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driven interfaces to a world of smart, integrated design
ecosystems has fundamentally registered to human-centered
user experience (UX) design serving the ergonomics needs for
professionals producing more productivity and creativity. This
paper investigates the potential to systematically infuse
human-centred design (HCD) principles into engineering
software to enhance its usability, which works-flow utilization
as well as cognitive ergonomics. Based on cross-disciplinary
perspectives in engineering psychology, human—computer
interaction (HCI), and software ergonomics, the paper relates
engineers’ cognitive processes to interface design patterns
applied in CAD, CAE and simulation software. Based a
qualitative synthesis of recent literature and aggregate case
studies, it elaborates on the key UX dimensions—Iearnability,
workflow intuitiveness, visual clarity, customization, and
decision-support feedback—as predictors of user satisfaction
or performance. The results of the study indicate that current
engineering tools tend to focus on computational power at the
expense of ease of use, which in turn imposes a cognitive
effort and inefficiency. This paper presents a Human-Centric
UX framework that combines adaptive interfaces, context-

aware visualization and accessibility standard methodologies
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to enhance interaction design for engineers. iii Abstract By focussing on empathy-led
design, user feedback loops and cross-disciplinary working environments, this work
makes a contribution to the continued conversation around sustainable, productive

and inclusive engineering software development for the professionals of tomorrow.

Keywords: Human-Centred Design (HCD), FEngineering Software Usability,
Cognitive Ergonomics, Human—Computer Interaction (HCI), User Experience (UX)

Framework.
1. Introduction
1.1 Background and Rationale

The engineering software industry has changed significantly over the last thirty
years — from command-line and code-driven programs to Artificial Intelligence (Al)-
driven design platforms with CAD, CAE, FEA, and simulation tools. However,
although TF has made remarkable technological advancement, the usability of many
engineering tools still have remaining problems for it is time-consuming to learn
them and their interface is usually complicated with even cognitive burden (Zhou et
al., 2023). Studies in human computer interaction (HCI) and engineering ergonomics
suggest that engineers often spend more time struggling to find their way around
poorly-designed systems than they do focusing on solving problems creatively
(McGovern et al., 2022). This gap between software ability and user experience
(UX) compromises efficiency, accuracy, and satisfaction—necessitating human-
centered UX design for the next generation of engineering software (Norman &

Nielsen, 2020).

A human-centric UX is meant to harmonise what a system does and the intentions,
aspirations and educations of users (International Organization for Standardization
[ISO], 9241-210, 2019). In engineering terms these aspects extend beyond aesthetics
— their purpose is to optimize the intelligibility of workflows, the ability for
decision-support and navigation systems, contextual visualization effectivity and

consistency of interaction (Brunet et al., 2023).

Page 74 of 100 https://zenodo.org/records/17745895


https://zenodo.org/records/17745895

1.2 Problem Statement

As Al-based tools, such as generative design and simulation automation, become
more prevalent (and reliable), engineers will more frequently confront opaque
algorithmic outputs—which escalates cognitive load and challenges the transparency

of a system (Gao et al., 2023).

Thus, the main problem is not technical of how to compute with numbers given
sufficient computational power but how to design systems that think with us
engineers by giving meaningful feed-back, intuitive control and support-taking of
decisions. This disconnect illumines the critical need for human-centered UX

methods that blend automation with human control and creativity.
1.3 Theoretical Foundation: HCD and EE

It is worthwhile to discuss human-centered design (HCD) before commencing the
discussion of engineering ergonomics, as this more theoretically-based approach
have become an alternative for considering when developing effective systems in
addition to UIUCD methods which are applied in practice as part of engineering

ergonomics methods [14].
* Bodily ergonomics (minimising repetitive actions with efficient workflows).

* Organisational ergonomics (facilitating collaboration through common and public

design environments).

This multi-dimensional approach provides the cornerstone for Human-Centric UX
Design (HCUXD) models for productive, satisfying and sustainable software

utilization.
1.4 Recent Advances of User-Centric Engineering Software

Recent advances in technology have presented exciting new prospects for
integrating UX into engineering systems. Al-supported UX, adaptive interfaces, and
data visualization are much more sophisticated today than they were a decade ago
when the barrier began to fall for computers to sense human needs, adapt interfaces

“on-the-fly” using small amounts of data on user behavior and dynamically modify
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levels of complexity (Zhang & Lim, 2024). For instance, adaptive dashboards can
display metrics based on task context in simulation software, and immersive 3D

interfaces or XR environments promote spatial perception (Petrova et al., 2024).

Moreover, large CAD/CAE vendors such as Autodesk, Siemens and Dassault
Systémes have started to embed human-centric UX practices into their systems, by
addressing personalized, accessible and collaborative experiences (Autodesk, 2023).
However, research indicates that the UX maturity in engineering domains is not as
advanced as in consumer software and data-analytics applications (Santos & Costa,
2023). One reason is that UX in engineering software is a domain-specific

knowledge (human factors engineering, computational modelling and industrial

psychology).

1.5 Research Aim and Objectives

This paper intends to explore what the human-centered UX design can contribute in
improving the usability, productivity and satisfactions of the professional engineers

who use complicated design and simulation tool. The objectives are to:

Choose as well some UX principles most convenient to an engineering environment

(as for example learnability, intuitiveness of workflow, clarity of feedback.

Investigate the relationship between usability and engineering productivity:

Literature review synthesising with case insights.

Propose a conceptual HCUX framework adapted for engineering software

development as well as evaluation.

Through these objectives, the study provides theoretical input on UX design as well
as supporting practical ways of rethinking engineering software from a perspective

where it is a human-technology partnership system, rather than tool-centric.
1.6 Structure of the Paper

The rest of this paper is organized as follows:

* Section 2 presents related work for UX design in engineering software and HCI

principles as well as ergonomics.
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* Section 3 presents the methods and procedures used to synthesis data and develop

the framework.

» Section four contains the results, featuring conceptual models as well as actual

patterns.

* Section Theres coomes 5 concludes with some implications for design praictice,

user training, and software development policy.

* Section 6 ends with some industry, academic and future research

recommendations.
2. Literature Review
2.1 Foundations of User Experience (UX) and Usability

UX design is predominantly understood as the creation of products and systems that
give users an intuitive, fun, beautiful experience so it encompasses things like
usability and aesthetics and emotional response (Interaction Design Foundation
2025). usability engineering, a sister field: efficiency of task completion, error
minimisation, learnability and user satisfaction in interactive systems (Nielsen
Norman Group, 1993). Nielsen Norman Group+1 In the software development
industry, UX research has become part of the mainstream work cycle especially for
the consumer and enterprise market products (Martinelli, 2022). ACM Digital
Library

This basic literature stresses a number of principles:

* User-Centred design: Systems must be developed focusing on the user needs,

context and models of human cognition (ISO 9241-210, 2019).

» [terative refinement and testing: Usability is evaluated, refined and enhanced

throughout development (and not only after system release).

* Emotional and aesthetic values: In addition to functional utility, user perception
(aesthetic appeal, trust) of coherence influences adoption and productivity

(Sonderegger & Sauer, 2010). Wikipedia
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Although these are well-established principles in the general software and HCI
literature, their exact application and tailoring to the context of engineering software

need further consideration.
2.2 UX Challenges in Software Engineering Environments

Software for engineering (like CAD, CAE, simulation tools) has a different set of
usability and UX problems and challenges than consumer or general enterprise

grade applications. A number of studies illuminate such domain-specific problems:
Complexity and Cognitive Load

For working professional engineers the cognitive load while using simulation and
design tools can be high —multi-level parameter windows to negotiate, complex
models giving feedback and a need to switch between modelling, analysis and
interpretation. (cognitive friction: working with software used in engineering)
identified that cognitive friction Working with software used in engineering,
decreases efficiency and increases error rate when users are faced to non-intuitive

interfaces and fragmented workflows.
Disjointed Workflows And Disruptive Task-Flows

Where consumer software often focuses on frictionless experiences, engineering
tools often involve users flipping between multiple modes (e.g., modeling, meshing,
solving, post processing). Chandrasekaran & Cebrian (2023) noted that in several
engineering applications computational algorithms are favoured over UI design,

resulting in fragmented user experience and inefficient workflow.
Domain-Expert and Interdisciplinary Interaction

Domain experts rather than HCI or UX professionals use engineering software. The
user-interface needs to bridge between domain expert tasks (such as structural
analysis) and low-level programming of a software system. Rosa, Dietrich &
Martins (2022) argue that ergonomics of physical and cognitive kind should be
integrated into the UI/UX design of engineering tools not as an ‘add-on’, but rather

right from the beginning.
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Taken together, this subset of literature suggests that engineering- software UX needs
to address high complexity, multi-stage workflows and specialised user populations -
- and therefore must have domain-specific adaptation beyond generic UX

frameworks.
2.3 Human-orientated Design Principles in Engineering Software

This study extends previous research on human-centric HCI design to engineering

software environments.

Human-centered design (HCD) methodologies focus on designing with empathy for
users and engaging them in the process, as well as constructing redesigned solutions
through iterative prototyping (Norman, 2013; ISO 9241-210, 2019). Several

dimensions are related to application of HCD in engineering software:

» <Task-based and Contextual Design: Knowing which tasks engineers perform,
when they switch task and how they do it is key. The UX research field highlights
the requirement for context analysis and task envisioning (UX Academy, n.d.). DVE

UXACADEMY

* Adaptability and customisation: Considering various user profiles (e.g., novice--
expert) and workflows, the software for engineering education should support

adaptation of its interfaces (Zhang & Lim, 2024).
2.4 Designing, Interaction Patterns & Decision-Support of Engineering Tools

Visualization and interaction models are the essence of simulation and design user

experiences. Some of the recent progress and issues are as follows:

* Adaptive visualisation: Petrova, Salazar and Li (2024) emphasise immersive UX
(including XR) & context aware visualisations corresponding to engineers’ mental

models, enhancing spatial reasoning and task performance.

* Rich visual presentation vs. information richness: The aesthetic-usability effect
reflects the fact that better visual aesthetics leads to higher perceived usability and

performance in novel situations (King & He, 2006; Sonderegger & Sauer, 2010).
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Wikipedia Engineering Our tools show a lot of information, so the visual design

should help prevent overwhelm while maintaining accuracy.

* Interaction flows toward decision-making: Engineers typically work along iterative
loops, in which they need to set-up models, run simulations, analyze results with
the intent of iterating them. UX design research has highlighted that it is necessary

to orient the interface toward these iterative flows (Kumar, Xu & Li, 2024).

* Customisable and workflow templates: Engineers work in a range of tasks and
domains, flexible setups related to customised presets, user shortcuts can increase

productivity (Brunet, Park & Kim 2023).

Accordingly, the literature highlights that visual design and interaction patterns for
engineering software should be intuitive, context aware and parallel professional

workflows.
2.5 Human-AlI Interaction and UX in Engineering Contexts

With Al-infused functionalities (such as generative design, automation of simulation,
predictive analysis) becoming part of engineering software, UX research must

navigate through new dimensions:

* Explainability and trust: In their research Gao, Lin & Wang (2024) note that when
interfacing with Al-augmented design tools, engineers need clear explanations
together with interactive controls and indicators on confidence to keep trustful of

decisions they have relied on.

This literature draws attention to the lack of human-Al hybrid workflows in
engineering software featuring UX design for transparency, control and changing

user roles.

2.6 Limitations of the Literature and Their Implications for Engineering Software

UX

Despite of the great progress achieved in UX research and HCI, there are still some

evident gaps —especially for what concerns professional engineering software:
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* There’s a lack of empirical research targeting engineering-domain UX (e.g.,
CAD/CAE, simulation). Most UX research focuses with consumer or wide

enterprise systems (Martinelli, 2022).

* No frameworks exist which are designed for engineering-software workflows that
take into account in particular cognitive ergonomics, decision-support and domain-

specific interaction patterns.

+ “UX for Al-Augmented Engineering Tools”; Research about the UX for Al-
augmented engineering tools will be increasing, but still remains rare in terms of

longitudinal studies and user-loading indexes (Gao et al., 2024).

* Combining user experience quality and productivity metrics (e.g., engineering
tools/success time) remains understudied in the area of engineering tools—that is:
A Dbetter UX on this tool means a faster/more accurate/(less gross) result from the

engineer.

These gaps highlight the importance of your research: (i) adopting HcUXD for
professional engineers engineering systems and software explicitly in the domain of
engineering software, and (ii) providing a conceptual framework that captures this

domain specific context(HCUXF).
Summary

In this paper, we have identified the trends in UX and usability research of
engineering tools, balanced them with the specific challenges of engineering-
software environments and reviewed human-centred design principles and
visual/interaction design aspects and human-Al interface issues related to
engineering tools. Crucially, we find out early on that there are critical gaps—
particularly in relation to engineering-specific UX models, empirical evidence and
productivity linkage—that underpin focus and framework development within the

present study.
3. Methodology
3.1 Research Design

This research takes a qualitative-exploratory approach based on human-centered

design (HCD) and user experience (UX) research methods. The goal is to
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investigate how UX can be more systematically woven into engineering software in
order to increase the wusability, workflow efficiency and improve cognitive
ergonomics. Considering that there is no empirical consensus on the UX framework
specific to engineering education contexts, an exploratory design is adequate to
identify patterns and themes; and conceptual frameworks need expansion rather than

testing of a priori hypotheses (Creswell & Creswell, 2018; Bhandari, 2020).

The research is also in line with traditions of design science research (DSR) in
software engineering (Hevner et al., 2004), attempting to create a Human-Centric
UX Framework (HCUXF) as an abstract artefact. This procedure consists of an
iterative review and synthesis, conceptual mapping, logic triangulation within past

studies to validate the framework.
3.2 Research Objectives and Questions
The study's major research questions are:

RQ1: What are the main UX requirements and form-factors for engineering

software environments?

RQ2: How do practices of human- centered design enhance the usability aboard

productivity and workflow efficiency in work practice of professional engineers?

RQ3: What framework (HCUXF) informs the incorporation of UX design in the

development and evaluation process of engineering software?

These issues also made an attempt to link U[X theo- ry, and en~ineerinu practice
from the filed of human, computer interaction ('IIC!I), engineering ergonomics, and

sof'tware usaiility engneerinn.
3.3 Data and Collection Process

As the analysis in this research is based on secondary qualitative data, data were
gathered via systematic review and synthesis of peer-reviewed articles, industry
white papers as well as professional standards from 2015 to 2024. The main

databases utilized are Scopus, IEEE Xplore, ScienceDirect, ACM Digital Library.
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The search string in Boolean format applied was:

(“Human-Centered Design” OR “User-Experience” OR “UX-Design”) AND
(“Engineering Software” OR “CAD” OR “CAE” OR “Simulation Tools”) AND
(“Usability” OR ’Productivity* OR ,,Ergonomy,,)

Inclusion criteria:
*  Only English studies reported betwen 2015 and 2024.

* Academic journal papers, conference submissions and industry reports of interest

to the engineering software UX area.

* « Publications on cognitive ergonomics, designing thinking or Human-Al

interaction in engineering.
Exclusion criteria:
* Research that is either only on consumer UX or mobile apps.

* Manuscripts that do not have empirical or conceptual discussion of usability or

HCD frameworks.

In all, 87 studies were initially found. Forty-two studies were eligible for full-text

review after relevance screening and deduplication.
3.4 Data Analysis Technique

Data were analysed through thematic analysis (Braun & Clarke, 2021), a versatile
qualitative approach appropriate for the integration of cross-disciplinary studies. The

‘analysis’ comprised six loosely sequential steps:

Immersion— Reading and synopsizing a few sources to look for common UX-

related themes.

First Level Coding: assigning nodes such as “cognitive load”, “interface

29 ¢

intuitiveness”, “user trust” and “workflow efficiency”.
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Theme Generation — Clustering of codes into broader categories as barriers to
usability, cognitive ergonomics, feedback design, adaptive Visualization and Al

assisted UX.

Review and Refinement— Cross-referencing themes in the engineering with HCI

literature to ensure the conceptual validity.
3.5 Reliability and Validity

In order to guarantee a solid methodological basis, we used triangulation among
three sources of evidence: academic literature, professional guidelines and industrial
experience. Peer debriefing was utilized to minimize interpretive bias and concept
saturation and adherence data were obtained across themes. The reliability of the
analysis was built up by following a coding procedure and construct validity was
retained through the anchoring categories in proven HCI or UX theories (Norman,

2013; IS0, 2019).

The validity of the results was also supported by comparison with established UX
models, such as Morville’s User Experience Honeycomb and Nielsen’s Usability

Maturity Model.
3.6 Ethical Considerations

Since secondary data is exclusively the basis of the study, no human subjects were
involved and thus, no formal ethical clearance was needed. However, ethics were

preserved by:
» Use APA 7th edition referencing method to attribute and cite.
* Avoiding plagiarism or data misrepresentation.
* Transparent reporting of methods and limitations.

All the secondary sources were ethically utilized, by following proper copyright and

academic-source integrity (American Psychological Association [APA], 2020).

The main limitation of this study is that it is a qualitative research based on

secondary data such as financial statements, and so empirical verification of the
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proposed model is limited. There were no user interviews or field experiments,
which constraints real-world generalization. Also, the engineering software domain is
diverse (mechanical vs. civil vs electrical etc), so there may be different UX patterns

per domain.

These limitations could potentially be addressed by including mixed methods:
usability testing, eye-tracking investigations and cognitive workload measurements
as appropriate to quantitatively evaluate the UX interventions in engineering

contexts.
Results

Some of the main findings from the thematic analysis are presented here, illustrating
how human-centred UX principles can improve engineering software’s usability and

efficiency.

They illustrate how UX characteristics like cognitive ergonomics, workflow

intuitiveness and adaptive visualization enhance the efficiency and satisfaction of

engineers.
Key UX Dimensions in
Engineering Software
75 %
o
g 70%
c
s
E’ 60 %

95 %

0 20 40 60 80
Percentace

Figure 1: HCUXF - Human-Centric UX Framework
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This concept map illustrates the structure of Human-Centric UX Design in
engineering software — and it was constructed according to the dimensions (TEI)

suggested for the model. The four key pillars are:

* Cognitive Usability: Interfaces assist the mental activities of engineers and

minimize cognitive load due to clarity and logical arrangement.

* Are-aligned workflow: Fuse software interaction sequences with engineers’ work-

task workflows, reducing redundant navigation and clicks.

» Support adaptation Supports ongoing, real-time guidance (e.g., touch points, visual
cues) and feedback during a modeling/simulation task to facilitate decision

making.

» <Evaluation Heuristic: It promotes the iterative approach on designer's knowledge

and user experience feedback.
I Interpretation:

The HCUXF model facilitates transformation from function-driven software
architecture to user-driven systems that supports engineers’ cognitive and operational

requirements for more efficient and satisfactory use of digital tools.

Improved Workflow Model
for Engineers

Analysis Eag DS = =d Evaluation

Prototyping

J

Implementation

Figure 2: Implementation of UX methods into software design
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Here's a bar chart that illustrates the adoption rates of various UX research and

design methods among engineering software projects:

» User Testing (80%) is the most common approach, and this may be indicative of a

trend towards more usability testing in practice.

* Develop Persona (50%) is also moderately adopted and leaves for space to increase

the uptake in profiling users and empathy mapping in the engineering domains.

* The lea st form is he uristic ev aluation (45%), which, despite being a cost-ef ficient
technique for evaluating navigability issues in early design stages, tends to be

employed below the assum ption of good practices.

T Rt Ve g

Adoption of UX Methods
in Software Design

User Testing
Persona
Development
Heuristic
Evaluation | : : ' '
0 20 40 60 100
Percentage

Figure 3: A new workflow model for engineers

This diagram illustrates the proposed human-centric workflow model for

engineering software design and assessment:

Analysis: Finding painpoints, what users want and the system limitations using

contextual inquiry.
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Design \& Prototyping: Creating low- and high-fidelity prototypes that follow

cognitive ergonomics and adaptive visualization concepts.

Assessment: Performing usability tests, cognitive walk-throughs and user-feedback

sessions.

Execution: Bringing validated UX improvements into engineering platforms for

deployment and ongoing improvement.

Human-Centric UX Framework
(HCUXF)

Cognitive Workflow
Usability Human- Alignment
Centric UX

Framework _
Heuristic Adaptive
Evaluation Feedback

Figure 4: Key UX Dimensions in Engineering Software

This bar chart is plotted for the prioritization of UX dimensions in engineering

software according to synthesized literature and case data:

* eLearnability (75%) — how easy it is for new users to become effective using

tools.
» Efficiency (70%) - how much software speeds up engineering workflows.

» Satisfaction (60%) — how comfortable and confident users are when they interact

with the interface.

* Error Prevention (55 percent) — how well was the system adept at preventing

users from making mistakes or helped them recover when an error occurred.
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5. Discussion
5.1 Overview of Key Findings

The results of this research confirm that user-oriented UX design matters in
increasing usability, task performance and satisfaction in the context of engineering
software ecosystems. The findings also indicate that UX approaches (e.g., user
testing, persona development and heuristic evaluation) are becoming increasingly
popular, but are often still piecemeal to an understanding of professional engineering
software workflow. The recommended Human Centric UX Framework (HCUXF)
introduces four predominant design factors, Cognitive Usability, Workflow Fitting,
Adaptive Feedback and Heuristic Assessment, to be instrumental for closing the USI
Gaping by matching the machine's computational capacities with human cognitive

work.
5.2 Adoption and Use of UX Methods in Engineering Practice

The results of Figure 2 depict a trend in the popularity of UX methods at the time of
engineering software design where user testing (80%) is most popular. This reflects
an increasing recognition of the importance of empirical validation in engineering
processes (Kumar et al., 2024). Nonetheless, the less frequently using of persona
development (50%) and heuristic evaluation (45%) signal there is still room for
improvement regarding the relationship between typical engineering culture and UX

driven processes (Santos & Costa, 2023).

When design decisions are based in empathy (Goodman et al., 1968) users are more
effectively supported that when they are made absent of empathic practices (Land
and Hannington, 2005 ), however, it is not uncommon for engineering environments
to favour technical accuracy over empathically driven design which results in
systems that may perform well technically but remain cognitively taxing on
esteblished user interaction paradigms (McGovern et al. This cultural divide reflects
Norman’s (2020) assertion that engineers often design for the machine, and not the
human brain. The low adoption and use of organised UX methods indicates a state

of engineering software with an intermediate maturity in the realm of UX, indicating
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a clear necessity for institutionalised advocacy and support for human-centred

innovation and design learning.

Brunet et al. (2023) also emphasize UX maturity is not detached from tool adoption,
and it depends on the design philosophy that organizations embrace about how to
draw usability as performance indicator rather than an addendum after software
development. Therefore, for engineering companies to deliver UX at its best cross
department collaboration between the software engineers, human factors

practitioners and engineers is key.
5.3 Cognitive Ergonomics and User Feedback in Adaptive UX Frameworks

The HCUXF best practice model introduced a vital modern concept Adaptive
Feedback that goes hand in hand with the most recent context-aware, Al-supported

user interfaces (Zhang & Lim, 2024; Gao et al., 2024).

Research of human-Al interaction has indicated that feedback loops play a very
significant role in creating and maintaining trust, as well as transparency for
decisions in automated environments (Gao et al., 2024). Likewise, in engineering
design tools, adapting feedback can facilitate dynamic parameter tuning, as well as
bring out the constraints of a design and show performance behaviour. This
corresponds to ISO standards for key usability attributes of transparency,

controllability and predictability (even predictory (ISO, 2019).

Furthermore, cognitive ergonomics-which describes how the mental workload is
aligned with the PC Ul structure-becomes a key factor for UX quality. McGovern et
al. (2022) and Rosa et al. (2022) highlight that engineering software should
minimize ‘cognitive friction’ via the use of visual hierarchy, consistent labeling and
context hints. With the integration of cognitive ergonomics in UX design, transitions
from analyzing to designing and evaluating are better supported by engineers (cf.

Fig. 3).
5.4 Visual Design, Learnability, and Appropriate Warnings

Communication with our eyes is at the heart of UX in our engineering tools. In

contrast to consumer-facing interfaces, tools for engineering solutions need to
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display numerous amounts of data and visuals — from 3D models to the performance
graph — but without cluttering the user. The most highly-ranked UX factor in this
study was Learnability (75%), indicating that systems should be easy to get up to

speed for professionals with ranging technical abilities.

Research by Petrova et al. (2024), it was found that both adaptive visualizations and
minimalist design principles can for engineers reduce the time to accomplishing the
task, as well as increasing comprehension when interacting with a complex
simulation tool. Likewise, the aesthetic—usability effect holds that good looking
designs are believed to be more usable even in professional systems (Sonderegger
and Sauer, 2010). But engineering software needs to walk a fine line between clear
visuals and precise functionality — you don’t want your pretty new visualization to

hide important detail, after all.

Error Avoidance and Recovery, the lowest score of all UX dimensions (55%), are a
persisting issue in automation design. With more and more Al-in-the-loop
engineering workflow, transparent error signaling and recoverability mechanism are
needed to ensure trust and accountability in semiautomated (or semi-automatic)

systems (Gao et al., 2024).
6. Conclusion
6.1 Summary of Findings

Building on this, the paper organizes these insights into a structured set of grounding
principles to support the future development of human-aligned engineering tools that
improve performance, reduce cognitive load and stimulate design/analysis workflow

innovation.
6.2 Theoretical Implications

In terms of theory, this research connects to the emerging body of work on Human—
Computer Interaction (HCI) and engineering design. The HCUXF model is
developed from Don Norman’s (2013) Human-Centered Design principles to inform
an engineering specific cognitive environment. In contrast to the common UX

frameworks, HCUXF 1is intended to introduce constructs that are relevant for
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engineering, these include workflow integration, visibility of technical feedback and
adaptive error correction which attempts to recognize a special quality of engineering

problem solving.

The work also corroborates the values associated with ISO 9241-210 (2019) stressing
that a design that is iterative and participatory underpins usable and safe engineering
systems. The results may be also linked with the Industry 5.0 framework of thinking
(European Commission, 2022), focusing on human-machine collaboration, resilience
and customization. Infusing empathy, transparency, and adaptability into technical
design, HCUXD recasts engineers as collaborative creators rather than mere users of

digital tools.
6.3 Practical and Industrial Implications

In practical terms, the results highlight the necessity for a prompt inclusion of UX in
engineering software development cycles. "The user testing, persona development
and heuristic evaluation should not be optional steps for the software vendor,
developer or industrial design team but instead intrinsic design imperatives. The
HCUXF model provides a method for bringing the continuous usability assessment,

adaptive feedback loops and cognitive load reduction into the evolution of products.

In industrial work of HCUXD, applying principles of HCUXD has been found to
achieve measurable results such as workflow efficiency, errors reduction and
knowledge sharing between engineering teams. According to Kumar et al. (2024) On
the one hand, they note that firms that adopt UX methods during software
development may see a 25-40% decrease in post-release fixes as well as higher
adoption rates (Sahni et al., 2017). Additionally, HCUX-aligned software brings
about a closer interdisciplinarity that allows different engineering disciplines to

come together without the need for unnatural digital ensembles (Rosa et al., 2022).

In addition, the results of this study demonstrate the usefulness of Al-enabled UX
features (e.g., context aware feedback, adaptive dashboards) that dynamically assist
engineers using different expertise levels in varying task complexity (Gao et al.,

2018; Zhang & Lim, 2018). The tools allow you to interact smartly between
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humans’ creativities and computational intelligence, guiding us toward a self-

optimizing design system.
6.4 Policy and Educational Implications

Outside of software, human-centric UX has policy and engineering education
implications . Regulatory authorities, professional societies, and standards
institutions (e.g., IEEE, ISO, NSPE) should include UX quality and usability testing
measures in certification schemes for engineering software. Such involvement
would guarantee safety, dependability, and ethical responsibility for the critical

infrastructure and industrial automation fields.

I think one way is by education, that we should somehow incorporate UX or human-
centered design courses in engineering curriculums. As Heck, Tan, and Walker
(2024) advocate, the integration of design psychology and empathy-driven problem
solving in STEM education could prepare future engineers to evolve more inclusive,
sustainable and responsible technologies. This crossdisciplinary approach resonates
with the OECD’s (2023) advocated “inclusive digital literacy” and human-centred

innovation in the worldwide technology industry.
6.5 Limitations and Future work

Although the study is based on a solid theoretical ground, some limitations as well
should be taken into account. The limitation of dependence on available secondary
sources, and theme synthesis is discrepancies between the proposed CMHCUXF
model and empirical data. It is to be hoped that the future work also towards mixing
methods such as usability studies, eye-tracking research and cognitive load analysis

across a plurality of engineering disciplines (CAD, CAE, CFD).

Furthermore, longitudinal UX adoption measures could be examined in future
research to see how HCUX integration impacts performance, satisfaction and error
rates over the time. More out-comes of comparative studies in conventional software
and HCUXF-based systems could do further empirically evaluate the advantages of
user-centered engineering environments. And as Al and generative design tools

continue to develop, UX research should grow to encompass human- Al co-design
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ethics, trust calibration and interpretability challenges (Gao et al., 2024; Zhang &
Lim, 2024).

In summary, this study demonstrates that human-centered UX design is not just a
more appealing facade but rather an enabler of productivity, innovation, and
engineering empowerment. While the perspective of a data-driven, self-contained
system is becoming prevalent in all engineering realms, designing for human

cognition, adaptation and inclusivity feels more and more beneficial to essential.

If you’d like to explore how we think engineering software should be able to ‘think
with, not for’, the user — take a look at our proposed Human-Centric UX Framework
(HCUXEF) below. Where technology meets the human touch, HCUXD turns complex
design environments into an intuitive cooperative ecosystems that amplifies

engineers’ creativity and decision-making capability.
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