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Automation and Al increasingly reshape work systems beyond task execution, influencing how human capabilities are used, preserved,
or transformed. Cognitive ergonomics traditionally evaluates automation through constructs such as workload, situation awareness,
trust, and function allocation. While these perspectives explain important aspects of performance and interaction quality, they do not
provide an integrated lens for evaluating how automation shapes human capabilities over time. This paper introduces the Human
Potential in Automation (HPA) framework, a capability-centred evaluative framework that integrates perspectives from cognitive
ergonomics, work design, and human-centred Al through four dimensions: Optimisation, Retention, Expansion, and Engagement. To
operationalise the framework, we introduce a lightweight tool (“action cards”) to support participatory design reflection, and propose
a concise 12-item companion scale to enable systematic evaluation of capability outcomes. We illustrate the framework through an
exploratory multi-case study involving four industrial stakeholders in Al-supported quality control. The findings demonstrate the
practical utility of the framework for identifying capability-related design considerations that extend beyond traditional performance-
focused evaluation, contributing an integrative capability-centred perspective for the design and evaluation of automated work

systems.
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1 Introduction

Automation has long been assessed through its effects on efficiency, workload reduction, and error mitigation. Founda-
tional research has demonstrated that high levels of automation come with the possibility of introducing unintended
side effects, including skill degradation, reduced situation awareness, limitation of skill transfer opportunities and
diminished readiness for manual intervention [4, 14, 28]. Trust research has further highlighted how inappropriate
reliance may lead to misuse or disuse of automated systems [23]. As Al-driven systems increasingly support perception,
diagnosis, and decision-making, automation no longer merely reallocates manual control but reshapes the structure of

professional expertise. This shift has been described as a transformation of how knowledge is distributed and applied
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within socio-technical systems, rather than a simple redistribution of tasks [21] and has led to increased attention to
the role of humans in the loop, emphasising the need to maintain meaningful involvement in increasingly automated
decision processes [12]. Contemporary research emphasises the tension between automation and augmentation, arguing
that technology may either displace or amplify human capabilities depending on implementation choices [22, 30]. Em-
pirical studies further highlight that effective human-AI collaboration depends on how systems support complementary
human reasoning rather than passive reliance [5] and recent work further emphasises that human—-AI collaboration
involves the reconfiguration of roles, responsibilities, and knowledge boundaries within work systems, rather than a
simple substitution or amplification of tasks [3]. Work design scholarship has similarly that digital systems can either
undermine or reinforce autonomy, skill variety, and competence development [29]. From a psychological perspective,
such changes are closely tied to professional identity, as shifts in task structure and autonomy affect how individuals
understand and implement their roles within their work environments [32].

Despite these developments, evaluation practise in automation projects continues to prioritize short-term perfor-
mance and adoption metrics. While explainability and transparency have increasingly been recognised as supporting
human understanding and learning [38], evaluation remains largely centred on interaction quality and immediate
performance with dominant constructs, including workload, situational awareness, trust, and function allocation
providing explanations of specific aspects of interaction. Likewise, work design research focuses on autonomy and
competence, while augmentation research examines complementary human-AlI capabilities. These perspectives remain
however fragmented and do not provide an integrated lens for evaluating whether automation preserves, develops, or
undermines the human capabilities that organisations depend on over time for their successful survival and development.
Consequently, designers must currently reason across multiple theoretical perspectives. To address this gap, we integrate
these established perspectives into a coherent evaluative framework centred on long-term capability trajectories.

This paper introduces the Human Potential in Automation (HPA) framework, which conceptualises how automation
shapes human potential along four interrelated dimensions: Optimisation, Retention, Expansion, and Engagement
(the HPA framework). Rather than framing automation as inherently beneficial or harmful, the framework considers it
as a design-dependent force that can enhance efficiency while either supporting or undermining human capabilities and
engagement, depending on how work is structured and how human-automation interaction is shaped. To operationalise
this framework, we introduce a set of action cards as a lightweight applied resource to help linking the dimensions
to observable risk patterns and design interventions, and a proposed 12-item HPA scale to support the evaluation
of capability-related outcomes outcomes of the human-automation cooperation. We illustrate the application of the
framework through an exploratory multi-case study with four industrial stakeholders in the context of Al-driven quality

control. In summary, we contribute:

o A theoretical framework (HPA framework) for mapping how automation affects human capabilities along four
interrelated dimensions.

o An applied tool (HPA action cards) to support capability-centred reflection in automation design and review
processes of already implemented solutions.

o A proposed scale for validation (12-item HPA scale) to complement established workload, trust, and engagement
measures and evaluate both concepts and implemented workflows.

e An exploratory multi-case study illustrating how the HPA framework and its instruments can support

requirements elicitation, design reflection, and evaluation of human-automation systems in industrial practise.
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Safeguarding Human Potential in Automated Work Systems 3

The remainder of this paper is organized as follows. Section 2 reviews related work across cognitive ergonomics,
automation research, and work design. Section 3 presents the HPA framework and its four dimensions. Section 4
describes the action cards and Section 5 introduces the proposed HPA scale. Section 6 reports the multi-case study.

Section 7 discusses implications and limitations.

2 Background and Related Work
2.1 Cognitive Ergonomics and Human-Automation Interaction

Research in human—-automation interaction has provided explanations of how task allocation influences cognitive load,
error likelihood, and takeover performance [13, 28]. These models primarily address immediate interaction dynamics
but do not consider long-term trajectories of human expertise within automated systems. While related work has
identified phenomena such as the out-of-the-loop performance problem and reduced operator engagement under high
levels of automation [14], these effects are typically treated as interaction-level issues rather than as part of broader
capability dynamics. This limitation is also reflected in cognitive systems engineering literature, which emphasises
adaptive capacity and the ability of human-system collaborations to respond to changing demands over time, but does

not provide explicit means to assess how such dynamics shape human capabilities [41].

2.2 Augmentation, Deskilling, and Capability Trajectories

Augmentation perspectives, originating in early visions of intelligence amplification [15], propose that computing
technologies can expand human cognitive capability rather than substitute it. This tension has been described as the
automation—-augmentation paradox: the same system can reduce or enhance human capability depending on how it is
implemented [30]. Human-centred Al also frames this as an ethical imperative: systems should be designed to amplify
rather than replace human judgement [35] and evidence suggests that human-AI performance improves when systems
promote active reasoning rather than passive use [5]. Yet augmentation remains largely normative and availability of

systematic instruments to assess whether augmentation actually occurs in practise is limited.

2.3 Work Design and Professional Agency

Work design theories emphasise that autonomy and skill utilization are central to sustained motivation and well-
being [18]. Contemporary extensions highlight the particular importance of these factors under conditions of algo-
rithmic coordination, where system design could inadvertently narrow task scope or reduce decision spaces [29].
Self-determination theory identifies autonomy and competence as fundamental psychological needs; automation that
undermines either of them risks eroding both motivation and professional identity [9]. At the same time, work design
research shows that employees actively shape their work through practises such as job crafting, suggesting that capa-
bility development depends not only on system constraints but also on opportunities for active engagement throughout

the work process [42].

2.4 Positioning

The HPA framework emerged through an iterative synthesis of literature across cognitive ergonomics, human-centred
Al and work design, combined with recurring capability-related concerns that were identified through stakeholder
engagement in multiple industrial automation projects from different contexts. The resulting four HPA dimensions
organize these complementary perspectives into a coherent capability-centred framework for evaluating automation.
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4 Lisa Diamond and Michael Oppermann
Table 1. Capability trajectories in automated work systems: the four HPA dimensions.
Dimension Core focus Capability risk Capability potential Example design levers
if misaligned if well designed
Optimisation ~ Effective use of human Underutilization of human poten-  Focus on high-value judgement  workload calibration; com-
strengths tial; monitoring-only roles and complex problem-solving plementary function allo-
cation
Retention Preservation of expertise Skill decay; erosion of tacit knowl-  Sustained expertise; continued  practise intervals; trust cal-
edge; loss of practise knowledge sharing ibration; override mecha-
nisms; knowledge capture
and transfer
Expansion Growth of capability Skill stagnation; passive tool re- Learning; new insights; broadened  explainability design; feed-
liance task scope back loops; data access
Engagement Professional agency and  Reduced autonomy; loss of profes-  Sustained autonomy; active judge-  task variation; purpose

motivation

sional identity

ment; positive collaboration expe-
rience

transparency; human

control scope

The HPA framework shifts the analytical focus from isolated interaction aspects toward their integrated implications
for human capability. It examines how automation design decisions collectively shape the use, preservation, development,
and application of human capability over time, providing a complementary evaluative perspective on whether automation
sustains, transforms, or diminishes the capabilities within the work force that organisations depend on in the long term.

The HPA action cards and proposed scale were subsequently developed to operationalise the framework for partici-

patory reflection to identify risks and opportunities and structured evaluation (following scale validation).

3 The Human Potential in Automation Framework

Human potential is defined here as the collection of skills, experience-based knowledge, professional judgement, and
motivational engagement that individuals bring to and develop through work. Automation reshapes this potential not
only by reallocating tasks, but by influencing how capabilities are practised, valued, expanded, or marginalized over
time. In Al-enabled work systems, this increasingly involves a shift in how expertise is organized and applied within
the system [3, 21].

Research in human-automation interaction has long demonstrated that design decisions influence operator readiness,
situation awareness, and control performance [13, 28]. However, these models primarily focus on performance states.
The HPA framework shifts attention toward capability trajectories, conceptualising automation as generating degradation
risks or development opportunities depending on alignment between system design and human strengths. Within
this perspective, optimisation and engagement frame how capabilities are utilized and experienced, while retention
and expansion capture how capabilities are maintained and developed over time. This perspective aligns with broader
evidence that technological systems reshape how human capabilities are deployed, valued, and sustained over time,
rather than simply reducing or enhancing them [1].

Drawing on the preceding synthesis of cognitive ergonomics, work design, and human-centred Al literature, together
with recurring capability-related concerns identified through initial stakeholder engagement, four complementary
dimensions emerged that frame and structure these trajectories: Optimisation, Retention, Expansion, and Engage-
ment. Together, they represent the primary capability concerns consistently identified across theory and practise and
provide a structured lens for capability-centred conceptualisation and evaluation, while allowing for further refinement
as the framework evolves. Table 1 provides an overview of each dimension’s core focus, associated capability risks,
potential opportunities when system design is well-aligned, and example design levers to inform design responses.
Manuscript submitted to ACM



Safeguarding Human Potential in Automated Work Systems 5

3.1 Human Potential Optimisation

Optimisation concerns whether automation enables effective alignment between human strengths and task demands.
Function allocation theory emphasises that performance improves when tasks are distributed according to the comple-
mentary abilities of humans and machines [28, 34]. When automation is introduced primarily for efficiency without
regard to human strengths, workers risk be reduced to supervisory or monitoring roles, leading to underutilisation of
expertise. From a work design perspective, meaningful skill utilisation is central to sustained motivation [18], revealing
a close coupling between the optimisation and engagement dimensions. Recent work on hybrid intelligence further
emphasises that effective human-AI systems depend on aligning system capabilities with human strengths such as
contextual reasoning and sensemaking [10]. Optimisation therefore captures whether automation creates a trajectory

toward continued, optimal capability utilisation.

3.2 Human Potential Retention

Retention addresses whether existing expertise remains practised and relevant despite automation. Early research demon-
strates how removing operators from routine engagement, leaving them responsible only for rare, high-consequence
interventions, increasing the risk of skill degradation and consequent errors [4]. The out-of-the-loop problem further
illustrates how reduced active involvement weakens readiness and procedural competence [14]. In contemporary digital
systems, algorithmic centralization of decision logic can similarly diminish distributed professional expertise [22]. At
the same time, studies on trust calibration suggest that reduced interaction and overreliance on automated outputs
can further weaken active engagement and skill maintenance over time [24, 39]. Retention therefore concerns the
continuity of practised competence and knowledge transmission. A positive trajectory is achieved when automation

preserves opportunities for active judgement and sustained expertise use and transfer.

3.3 Human Potential Expansion

Expansion captures whether automation broadens cognitive scope and enables capability growth. Early visions of
computing as a means of augmenting human intellect emphasised the potential for perception expansion and analytical
capacity rather than merely automating routine tasks [15]. Recent discussions of augmentation versus automation
argue that systems can deepen expertise by surfacing patterns, counterfactuals, or alternative interpretations that
support reflective judgement [30]. Previous work further shows that collaboration quality depends on whether systems
invite active interpretation and judgement, instead of encouraging uncritical acceptance of outputs. [5]. At the same
time, explainability and transparency have been identified as key conditions for enabling understanding and learning in
human-AlI interaction [38]. When systems operate as black boxes or reduce user involvement to passive acceptance,
capability can stagnate. By contrast, interaction design elements such as reliability indicators can support more calibrated
use, active engagement with system outputs, and learning from the loop, influencing how users interpret and act on
automated recommendations [17]. Expansion thus reflects whether automation creates trajectories of capability growth
such as learning, insight generation, and access to new task domains or, if misaligned, leads to skill stagnation and

limited development.

3.4 Human Potential Engagement

Engagement concerns whether interaction with automation supports professional agency and motivational sustain-
ability. Self-determination theory identifies autonomy and competence as fundamental psychological needs [9] and
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Optimise task allocation

How should automation be designed
1o relieve employees of repetitive
tasks and enable them to focus on
more demanding and meaningful
activities?

What is required at the human-machine
interface to support this?

Prevent loss of expertise

How can automation be designed to
prevent the loss of employees' skills
and capabilities?

What is required at the human-machine
interface to support this?
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Ensure meaningful
work experience
How can employees experience their

work in interaction with automation
as meaningful?

What is required at the human-machine
interface to support this?
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Enable new insights

How can automation be designed to
provide employees with new insights
and reveal underlying relationships
within the data?

What is required at the human-machine
interface to support this?

Fig. 1. Exemplary action cards for the four HPA dimensions (optimisation, retention, expansion, engagement). Each card operationalises
a dimension through a design-oriented principle and guiding question to support reflection in participatory design and evaluation
settings.

Work design research shows that digital systems can either undermine or reinforce these needs depending on imple-
mentation [29]. From a broader perspective, shifts in autonomy and task structure are closely linked to professional
identity, influencing how individuals understand and perform their roles in Al-mediated work environments and
experience meaningfulness with a critical impact on sustained engagement and well-being [32]. Designs that centralize
decisions, reduce opportunities for professional judgement application, or obscure responsibility boundaries risk eroding
professional identity and intrinsic motivation over time. Designs that preserve decision autonomy and make human

judgement visible, in contrast, enable trajectories of sustained agency and engagement.

4 Action Cards

To facilitate application of the framework in practice, we introduce a lightweight action card format linking each
dimension to observable opportunity and risk patterns and targeted design interventions. Card-based approaches have
demonstrated broad utility as structured design tools to support reflection, creativity, and engagement in learning and
design contexts (e.g., [8, 11, 25, 43]). The proposed HPA action cards serve as guiding prompts in participatory design
or review workshops, helping teams identify early indicators of capability degradation, formulate concrete adjustments
in task allocation, interface design, or governance structures, and reflect on capability sustainability throughout the
automation lifecycle.

Three action cards were designed per HPA dimension, forming a set of 12 cards. Each action card addresses one
HPA dimension and combines a dimension-specific focus statement with guiding questions that prompt reflection on
potential risks and design responses. Figure 1 shows one exemplary card for each of the four HPA dimension. Each card
includes the HPA dimension name, an illustration, a concise design-oriented principle (e.g., ensuring meaningful work
experience, optimising task allocation, preventing the loss of expertise, enabling new insights), and a reflective question
aiming to help teams in considering these aspects.

The full set of action cards in high-resolution (PDF) is available as supplemental material at: https://osf.io/uejfw/
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Table 2. The HPA scale: 12 items across four dimensions.

Dimension Nr Item

Human Potential Optimisation 1 The process automation enables employees to carry out their work more efficiently.
The process automation helps employees achieve high-quality job performance.

o

3 Automation relieves employees of routine tasks and allows them to make optimal use of their skills.
Human Potential Retention 4 Employees’ skills remain important despite the process automation.

5 The process automation helps maintain the know-how and skills of employees.

6 Employees’ expert knowledge continues to be shared and used within the automated process.
Human Potential Expansion 7 The process automation enables employees to gain additional insights that support their expertise.

8 Employees can learn new skills or techniques through interacting with the automated process.

9 The process automation facilitates employees carrying out new tasks.
Human Potential Engagement 10 The process automation supports rather than replaces professional judgement and expertise.

11 Employees retain autonomy and decision-making freedom despite the process automation.

12 Employees experience their interaction with the automated process as positive.

5 The HPA Scale

To support empirical assessment of capability-related outcomes across the four HPA dimensions, we propose a comple-
mentary 12-item scale structured around the four HPA dimensions.

Three items operationalise each dimension’s core theoretical construct into evaluative statements at the level
of “process automation,” enabling domain-independent application across industrial, service, and knowledge work
contexts (with the option to adjust the phrasing in order to refer to a specific process). They are designed for process-
level assessment (e.g., by managers) but can be adapted for individual user perspectives. The scale is intended for
diagnostic use during automation pilots, comparative evaluation of design alternatives, and longitudinal monitoring of
perceived capability sustainability. The proposed HPA scale complements established measures of workload, trust, and
work engagement (e.g. NASA-TLX [19], TOAST [40], NSa-WS/NSu-WS [37]), by providing a focused evaluation layer
addressing how automation affects capability use, preservation, development, and agency.

Table 2 presents the full item set. Items use a Likert-type response format (1 = strongly disagree, 5 = strongly agree).

6 Multi-Case Exploratory Study: Al-Assisted Industrial Quality Control

We conducted a multi-case exploratory study with four industrial stakeholders, each operating in a sector characterized
by increasing automation in quality control: aerospace components, high-performance robotic manufacturing, specialty
paints, and coatings. The four organisations were selected to capture a range of settings in which automation affects
capabilities. They span different industrial areas, differ in automation maturity and in their primary orientation, with
one organisation focused on research and development and the others on production. Across the four organisations, six
representatives from management, implementation, and research & development, who actively influence implementation
of automation processes, served as our main contacts.

All four organisations shared a common set of challenges: deploying Al-driven visual defect detection while avoiding
the loss of human expertise; enabling workers to recognize when and why the automated assessment fails; developing
trust calibration capabilities; and fostering structured documentation practises that enable insights and support training.
The study was conducted as a collaborative requirements analysis and system evaluation exercise, with HPA constructs

used to structure inquiry and reflection across phases.
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8 Lisa Diamond and Michael Oppermann

6.1 Procedure

The study followed an adapted design study methodology [31], oriented toward requirements elicitation and capability-
centred design reflection. We began with a joint workshop involving all four stakeholder organisations, where we
introduced and discussed the HPA dimensions in the context of automation workflows and visual inspection needs for
Al-driven industrial quality control. We then conducted individual follow-up sessions with each stakeholder to explore
context-specific challenges and interaction-oriented opportunities facilitated though the lens of the HPA framework
dimensions, using the proposed action cards and associated interview questions derived through the HPA framework.
This was followed by feedback gathering on a conceptual model of the overall process and initial interface concepts
based on the insight from the joint workshop. Following the development of a demonstration application (Sec. 6.2) and
internal pilot testing, we held individual 1.5-hour evaluation sessions with each stakeholder. Using a chauffeured demo
format, an established practise in visualization research [6, 26], we guided participants through the system and its key
functionalities using the developed technology probe (see below) and collected qualitative feedback along the HPA
dimensions and other user experience and impact oriented aspects. At the end of each session, we shared a questionnaire
— including the HPA scale — which participants completed independently to capture perceived potential capability
impacts of the AI quality control workflow. Importantly, this study was not intended as a usability evaluation of an
interface, but to assess participants’ broader reflections on how automated quality control may affect capabilities and
roles in their organisations and how interface design choices may or may not succeed in making use of opportunities

and mitigating risks arising regarding human potential preservation and utilization in process automation.

6.2 Technology Probe

To enable consistent evaluation across all four cases, and to avoid dependency on proprietary production data and
workflows, we developed a demonstration application using an open-source solar cell defect dataset (PVEL-AD [36]).
It functioned as a technology probe [20]: a purposefully simplified inspection tool to place stakeholders in a realistic
human-automation context that reflects their task of Al-driven visual defect detection. Importantly, we used real defect
data as it has been shown to support engagement and meaningful reflection in design study contexts [27].

The application (see Fig. 2) provides both an overview for aggregate analysis (expansion, optimisation) and a detail
view (optimisation) for the inspection of individual samples. The overview (Fig. 2a) supports the analysis of patterns
across samples, shows distributions (e.g., number of human corrections), and allows users to interpret results within a
broader production context (expansion).

The detail view (Fig. 2b) presents the annotated photo alongside model outputs and supports users in dual roles as
inspectors and knowledge contributors (engagement, retention). Correction and curation features allow users to apply
tags and notes, override classifications, and select representative samples for inclusion in a shared knowledge base
(optimisation, retention, engagement). These interactions make individual assessments persistent and reusable.

In addition to the predefined views, natural language querying [33] provides an ad hoc analytical layer for context-
specific questions (optimisation, extension). Queries may include retrieving defect counts within a time range or
viewing samples in a specific defect category. The goal is to lower the barrier for workers in operational roles whose

responsibilities increasingly extend to data interpretation and process monitoring.
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Fig. 2. The demo application, designed to represent shared aspects of Al-assisted quality control. (a) The overview page provides
aggregated visualizations, including temporal defect patterns, a spatial heatmap of defect locations, and a sample gallery for collection-
level review. (b) The detail page presents an annotated image, a defect score, and features supporting knowledge transfer: tagging,
notes, manual classification override, and knowledge base assignment. Natural language querying of the collected data is available
across the application.

6.3 Analysis

We captured and organized the collected qualitative and quantitative data systematically across all phases. The 2-hour
joint workshop used a shared digital whiteboard (Miro) to elicit and cluster stakeholders’ observations. The individual
follow-up and evaluation sessions were audio- and screen-recorded, complementing the questionnaire responses. As
the sample of four stakeholder organisations was too small to support meaningful quantitative analysis, we and used
the questionnaire responses as additional reflective input, supporting a deeper understanding of the qualitative insights.
Two members of the research team reviewed the responses, and the derived themes under each HPA dimension were
then discussed jointly by the authors. We followed an interpretive approach by organizing observations under the four

HPA dimensions and comparing them across the four cases (S1-S4) to identify recurring and divergent concerns.

6.4 Findings

We now report our synthesized, qualitative insights from workshop discussions and individual sessions across all four
cases (S1-S4). Stakeholders engaged meaningfully with the framework, and each HPA dimension yielded distinct and
substantive findings, regardless of the organisational context. The dimensions surfaced non-overlapping, complementary
concerns and suggest that the framework provides adequate coverage to conceptualise human potential in automation.
Across the four cases, the HPA framework enabled a structured analysis of capability-related implications that extended
beyond traditional performance considerations. Rather than discussing automation solely in terms of efficiency or
usability, stakeholders consistently reflected on how system design would influence the use, preservation, development,
and sustained exercise of human capabilities. Although organisations placed different emphasis on individual capability
dimensions, discussions consistently highlighted the need to balance multiple capability considerations when designing
and implementing automated processes.

Optimisation: All four organisations viewed automation as an opportunity to improve efficiency and precision in
quality control, though the specific gains they anticipated differed. Common themes included reducing resource losses
by catching defects before further processing (S3), earlier identification of lacking product homogeneity within the
production cycle (S2), reduction of subjective variability in quality judgements through standardized measurement

(S1), and freeing workers from routine error-searching to focus on higher-level problem-solving (S4). A distinction was
Manuscript submitted to ACM



10 Lisa Diamond and Michael Oppermann

observed between research-oriented and production-facing contexts. Stakeholders from R&D-focused organisations
(S1, S2) emphasised optimisations regarding quality and thoroughness, while those in production settings (S3, S4)
additionally focused on speed of defect identification. In both contexts, automation was expected to augment rather
than replace expert judgement.

Retention: Preserving human knowledge was articulated as a concern across all organisations, though the perceived
urgency varied. A recurring point was that expertise cannot be fully delegated to automated systems: workers need to
retain sufficient understanding of the process to verify model outputs, recognize failures, and intervene when necessary.
Attention decay was identified as a concrete downstream risk; as reliance on automated outputs increases, workers’
readiness to detect anomalies outside the model’s scope may erode over time (S1, S3).

Expansion: Automation was perceived as an opportunity to extend analytical capabilities and support knowledge
documentation. Rather than replacing expert judgement, shifts in where that judgement is applied may occur, e.g.
toward monitoring and evaluating system performance. Stakeholders pointed to the potential for systematic data
collection to enable analyses not feasible in manual inspection (S1, S3, S4), the use of historical defect records for
training and longitudinal benchmarking (S1, S3), and feedback mechanisms that make error patterns more visible
(S3). The technology probe also prompted reflection on onboarding. Several stakeholders suggested that this type of
interactive visualization alongside automation could enable less experienced employees to work on analytical tasks and
thereby widen participation in quality processes.

Engagement: All stakeholders expressed worker acceptance and sustained motivation as a central design challenge.
Automated quality control systems need to be comprehensible, meaningful, and appropriately demanding to support long-
term workforce acceptance. A recurring theme was the need to make the purpose of automation-related responsibilities,
particularly documentation and data curation, transparent and meaningful rather than perceived as administrative
overhead (S4). At the same time, the potential of automation to reduce physically demanding and monotonous inspection
tasks was seen as a source of motivational benefit (S1, S3). The temporal structure of automated workflows was identified
as a key factor for sustained engagement. Deliberate task variation and planned interruptions during automated process
steps were discussed to prevent passive monitoring and maintain active involvement over time (S1, S3). Interface design
was considered a support mechanism to help workers maintain orientation within complex, multi-step inspection
processes. S4 also noted exploratory interest in gamified interaction elements, as a way to create meaningful feedback
loops within routine quality control work.

Taken together, the findings demonstrate that the four HPA dimensions captured distinct but interrelated capability
implications of automation across all four cases, with automation consistently conceptualised as supporting human work
rather than replacing it. Optimisation was predominantly associated with improving quality, consistency, and enabling
experts to focus on higher-value problem-solving; retention was consistently framed as preserving the knowledge
required to critically supervise automation, validate automated outputs, and intervene when necessary; expansion
was primarily viewed as creating opportunities for learning, knowledge documentation, and broader participation in
analytical tasks; engagement highlighted that sustained acceptance depended on preserving meaningful responsibility,
task variety, and a clear purpose for automation-supported work. The findings also illustrate that these dimensions
were frequently discussed in combination, suggesting that practitioners naturally reason about automation as balancing
multiple capability considerations rather than optimising a single objective. This indicates that the HPA framework
provides a useful analytical structure for examining how automation design simultaneously shapes different aspects of

human capability.
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7 Discussion
7.1 From Interaction Quality to Capability Trajectories

While existing guidelines for human-AlI interaction emphasise usability, feedback, and appropriate reliance, they do not
explicitly address how design decisions shape human capabilities over time [2] and elated empirical work shows that
the effectiveness of human-AI systems depends not only on system accuracy, but on how interaction design supports
complementary human reasoning and judgement, rather than encouraging passive reliance [5]. This aligns with broader
perspectives on human-Al collaboration that that emphasise the complementary strengths of humans and Al as a
central design challenge. [10] and connects to the emerging regulatory context for automated work systems: the EU Al
Act [16] establishes human oversight as a requirement for high-risk Al systems, and such oversight presupposes that
workers retain the expertise and agency to understand and intervene in automated decisions.

Against this background, the HPA framework contributes to cognitive ergonomics by introducing a capability-centred
evaluation lens that complements established constructs. Traditional measures such as workload, trust, and situational
awareness remain essential for assessing interaction quality in automated systems but are largely state-based and do
not directly capture whether automation sustains, transforms, or redistributes professional capability over time. By
conceptualising automation as shaping capability trajectories, the framework brings together perspectives on deskilling,
augmentation, professional autonomy, and skill utilisation within a common evaluative lens. It thus supports a shift
from short-term performance optimisation toward long-term capability sustainability as a design and evaluation aspect
in automated work systems. This reframing is particularly relevant as Al systems increasingly operate not as discrete

tools but as pervasive organisational infrastructure shaping how expertise is practised and transmitted.

7.2 Implications for Design and Evaluation Practise

The multi-case exploratory study presented demonstrates that HPA constructs are meaningful and accessible to
industrial practitioners. The action cards provide a productive means of surfacing implicit assumptions about capability
effects during requirements analysis, enabling systematic reflection without requiring specialized expertise in cognitive
ergonomics. They therefore function as a lightweight translation of cognitive ergonomics principles into design practise,
making considerations such as skill use, situational understanding, and decision authority explicitly discussable in early
development stages and translating insights into actionable guidance. In line with prior work, such structured reflection
can help make otherwise implicit assumptions about human-Al interaction visible and actionable in design processes [2].
The technology probe and HPA scale complemented this qualitative process by enabling capability-oriented evaluation
of concrete interface concepts. Although the limited number of participating stakeholders did not permit systematic
psychometric validation of the scale, its application alongside the evaluation demonstrated its potential as a structured
complement to qualitative assessment, making capability-related effects more explicit and comparable across design
alternatives. Together, the case studies illustrate the feasibility of applying the HPA framework across successive stages
of a capability-centred design process, from early requirements elicitation through interface evaluation. More broadly,
this also responds to recent calls to move beyond performance-centric evaluation toward metrics that capture human-AI
complementarity and long-term human outcomes [5].

The HPA framework is intended to complement existing cognitive ergonomics practises rather than replace them.
Established design and evaluation methods—including workload assessment, trust measures, and usability evalua-
tions—remain essential for understanding different aspects of human-AI interaction. Rather than replacing established
approaches, the framework introduces a capability-centred perspective that can be applied alongside them throughout
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the automation lifecycle, providing a structured lens to consider how design decisions influence the development,
maintenance, and use of human capabilities, while the accompanying tools support both participatory reflection and
structured evaluation. Applied iteratively throughout the process, these tools support organisations in monitoring
capability-related outcomes over time and identifying emerging design issues requiring further refinement.

Beyond supporting iterative design and evaluation, the framework foregrounds capability sustainability as a legitimate
design criterion, on par with efficiency and safety. This extends established cognitive ergonomics concerns—such
as workload, situation awareness, and control—toward a more explicit consideration of how human capabilities are
maintained and developed over time. In this sense, the framework complements existing work design perspectives by

making the capability implications of system design decisions more directly assessable [29].

7.3 Scope, Limitations, and Future Research Directions

The HPA framework provides an initial conceptual basis for assessing human capabilities in automated work systems.

The multi-case exploratory study used a demonstration application as a technology probe and therefore findings reflect
stakeholder perceptions and anticipated capability effects rather than longitudinal measurements of actual capability
change. An important direction for future work is ongoing engagement with stakeholders across the automation
lifecycle to examine how the framework supports reflection and evaluation over time and what additional insights
into capability trajectories emerge in practise. Such longitudinal perspectives are particularly important given that
human-AI collaboration and expertise development unfold through sustained interaction and organisational embedding
rather than isolated episodes of use [3].

The proposed HPA scale has not yet been subjected to formal psychometric validation. Therefore, internal consistency,
construct validity, and sensitivity to actual capability changes remain to be established [7] and a dedicated validation
study needs to examine the scale’s psychometric properties and clarify its relationship to established performance
measures.

Further, the action cards have been used as a reflective prompt during requirements analysis workshops but have
not been evaluated as a standalone design intervention. Examining how well they enable non-expert teams to identify
capability risks independently of the researchers remains an important research direction. In this regard, future work
could also examine how specific design features—such as transparency or reliability indicators—support more calibrated
and capability-supportive interaction with automated systems [17].

Lastly, the HPA framework should be understood as an initial conceptual synthesis rather than a definitive taxonomy
of human capability in automated work. The four dimensions emerged through iterative integration of literature
across cognitive ergonomics, work design, and human-centred Al, informed by recurring capability-related concerns
identified through stakeholder engagement across multiple industrial automation projects. The four industrial cases
share a common focus on Al-assisted visual inspection, providing preliminary evidence of the framework’s utility
while leaving the generalisability of specific findings to other automation contexts as an open question. Future
research should therefore examine both the conceptual scope and distinctiveness of these dimensions. In particular,
broader dimensions such as engagement may benefit from further differentiation into more specific constructs, while
studies in additional domains may reveal further capability dimensions or relationships that extend the current
framework. Because workshops explicitly introduced the HPA dimensions before dedicated reflection activities, future
work should investigate whether practitioners independently identify similar capability concerns when applying the

framework without researcher facilitation. Applying the framework in other work settings could support examination
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and refinement of its dimensions and help to identify additional design concerns not encountered in manufacturing

contexts.

8 Conclusion

Automation should be evaluated in terms of how human capabilities evolve within it. The HPA framework, accompanying
action cards, and proposed HPA scale provide an integrative, capability-centred approach for assessing and shaping
capability trajectories in automated work systems. In doing so, they extend cognitive ergonomics toward a capability-
centred perspective concerned with the long-term development and sustainability of human potential amid the growing
reliance on Al and automation in work systems.

Engagement with industrial stakeholders across four sectors provides preliminary evidence that the framework
supports structured reflection on capability-related implications of automation, helping identify capability risks and
design opportunities that lie outside the scope of performance-focused evaluation. More broadly, the work contributes
a vocabulary and evaluative lens for a central challenge in Al-augmented work: understanding and shaping how
automation systems reconfigure, redistribute, and transform human expertise over time. Rather than framing this solely
in terms of preservation or loss, the HPA perspective highlights the need to make capability trajectories visible and
designable, ensuring that evolving human—-Al systems remain aligned with the development, use, and sustainability of
human capabilities.

In this sense, the framework shifts attention from evaluating systems as isolated technical artifacts toward under-
standing them as embedded elements of evolving work practises that shape how expertise is enacted, shared, and
maintained. It highlights that decisions about automation are simultaneously decisions about the future configuration
of human capability within organisations.

By making these dynamics explicit, the HPA framework supports more deliberate and reflective design processes
during which capability implications are considered alongside efficiency and performance from the outset. This opens
up new possibilities for designing automation not only as a means of optimisation, but as a driver of sustained learning,

capability development, and resilient human-AlI collaboration over time.
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