the long-term resilience of the boots during extended
missions were not addressed. Enhancing navigation through
precise astronaut position tracking on Mars was suggested
to improve mission efficiency and safety. Further criticisms
included the lack of long-term durability testing, maintenance
and repair protocols, emergency protocols, and real-world
testing and feedback. Participants identified additional miss-
ing elements such as software and firmware requirements,
user training and manuals, health and safety compliance,
the impact of Martian dust and debris, communication with
mission control, environmental adaptation strategies, power
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management in extreme conditions, user customization, and
long-term performance monitoring.

Participants highlighted several design strengths. They
agreed that it is a solid proposal and a good starting point
for developing a prototype. The design provides a clear
picture for business developers, outlining system design
elements that can be expanded into a more mature system
in later stages. The simplicity and inclusion of essential
components make it a useful foundation for engineers to
build upon when designing a haptic shoe system. The
design’s user-centric focus was also noted as a positive
aspect. Additionally, the proposed design features advanced
haptic feedback, a comprehensive sensor array, innovative
energy management, and a strong emphasis on ergonomics
and safety. These features collectively contribute to a well-
rounded and effective solution for the challenging conditions
of Mars exploration. However, participants emphasized the
need for continued validation and testing to ensure these
strengths translate into real-world effectiveness.

3) QUALITY EVALUATION

We assessed the use cases and user stories based on IEEE
830 requirements standards, which mention that requirements
must be correct, traceable, verifiable, and unambiguous [40].
The responses produced by ChatGPT exhibited certain short-
comings, as seen during the evaluation process. In general,
the use cases provided exhibit a lack of consideration
for technical constraints, which led to incorrect aspects
of the generated use cases. For instance, in the use case
“Sensor Calibration and Testing,”” the scenario assumes that
calibration tests can ensure “‘accurate sensing of terrain varia-
tions,” overlooking the complexities of accurately replicating
Martian terrain conditions for testing purposes, which may
result in misleading validation outcomes. Traceability was
lacking as the source of requirements wasn’t always clear.

For instance, taking the astronauts as stakeholders in
the use case ‘“Walking on Martian Terrain,” traceability is
not completely met as there are no explicit references or
traceability links to the origin or source of the scenario. The
use case lacks clear indications of where the requirements
or criteria for its implementation originated, making it
difficult to trace back to the specific objectives. Without clear
connections between the use cases and the requirements they
are intended to address, it is impossible to ensure that all
necessary functionalities are adequately covered and aligned
with user needs.

Furthermore, some requirements were ambiguous and
lacked specific details. For instance, in the use case
“Integration with Spacesuit Design Language,” a lack of
specificity regarding the design elements or criteria hinders
any visual integration and potentially results in inconsisten-
cies in the final product. Consequently, the postcondition
aiming at “‘maintaining a consistent and visually appealing
look” lacks clear metrics for evaluating the success of the
integration process, making it challenging to assess whether
the goal has been achieved satisfactorily. Verifiability also
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presents challenges, particularly in subjective aspects like
user experience.

The design evaluation has obvious troublesome elements,
such as unrealistic environmental detection capabilities.
Moreover, some components and features seem to be
impractical. For instance, including ‘“Texture Sensors”
and “Obstacle Sensors” for capturing terrain texture and
detecting obstacles may not align with current sensor
technology capabilities, as there might not be commercially
available sensors specifically designed for these purposes.
Similarly, the “Energy Harvesting” technology mentioned
lacks specificity, as significant challenges in efficiently
harvesting solar or kinetic energy in the Martian environ-
ment were not considered. Moreover, several components
generated by ChatGPT do not exist, which contributes to
a lack of traceability in the design process. Despite these
shortcomings, stakeholders found strengths in the proposed
design’s simplicity and comprehensiveness. Overall, while
these responses lay a foundation for further development,
there is room for refinement and clarification in certain areas
to ensure the feasibility and effectiveness of the generated use
cases and design.

V1. DISCUSSION, FUTURE WORK, AND LIMITATIONS

The traceability of the requirements in the haptic boot design
is ambiguous, as the origins of these requirements lack
definition. Upon reviewing the design, we found that most
of the elements described in the haptic boot design generated
by ChatGPT do not correspond to real, existing components,
except for two specific components. These elements appear
to be fabricated or ‘hallucinated” by the AI, serving
as random, non-specific placeholders within the design.
However, the design includes two authentic and functional
actuators capable of delivering the haptic feedback essential
to the boot’s functionality: the Precision Microdrive Pico
Haptic Feedback Kit and the vibration motors from Nidec
Copal Electronics. Including these two genuine components
significantly mitigates the concern regarding the presence of
the hallucinated components, as they contribute valuable and
tangible benefits to the design.

During the second iteration of our ChatGPT prompts,
we observed improvements in ChatGPT’s output, particularly
its ability to formulate detailed testing procedures and define
clear acceptance criteria for each test case. This improvement
is particularly beneficial for engineering teams who may lack
deep expertise in testing methodologies or the evaluation
process, as ChatGPT provides a structured framework to
guide their efforts. However, it is essential to remain vigilant
about the accuracy of the information provided, especially
concerning the possibility of Al generating fictitious stan-
dards or introducing other forms of inaccuracies. Therefore,
we recommend that a team of experts in the field review these
generated test cases and criteria to ensure their validity and
applicability.

While the Al-generated requirements and design offer a
valuable starting point, they should be considered prelim-
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inary. In the future, we plan to extend this research by
evaluating newer versions of ChatGPT and comparing the
quality of the generated requirements and designs against
those obtained in this study. Additionally, we aim to conduct
a parallel study that incorporates human expertise directly
into the design loop, potentially enhancing the accuracy
and reliability of the generated outcomes and providing a
more nuanced comparison between Al-generated and human-
augmented design processes.

This work has a few limitations. First, we used ChatGPT-
3.5, a particular version of an Al tool. As such, it does not
represent all Al tools and does not reflect the advancements
in the current version of ChatGPT. Second, the evaluation
only included 8 participants, which may not be sufficient
to arrive at conclusive findings. Third, we have followed a
generic engineering methodology, which may not reflect all
engineering processes used in practice.

VII. CONCLUSION
In conclusion, this research focused on integrating Al tools,
specifically ChatGPT-3.5, in the engineering design process.
The focus of this study is on designing space boots using
haptic technology. Our findings highlight the significant
value of incorporating Al tools into iterative design processes,
particularly in enhancing the diversity of brainstorming and
detecting hidden aspects. These advantages overshadow the
relatively minor inconvenience of verifying the AI’s output
for potential inaccuracies or ‘hallucinations’. Such vigilance
in verification is deemed a small price to pay in comparison to
the risks posed by unaddressed hidden aspects in the design.
The empirical evidence from this study aligns with existing
literature, which acknowledges the potential of Al tools to
augment ideation, efficiency, and optimization within various
engineering domains. However, it also highlights the need for
a nuanced understanding of AI’s role in fostering innovative
and efficient design solutions. This research underlines the
dual-edged nature of Al in engineering design, offering
invaluable insight and starting points yet necessitating careful
oversight to address issues of inaccuracies and traceability.
Furthermore, the engagement with engineering profession-
als to evaluate the design quality shows the indispensable
role of human expertise in tandem with Al capabilities.
This study reinforces the wisdom of maintaining a human-
in-the-loop approach, as corroborated by prior research on
machine learning and expert systems. This ensures that the
synergy between human oversight and Al innovation drives
the frontiers of engineering design. The insights garnered
here pave the way for future endeavors to harness AI’s
potential more effectively, ensuring that its integration into
the design process is productive and reliable.
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