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Abstract

Household cleaning robots have the potential to support more inde-
pendent living for individuals with motor impairments. However,
most existing systems rely on explicit control interfaces or rigid,
schedule-based operation, which are often inaccessible for these
users and poorly aligned with the dynamic nature of domestic en-
vironments. Cleaning needs arise unpredictably, and both delayed
intervention and intrusive robot behaviour can undermine safety,
well-being, and user trust. Electroencephalography (EEG) offers a
hands-free interaction modality that captures neural signals with-
out requiring overt movement or speech, making it a promising
alternative for accessible household robot interaction. Yet prior
work in brain-computer interfaces has identified the Midas Touch
problem, in which transient perceptual or cognitive appraisals are
misinterpreted as intentional commands, leading to accidental or
unwanted actions. This paper addresses this challenge by proposing
a negotiated agency framework for EEG-based household cleaning
robots. Grounded in human-centred and value-sensitive design, the
framework employs Al-inferred EEG signals as probabilistic intent
proposals rather than direct commands. By integrating Al-driven
EEG inference with soft-intervention mechanisms for implicit con-
firmation or veto, the approach enables context-aware assistance
while preserving human agency and autonomy.
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1 Introduction

Household cleaning robots are increasingly deployed to support
daily living in domestic environments, with particular promise
as assistive tools for individuals with motor impairments [1, 2].
Tasks such as vacuuming, wiping, or responding to spills may ap-
pear routine, yet they pose substantial barriers to independent
living for people with limited mobility and reduced dexterity. Au-
tonomous cleaning robots have the potential to alleviate physical
strain, enhance safety, and support dignity by enabling individuals
to maintain clean living environments with reduced dependence on
caregivers, while easing the burden of routine, physically demand-
ing household cleaning tasks in a context-aware manner [3-6].

Despite these benefits, effective interaction with household clean-
ing robots remains a critical challenge. Most current systems rely on
explicit interaction modalities, including physical buttons, mobile
applications, or voice commands [1]. Such interfaces can be inacces-
sible for users with motor and/or speech impairments, particularly
in everyday situations. Even seemingly lightweight confirmation
actions may impose non-trivial physical or significant cognitive
effort, limiting their suitability for possible efficient interaction.

Moreover, routine schedule-based cleaning overlooks situational
context, while continuous, always-on operation can be intrusive,
energy-inefficient, and disruptive to everyday life [7]. Cleaning
needs often arise unpredictably, such as liquid spills caused by
children or pets, food crumbs during meals or snacks, dust or debris
carried in by foot traffic or wind through open windows, mud or
water tracked indoors after rain, hygiene-critical contamination
following accidental messes, to name but a few. However, constant
robot patrolling may undermine privacy, rest, and a sense of calm,
particularly when robot behaviour is perceived as overly present or
socially inappropriate [8]. Conversely, delayed responses to genuine
cleaning needs can introduce safety hazards, bacterial growth, and
reduced indoor air quality, with disproportionate consequences for
individuals with limited mobility or compromised immune systems.
The challenge is therefore not simply to clean more often, but
to clean at the right time, in ways that respect users’ situational
priorities and tolerance for interruption [7, 8].

Brain—computer interfaces (BCIs), and in particular electroen-
cephalography (EEG), offer an alternative interaction channel that
enables hands-free access to neural signals associated with per-
ception and evaluation for controlling robots [2, 9-12]. EEG-based
interaction does not require overt motor actions or speech and can
operate alongside everyday activities, making it especially relevant
for users with motor and/or speech impairments. When combined
with artificial intelligence (AI), EEG has the potential to support
implicit, background interaction in domestic environments. Never-
theless, the research in advancing an EEG-based Al-driven interface
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for controlling domestic cleaning robots supporting differently-
abled communities is still under-explored, leading to a research gap.
Hence, this paper may ignite the field to promote development for
these vulnerable groups, assisting their more independent life.

However, EEG-based Al-driven approaches that treat neural sig-
nals as direct control commands risk introducing the Midas Touch
problem, in which transient perceptual or evaluative responses are
misinterpreted as intentional commands, leading to accidental or
unwanted system actions [13-17]. Noticing a spill does not nec-
essarily imply a desire for immediate intervention; users may be
resting, hosting guests, or prioritising other activities. Systems that
respond automatically to every detected appraisal risk increase
cognitive load, cause unwanted interruptions, and erode trust.

Recent work on human-Al alignment emphasises that alignment
is not a one-time optimisation problem but a dynamic, bidirec-
tional process that unfolds through interaction and adaptation over
time [18, 19]. Beyond mis-specified objectives, misalignment often
arises from fundamental differences in how humans and Al sys-
tems interpret, generalise, and act on signals in context, particularly
under uncertainty [20]. From this perspective, effective alignment
requires interaction-level mechanisms that enable humans to im-
plicitly critique, endorse, or veto Al behaviour during use, especially
in real-world settings where values, intentions, and tolerances for
intervention are situational and cannot be fully specified or reliably
inferred in advance [19, 21].

In this paper, based on Value Sensitive Design (VSD) [22-24], we
argue that EEG-based interaction with household cleaning robots
should be reframed as a process of negotiated agency. Rather than
considering Al-classified EEG signals as deterministic commands,
we propose interpreting them as probabilistic intent proposals that
initiate lightweight, interaction-level negotiation. The robot re-
sponds to inferred relevance with soft, minimally intrusive pre-
action cues, enabling users to implicitly confirm or veto proposed
actions without physical movement or speech. We present a value-
centred framework that integrates Al-driven EEG interpretation
with interaction-level decision rules to preserve human agency
while enabling accessible, context-aware assistance for indepen-
dent living. In summary, this research aims to address the following
research questions (RQs):

e RQ1:How do neural signals associated with perceptual aware-
ness and volitional endorsement manifest during household
cleaning scenarios, and how can Al models leverage these
patterns to distinguish between them?

e RQ2: How do soft-intervention cues mediate users’ implicit
acceptance or veto of Al-proposed robot actions across dif-
ferent domestic and social contexts?

e RQ3: How can negotiated, Al-driven decision rules balance
robot autonomy and human agency while reducing false
activations in household cleaning interaction?

2 Related Work
2.1 EEG-Based Robot Interaction and Implicit
Control

Prior work on EEG-based robot interaction with integrated AI mod-
els has largely relied on explicit command paradigms [9], includ-
ing motor imagery [25] and steady-state visual evoked potentials
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(SSVEP) [26, 27], to enable discrete command selection. While these
approaches demonstrate high performance in controlled laboratory
environments, they impose substantial cognitive and attentional
demands on users, requiring sustained focus, deliberate mental
effort, and extensive calibration or training. Such requirements are
difficult to maintain in everyday domestic settings, where attention
is fragmented, interaction is intermittent, and users may experience
fatigue, cognitive load, or motor impairments. Beyond EEG-specific
constraints, prior work in robot learning has similarly shown that
explicit human feedback is inherently limited in complex and dy-
namic task situations, as it requires deliberate evaluation, incurs
additional decision time, and becomes unreliable in ambiguous
cases where robot behaviour is neither clearly correct nor incorrect
[28]. Consequently, explicit command- and feedback-based inter-
action paradigms face significant barriers to practical deployment
beyond experimental contexts.

To address these limitations, more recent work has explored
implicit neural signals as supervisory input for autonomous sys-
tems, aiming to reduce reliance on the deliberate generation of
commands [28, 29]. However, most of these approaches treat neu-
ral responses as immediate triggers for system action, effectively
collapsing perceptual awareness [30, 31], the user’s noticing or ap-
praisal of a situation, and volitional endorsement [32], the user’s
permission to act, into a single control signal. As a result, such
systems remain susceptible to unintended activation and fail to ac-
count for the fundamental ambiguity between noticing a situation
and intending to act, undermining safety, trust, and reliability in
real-world human-robot interaction (HRI).

2.2 Human Agency and Accidental Activation
in Hands-Free Interaction

Within human-robot interaction, prior work has highlighted the
risks of accidental activation, over-automation, and miscalibrated
trust in hands-free and autonomous systems, particularly when
system behaviour is insufficiently aligned with user intent and situ-
ational context [33]. In assistive and ubiquitous computing settings,
such unintended actions can be especially disruptive, as they in-
crease cognitive load, generate confusion, and undermine user trust
and acceptance [34]. Recent HRI research further demonstrates
that user trust and acceptance are highly sensitive to how robotic
behaviour aligns with human expectations, values, and perceived
appropriateness, with misalignment leading to reduced trust and
degraded interaction quality [35].

These concerns are further amplified in EEG-based interaction
paradigms. EEG signals are inherently noisy, non-stationary, and
highly sensitive to contextual and user-state variations, making
reliable inference of intention fundamentally ambiguous [9]. When
coupled with embodied robotic systems operating in dynamic envi-
ronments, where unintended physical actions can carry safety and
usability consequences [36], EEG-driven interfaces face a height-
ened risk of false activations and over-responsiveness. This re-
inforces the need for interaction designs that explicitly separate
perception, evaluative judgment, and intentional control, to pre-
serve user agency, ensure appropriate trust calibration, and reduce
unintended system behaviour.
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Figure 1: Overview of the proposed Negotiated Agency Framework for EEG-based household cleaning robots. During stimulus
observation, neural signals (e;) are recorded while the user perceives the environment (e.g., dry debris or liquid spills). A
first-stage inference estimates perceptual relevance (p,, y» € {Relevant,Not Relevant}), indicating whether the situation is
appraised as potentially requiring cleaning. When relevance is inferred, the robot issues a pre-action cue that externalises
its intent proposal without committing to action. Following this cue, EEG signals (/") are used in a second-stage inference
to estimate volitional endorsement (p., y. € {Confirm, Veto, Unsure}), reflecting implicit acceptance, rejection, or hesitation.
Robot action is executed only when both relevance and confirmation are inferred; veto and hesitation default to inaction.
Social and situational contexts (e.g., caregiving, guest hosting, meditation) modulate endorsement, ensuring context-aware,

human-centred alignment under uncertainty.

VSD provides a principled framework for addressing these chal-
lenges by foregrounding human values such as autonomy, dignity,
and freedom from interruption. However, many EEG-driven sys-
tems incorporate values only implicitly, embedding them at the
level of model optimisation rather than at the level of interaction.
Consequently, users are often left without effective means to nego-
tiate or contest system behaviour during use.

2.3 Bidirectional Human-AI Alignment and
Interaction-Level Negotiation

Recent work on human-AI alignment increasingly characterises
alignment not as a one-time optimisation problem, but as an ongo-
ing, reciprocal process that unfolds through interaction, feedback,
and adaptation over time [19, 21]. From this perspective, misalign-
ment is not solely attributable to misspecified objectives or insuf-
ficient training data, but frequently emerges during deployment,
when Al systems encounter novel contexts, distributional shifts,
and underspecified or evolving human preferences. In particular,
prior work has shown that systematic differences in how humans
and Al systems interpret and generalise from signals and expe-
riences can lead to divergence between perceived relevance and
intended action, even when high-level goals appear to be shared
[20].

Despite these insights, much of the existing alignment literature
continues to prioritise model-level mechanisms, such as preference
learning, reward shaping, or post hoc evaluation, while paying com-
paratively less attention to interaction-level processes that allow
humans to shape system behaviour in situ throughout use [21].
Even within human-AI and HRI research, alignment is often implic-
itly assumed to occur through explicit feedback, corrective input,
or deliberate command signals. However, prior work in interactive
robot learning cautions that such assumptions rely on treating hu-
mans as reliable oracles, despite cognitive biases, ambiguity, and
inconsistency in human judgment and behaviour [37]. As a re-
sult, explicit command- or feedback-based alignment mechanisms
remain brittle in complex, real-world settings, and offer limited
support for expressing uncertainty, deferring action, or contesting
system decisions without disrupting ongoing activity.

Our work addresses this gap by operationalising negotiated
agency in the context of EEG-based household robotics. Rather
than using neural signals as direct or deterministic control com-
mands, we embed Al-driven EEG mechanisms within a two-stage
interaction loop that explicitly separates perceptual appraisal from
action execution. This design enables context-aware alignment by
allowing Al systems to surface tentative action proposals while
preserving the human’s ability to implicitly endorse or veto them
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during use. In doing so, our approach advances bidirectional align-
ment research by situating alignment at the level of interaction,
treating neural signals as conversational and probabilistic input
rather than deterministic control, and grounding alignment mecha-
nisms within the temporal, contextual, and value-laden realities of
domestic environments [19-21, 37].

3 Method

This work proposes a Negotiated Agency Framework that opera-
tionalises bidirectional human-AI alignment for household cleaning
robots (See Figure 1). Grounded in the VSD tripartite methodology
[22-24], the framework integrates three interdependent investiga-
tions: (i) a conceptual investigation of stakeholder value tensions in
domestic autonomy, (ii) an empirical investigation using a Wizard-
of-Oz (WoZ) paradigm [38-40] to examine lived value negotiations,
and (iii) a technical investigation that formalises Al-mediated EEG
inference as a value-representative control logic.

By employing this tripartite structure, we ensure that the techni-
cal mechanisms, specifically the thresholds for robot intervention,
are not arbitrary but are grounded in human values and validated
through interaction-level evidence. Central to this framework is
the ontological separation of perceptual awareness, intent proposal,
and action execution. EEG is treated not as a direct control modality,
but as a probabilistic indicator of human appraisal, allowing the
system to preserve human agency under uncertainty.

3.1 Conceptual Foundations: Stakeholder
Values and Situated Autonomy

The conceptual investigation establishes the normative founda-
tions of the framework by identifying the values at stake and the
stakeholders they affect. Following VSD principles, we distinguish
between direct stakeholders, such as the primary users with motor
and/or speech impairments, and indirect stakeholders, including
co-habitants, guests, or caregivers who are impacted by the robot’s
presence in the domestic sphere.

We identify a fundamental value tension between Cleanliness and
Calm and Non-Intrusion:

o Cleanliness encompasses hygiene, safety, and physical well-
being. For direct stakeholders with physical impairments,
this value is tied to functional independence because they may
be unable to address hazards, such as liquid spills, without
robotic assistance.

e Calm and Non-Intrusion represents dignity, privacy, and free-
dom from interruption. This value ensures the home remains
a space for rest and social interaction, free from over-vigilant
automation that may feel patronising or intrusive to both
direct and indirect stakeholders.

While traditional robotic systems often treat cleanliness or effi-
ciency as a singular optimisation objective, our framework treats
alignment as a situated and negotiable process. We argue that the
relative priority of these values is dynamic and contingent on en-
vironmental urgency (e.g., a slip hazard versus dust) and social
context (e.g., being alone versus hosting guests).

This conceptual framing provides the requirement for our tech-
nical design. The system must not act on perceptual triggers alone.
Instead, it must engage in a negotiation where the robot’s agency
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is contingent on human appraisal. By formalising this tension, the
framework avoids the Midas Touch problem, where every perceived
stimulus is misinterpreted as a command. Instead, it privileges the
user’s right to remain undisturbed unless a clear endorsement is
inferred.

3.2 Empirical Investigation: Wizard-of-Oz Study

To examine negotiated agency at the level of lived interaction, we
propose a WoZ study [38-40] that simulates an Al-driven, EEG-
informed household cleaning robot while retaining experimental
control over decision points (See Figure 1). The WoZ methodology
can be employed to isolate interaction dynamics under uncertainty,
without conflating user experience with the development of real-
time EEG decoding.

The primary objective of this study is not to evaluate EEG classi-
fication performance, but to understand how users perceive, inter-
pret, and respond to robot-initiated negotiation cues when intent
is ambiguous. While fully automated EEG-based systems would ul-
timately use neural signals for online inference, such systems need
to handle unconstrained domestic environments. WoZ enables the
robot to appear autonomous while allowing systematic exploration
of interaction timing, cue interpretation, and decision outcomes
under controlled conditions.

Experimental Design. The study follows a within-subject design.
Participants observe a sequence of household cleaning scenarios
while wearing an EEG headset. Scenarios are systematically varied
along three orthogonal dimensions:

e Environmental condition: liquid spill, dry debris (e.g.,
crumbs or dust), mixed debris, or no cleaning required.

e Urgency level: high (e.g., slip hazard or spreading liquid)
versus low (cosmetic or peripheral dirt).

e Social context: alone and relaxed, engaged in focused ac-
tivity, or hosting guests.

These dimensions are derived directly from the conceptual value
analysis and enable examination of how situational context modu-
lates perceived relevance, tolerance for interruption, and willing-
ness to accept robot intervention. Identical physical stimuli may
appear across different contextual conditions, ensuring that dif-
ferences in response arise from value-based appraisal rather than
stimulus salience alone.

Interaction Flow and Data Classes. Each trial proceeds according
to the following algorithmic sequence, which mirrors the intended
autonomous system while remaining under WoZ control. At each
stage, interaction data are associated with clearly defined semantic
classes.

(1) Stimulus Observation (Perceptual Appraisal). The par-
ticipant observes the environment while the EEG is recorded.
The robot remains idle, and no cues are presented. EEG seg-
ments recorded during this phase are associated with a per-
ceptual relevance label:

yr € {Relevant,Not Relevant},

indicating whether the participant appraised the scene as
potentially requiring cleaning. These labels are derived from
scenario design and post-trial reports.
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(2) Pre-Action Cue (WoZ-Controlled Intent Proposal). When

a scenario is designed to plausibly elicit cleaning relevance
(i.e., y, = Relevant), the wizard triggers a pre-action cue.
The cue is intentionally subtle and may be delivered through
a brief auditory signal (e.g., a soft chime or tonal pulse), a
minimal visual change (e.g., a light indicator or orientation
shift), or a gentle haptic feedback. It serves to externalise the
robot’s internal deliberation without demanding attention
or action. Importantly, this cue constitutes a proposal, not a
command, and does not commit the robot to action.

(3) Implicit Human Response (Volitional Appraisal). EEG
activity following the pre-action cue is recorded. These EEG
segments are associated with a second semantic label cap-
turing the participant’s volitional response to the proposal:

Y. € {Confirm, Veto,Unsure}.

Here, Confirm indicates endorsement of robot action, Veto
indicates rejection or disengagement, and Unsure reflects
hesitation or unresolved intent. During the WoZ study, these
labels are not inferred online but are assigned offline using
post-trial self-reports.

(4) Action Resolution (WoZ-Controlled). Depending on the
experimental condition, the wizard either initiates the clean-
ing action or withholds action. Inaction is treated as the
default outcome unless confirmation is explicitly designed
into the condition. Both Veto and Unsure are mapped to
inaction, reflecting a context-aware alignment strategy. To
the participant, the robot appears to resolve the decision
autonomously.

(5) Post-Trial Self-Report (Ground Truth). After each trial,
participants report whether they would have wanted the
robot to act (Confirm), preferred it not to act (Veto), or felt
uncertain (Unsure). Confidence ratings may additionally be
collected. These self-reports serve as ground truth for vali-
dating interaction outcomes and for labelling EEG data cor-
responding to both perceptual relevance (y,) and volitional
response (y).

Confirmation, Veto, and Hesitation Conditions. Stimuli are con-
structed such that identical physical dirt or debris may elicit differ-
ent volitional classes depending on context. Trials intended to elicit
Confirm responses pair cleaning stimuli with contexts in which
intervention is typically desirable and low-cost (e.g., being alone,
minimal cognitive engagement, potential safety risk). Trials in-
tended to elicit Veto responses pair identical stimuli with contexts
where intervention would plausibly violate values of peace, dignity,
or social appropriateness (e.g., hosting guests, resting, meditating).
A third class of trials is designed to induce Unsure responses, reflect-
ing situations in which participants may hesitate or feel ambivalent
about whether cleaning should occur.

Critically, the absence of confirmation following a pre-action
cue is treated as a veto. This design choice reflects both ethical
and practical considerations: under uncertainty, preserving peace,
privacy, and freedom from interruption is preferable to risking un-
wanted intervention. Hesitation is therefore treated as a meaningful
interaction outcome rather than as noise.
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Design Rationale. Two principles govern this WoZ design. First,
perceptual awareness is explicitly separated from action execu-
tion: noticing dirt is insufficient to trigger cleaning. Second, agency
is preserved through context-aware decision logic that privileges
inaction in the absence of clear endorsement. By embedding ne-
gotiation at the interaction level, the study enables examination
of how users experience Al behaviour that remains contingent on
human judgement rather than deterministic automation.

The WoZ study thus provides empirical grounding for the nego-
tiated agency framework. Observed class distributions and user re-
sponses inform the calibration of relevance and confirmation thresh-
olds, veto logic, and feedback modalities in the algorithmic model,
ensuring that subsequent automation is shaped by empirically ob-
served human values rather than purely optimisation-driven as-
sumptions.

3.3 Technical Investigation: Negotiated Agency
Through Two-Stage Intent Inference

This component specifies how negotiated agency is operationalised
as an explicit, implementable decision model (See Figure 1). At
the algorithmic level, alignment is realised through a two-stage
Al-mediated mechanism that deliberately separates perceptual ap-
praisal from wvolitional endorsement. This separation ensures that
noticing a potential cleaning situation is never conflated with an
intention to act.

Stage 1: Perceptual Relevance Inference (Intent Proposal). Let e;
denote an EEG segment recorded while the user observes the en-
vironment at time ¢. A first classifier f(-) maps features extracted
from e, to a probabilistic estimate of perceived cleaning relevance:

pr=0(f(er)),
where o(+) denotes the sigmoid function. This output corresponds
to a binary perceptual appraisal:

yr € {Relevant,Not Relevant}.

Importantly, p, represents an intent proposal rather than a com-
mand. A high relevance probability indicates that the user has
noticed or appraised a potential cleaning situation, but does not
imply any desire for immediate robot action.

When p, exceeds a relevance threshold «, the system is autho-
rised only to externalise its deliberation by issuing a pre-action cue.
No action is executed at this stage. If p, < a, the robot remains idle.

Stage 2: Volitional Endorsement Inference (Action Gating). Follow-
ing the pre-action cue, a second EEG segment e} is recorded. A
second classifier g(-) estimates the user’s volitional response to the
proposal:

pe=9g(ef™),
corresponding to a multi-class endorsement label:

Y € {Confirm, Veto,Unsure}.

Here, Confirm indicates implicit endorsement of robot action, Veto
indicates rejection or disengagement, and Unsure reflects unre-
solved or hesitant intent. Critically, only Confirm authorises exe-
cution; both Veto and Unsure map to inaction.

Robot action is therefore executed if and only if:

pr>a and pc>p,
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where f is a confirmation threshold associated with the Confirm
class. In all other cases, the system defaults to inaction.

Context-aware Alignment Strategy. This two-stage gating mech-
anism is intentionally context-aware. It ensures that perceptual
awareness alone cannot trigger cleaning and that the absence of
clear endorsement is treated as a veto. By privileging inaction under
uncertainty, the model directly addresses the Midas Touch prob-
lem, preventing transient cognitive appraisals or ambiguous neural
responses from being misinterpreted as intentional commands.

Relation to the Wizard-of-Oz Study. During the WoZ study, both
classifiers are conceptual rather than operational: pre-action cues
and action outcomes are controlled by the experimenter, while EEG
signals are recorded for offline analysis and labelling. Post-trial self-
reports provide ground truth for both perceptual relevance (y,) and
volitional endorsement (y.). This design allows the interaction logic
and class structure of the algorithm to be validated independently
of real-time decoding performance.

Adaptation and Personalisation. The thresholds a and f are value-
sensitive parameters reflecting priorities identified in the conceptual
analysis and observed in the WoZ study. In future deployments,
these thresholds may be adapted over time to support personali-
sation and long-term bidirectional alignment, allowing the system
to learn individual preferences while maintaining safety, trust, and
low interaction burden.

Together with the conceptual and empirical components, this al-
gorithmic model may complete a coherent methodological pipeline:
values motivate interaction design, interaction design constrains
algorithmic authority, and algorithmic mechanisms operationalise
negotiated agency in a form suitable for real-world deployment.

4 Discussion and Conclusion

This work introduces a Negotiated Agency Framework for EEG-based
household cleaning robots that advances human-robot interaction
beyond task execution toward interaction-level alignment. Rather
than addressing how robots optimise or execute cleaning actions,
the proposed method focuses on how assistive robots should decide
when to act in domestic environments characterised by uncertainty,
social context, and competing human values. In response to RQ1,
the framework establishes a principled distinction between neural
signals associated with perceptual awareness and those reflecting
volitional endorsement, reconceptualising EEG not as a direct con-
trol channel but as a probabilistic indicator of human appraisal
embedded within a context-aware, two-stage decision logic. This
separation enables Al models to distinguish between noticing and
permission, preventing perceptual signals from being prematurely
interpreted as commands and addressing the Midas Touch problem.

At the interaction level, and addressing RQ2, the framework
operationalises negotiation as an explicit and integral design mech-
anism. Instead of relying on explicit commands or continuous au-
tomation, the robot surfaces tentative action proposals through
soft, minimally intrusive cues and defers execution unless endorse-
ment is inferred. This interaction design enables users to implicitly
accept, veto, or hesitate in response to Al-proposed actions across
different domestic and social contexts, without physical movement
or speech. By treating hesitation and non-response as meaningful
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interaction outcomes rather than noise, the framework reflects the
situated and value-laden nature of domestic interaction.

Finally, in response to RQ3, the proposed method embeds context-
aware, Al-driven decision rules that balance robot autonomy with
human agency while reducing false activations in household clean-
ing interaction. Robot action is authorised only when both relevance
and endorsement are inferred; otherwise, the system defaults to
inaction. By privileging non-intervention under uncertainty, the
framework preserves users’ autonomy, dignity, and right to remain
undisturbed, while still enabling timely assistance when endorse-
ment is present.

Beyond the specific application of household cleaning, this work
contributes a generalisable approach to bidirectional human-Al
alignment in hands-free and neuroadaptive systems. By embedding
value-driven constraints directly into interaction logic and algorith-
mic authority, the framework shifts alignment from a model-level
optimisation problem to an interaction-level process that unfolds
during use. This perspective is particularly relevant for assistive
technologies intended for individuals with motor and/or speech
impairments, where accessibility must be balanced against the risks
of over-automation and loss of agency.

Limitations and Future Work. The proposed method is inten-
tionally context-aware and interaction-focused. While this design
prioritises autonomy preservation and safety, it may delay bene-
ficial intervention in borderline situations where user appraisal
remains ambiguous. Future work should therefore investigate adap-
tive strategies that retain context-aware defaults while enabling
gradual personalisation over time.

On top of that, the present framework centres on a core value
tension between cleanliness and calm. Extending the method to
incorporate a broader set of stakeholders, values, and long-term
household dynamics represents an important direction for further
research. Moreover, the development of dedicated evaluation met-
rics will be essential to assess not only AI model performance
within the technical investigation but also user experience, trust,
and perceived agency during interaction. Beyond standard clas-
sification metrics (e.g., accuracy, false positive rate, and latency),
future evaluations should incorporate interaction-level measures
such as perceived control, cognitive load, trust calibration, and
the frequency of unintended or missed actions. Longitudinal and
scenario-based user studies will be particularly important to cap-
ture how users adapt to the negotiation mechanism over time and
how the system influences autonomy, comfort, and acceptance in
everyday environments.

Finally, although the framework is articulated independently of
specific EEG decoding techniques, its effectiveness depends on the
practical separability of neural correlates associated with percep-
tual awareness and volitional endorsement. In real-world settings,
these signals are likely to be noisy, partially overlapping, and sub-
ject to substantial inter-subject and intra-subject variability. This
introduces a fundamental trade-off between sensitivity (detecting
true endorsement) and specificity (avoiding false activations), par-
ticularly under low signal-to-noise conditions. Future work should
therefore explicitly investigate the feasibility of this distinction
through empirical studies, including analyses of signal separability,
temporal dynamics, and robustness across users. Hybrid approaches
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that combine EEG with complementary modalities (e.g., contextual
sensing or behavioural cues) may further improve reliability while
preserving the hands-free interaction paradigm.
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