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ABSTRACT

Brain-computer interface (BCl)-enhanced lowerlimb rehabilitation exoskeletons
can translate movement-related brain signals into assisted walking, thereby linking
motor intention, robotic assistance, and sensory feedback. Existing evaluations of
these systems mainly focus on decoding accuracy, gait control, safety, and clinical
rehabilitation outcomes, but these indicators do not fully explain whether patients
experience assisted walking as self-initiated and related to their own effort. This paper
approaches this issue through the concept of sense of agency and proposes a loop-
based analytical framework for BCl-controlled exoskeleton rehabilitation. It suggests
that sense of agency depends not only on whether motor intention is accurately
decoded, but also on whether the decoded command is triggered within a plausible
temporal window, whether system responses remain stable across repeated training,
whether robotic assistance preserves the patient’s perceived contribution, and whether
sensory and contextual feedback can be meaningfully interpreted. On this basis, the
paper argues that assisted walking may feel machine-driven when patients cannot
integrate their intention, device response, limb movement, and feedback into a
coherent process of self-attribution. Conversely, agency may be better supported when
the system makes intention perceptible, assistance attributable, and shared control
understandable. This perspective reframes the design significance of low-latency
decoding, assist-as-needed control, and multimodal feedback: these features are not
only technical or clinical indicators, but also important design conditions for supporting
patients’ sense of agency during assisted movement.
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INTRODUCTION

Lower-limb rehabilitation exoskeletons have been widely investigated
as wearable robotic systems for gait training, mobility assistance, and
motor function recovery in patients with neurological impairments. In
clinical rehabilitation, these systems can provide repetitive, task-specific,
and physically supported gait training while reducing therapists’ physical
workload and improving the consistency of training delivery (Bortole et al.,
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2015; Marchal-Crespo & Reinkensmeyer, 2009). However, exoskeleton-
assisted rehabilitation does not automatically create an active rehabilitation
experience for patients. Many systems generate movement assistance
through pre-defined gait trajectories, therapist-triggered commands, joystick
control, or mechanical control strategies. These approaches can help patients
complete walking-like movements, but they do not necessarily ensure that
patients initiate the movement through their own motor intention (Bortole
et al., 2015; Ferrero et al., 2023).

Brain-computer interface technology offers one way to strengthen the
active component of exoskeleton rehabilitation. A BCI records brain
activity, identifies task-relevant neural patterns, and translates these signals
into commands for an external device, thereby creating a non-muscular
communication and control channel (Wolpaw et al., 2002). In motor
rehabilitation, BCI systems are especially relevant because they can connect
motor intention, device-mediated movement, and sensory feedback within
a closed-loop training process (Daly & Wolpaw, 2008; Pichiorri et al.,
2015). From this perspective, BCI-controlled exoskeletons should not be
understood only as assistive machines that move the limbs. They should also
be understood as rehabilitation systems that encourage patients to repeatedly
engage motor-related neural processes during training.

Patients’ experience of assisted movement has received less attention in
studies of BCl-controlled lower-limb exoskeletons. Existing studies have
mainly emphasized technical and clinical outcomes, including decoding
accuracy, gait control, safety, feasibility, and walking performance (Liu
et al., 2017; Ferrero et al., 2023). These outcomes are important, but they
do not fully explain whether patients experience assisted movement as self-
initiated and connected to their own effort. This experiential dimension can
be examined through sense of agency. Sense of agency refers to the subjective
experience that one is the initiator or controller of one’s own actions and
their consequences (Haggard, 2017; Moore, 2016). In BCl-controlled
rehabilitation, sense of agency is directly relevant because the clinical goal
is not only to produce limb movement, but also to support the patient’s
voluntary involvement in motor recovery (Daly & Wolpaw, 2008; Pichiorri
et al.,2015). A movement may be biomechanically successful, yet the patient
may still experience it as externally imposed rather than self-generated. This
distinction is central to lower-limb exoskeleton rehabilitation because the
system does not merely produce external device outputs; it assists movements
of the patient’s own limbs during walking-related tasks.

Sense of agency depends on how intention, action, sensory feedback,
and contextual interpretation are related. Predictive accounts emphasize
the match between expected and actual sensory consequences, whereas
multifactorial accounts suggest that agency depends on several cues, including
motor prediction, sensory feedback, environmental information, and higher-
level judgment (Synofzik et al., 2008; Moore, 2016; Haggard, 2017). These
accounts are particularly useful for BCl-controlled exoskeletons because
the patient’s motor intention, the BCI decoding result, the timing of robotic
assistance, and sensory feedback from the legs may not always be perfectly
aligned. Prior work on BCI-mediated and embodied interaction also suggests
that perceived control, feedback congruence, and sensorimotor relevance can
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shape whether users experience mediated actions as their own (Evans et al.,
2015; Caspar et al., 2021; Nierula et al., 2021).

For lower-limb BCI-controlled exoskeletons, the key design challenge is
to provide necessary motor assistance while preserving the patient’s sense of
agency. Assisted walking should not feel merely like movement produced by
a machine. Instead, patients should be able to experience assisted walking
as movement connected to their own intention, effort, and participation.
This paper therefore treats sense of agency as a central design consideration
in BCI-controlled lower-limb exoskeleton rehabilitation. The paper does
not aim to provide a systematic review of all empirical studies in this field.
Rather, it develops a theory-guided conceptual analysis that integrates
selected literature on sense of agency, BCI-mediated action, and rehabilitation
robotics. The analysis examines how agency may be supported or weakened
in the intention-action-feedback loop of exoskeleton-assisted walking.
By clarifying these agency-relevant mechanisms, the paper aims to inform
future system design and rehabilitation practice that better support patient
engagement, self-efficacy, and active participation in recovery.

FACTORS SHAPING SENSE OF AGENCY INTHE BCI-CONTROLLED
EXOSKELETON LOOP

intention
decoding

Decoded
and

Self-attribution

Contextual
feedback

assistance
Figure 1: BCl-controlled lower-limb exoskeleton loop.

The patient’s sense of agency in BCl-controlled lower-limb exoskeleton
rehabilitation depends on how motor intention is transformed into assisted
walking. Agency is therefore not located in a single component of the system,
such as the BCI decoder or the robotic controller. Instead, agency emerges
from a mediated intention-action-feedback loop in which motor intention is
detected, translated into robotic assistance, repeated across training cycles,
and interpreted through sensory and contextual feedback. This loop-based
analysis suggests that agency is not determined by one signal alone, but by
the integration of motor, sensory, contextual, and inferential cues (Synofzik
et al., 2008; Moore & Fletcher, 2012). This view also connects with human-
machine interaction research that treats sense of agency as a design-relevant
experience shaped by system control, feedback, and human-machine coupling
(Yu et al., 2024).

In ordinary voluntary movement, intention, motor command, predicted
sensory consequences, and actual bodily feedback are closely coupled.
Comparator and forward-model accounts suggest that sense of agency is
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supported when the predicted consequences of an intended action correspond
to actual sensory outcomes (Frith et al.,2000; Haggard, 2017). BCI-controlled
exoskeleton rehabilitation changes the ordinary relation between intention
and outcome because the system must infer the patient’s intention to initiate
a step from movement-related neural activity and convert that intention into
an executable command. The decoded command is therefore more than a
classifier output. It is the point at which the patient’s intention enters the
robotic control loop.

Once the decoded command brings the patient’s intention into the robotic
control loop, assisted stepping can feel self-initiated only if the patient can
relate the intention to move to the perceptual consequences of the step. Event-
coding and ideomotor accounts suggest that actions are partly represented
through their anticipated effects, rather than only through motor execution
itself (Hommel et al., 2001). In lower-limb exoskeleton use, these anticipated
effects may include leg movement, foot contact, weight shift, and body
displacement. When the decoded command preserves a meaningful relation
between the intended step and these expected effects, assisted movement can
remain connected to the patient’s own intention. When the system misses the
intention, misclassifies it, or triggers movement without a clear intention, the
same movement may feel externally generated. Work on BCl-exoskeleton
rehabilitation has therefore emphasized self-paced control, low-latency
online decoding, and neurofeedback from brain to limb as ways to support
active brain involvement during training (Liu et al., 2024).

After the intended action has been decoded, response timing further
shapes the intention-movement relation. Even when the decoded command
corresponds to the patient’s intended action, the assisted step may feel less
self-generated if the system responds too late or at an unexpected moment.
Research on intentional binding links agency to the perceived temporal
coupling between voluntary action and its consequences (Moore & Obhi,
2012). Wegner and Wheatley’s account of apparent mental causation
similarly emphasizes that the experience of will is strengthened when a
thought precedes an action in a plausible temporal relation and is consistent
with that action (Wegner & Wheatley, 1999). In BCl-controlled lower-limb
exoskeletons, delays may arise from signal acquisition, neural decoding,
control computation, or mechanical actuation. A long or variable delay can
make the step feel more like a machine-produced event than a movement
connected to the patient’s intention. Similar timing and control constraints
have been discussed in human-machine interaction, where delay, automation
constraints, and reduced decision control may limit users’ sense of agency in
machine-mediated actions (Zanatto et al., 2024).

Beyond the timing of a single step, the patient’s sense of agency also develops
through repeated interaction. Rehabilitation training depends on repeated
intention-movement couplings through which patients learn whether their
effort has a stable effect on the system. Consistent system responses may help
patients develop a durable feeling of control. Inconsistent or unpredictable
responses, by contrast, can make the control relation difficult for patients to
interpret. The importance of stable coupling is consistent with cue-integration
accounts, which suggest that agency depends on the reliability and weighting
of multiple cues rather than on one mechanism alone (Moore & Fletcher,
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2012). It is also supported by BCI-mediated agency research showing that
perceived control and feedback congruence can influence whether users
experience brain-machine actions as their own (Evans et al., 2015; Caspar
et al., 2021).

While repeated interaction concerns the stability of the control relation
over time, robotic assistance concerns the patient’s perceived contribution
within each assisted movement. Assisted walking is not simply the output
of the patient’s intention; it is a hybrid action produced through interaction
between the patient and the exoskeleton. Substantial assistance may be
necessary for safety, weight support, and gait completion, especially in
patients with severe motor impairment. However, when robotic assistance
dominates the movement, patients may experience walking as something
done to them rather than something they actively participate in. Insufficient
assistance can also weaken agency indirectly by producing repeated
failure, fear, or frustration. The design issue is therefore not to minimize
assistance, but to provide assistance in a way that preserves the patient’s
perceived contribution. This interpretation is consistent with rehabilitation
robotics approaches that emphasize adaptive or assist-as-needed control
rather than fixed, excessive assistance (Marchal-Crespo & Reinkensmeyer,
2009). Reviews of lower-limb exoskeleton control strategies also show
that assistance can be delivered through different control approaches with
different clinical implications, reinforcing the importance of how assistance
is provided (de Miguel-Fernandez et al., 2023).

Figure 2: BCl-controlled lower-limb exoskeleton and treatment scenario (Adapted
from RoboCT, 2026).

Finally, patients interpret assisted movement through sensory and contextual
feedback. Multifactorial accounts of agency suggest that agency depends
not only on motor prediction, but also on sensory feedback and higher-level
attributional judgment (Synofzik etal.,2008; Moore & Fletcher,2012).Inlower-
limb exoskeleton training, patients receive visual information about stepping,
proprioceptive sensations from joint movement, tactile and pressure cues from
limb-device contact and foot-ground interaction, and verbal feedback from
therapists. These cues help patients judge whether the movement is connected
to their own intention and effort. Feedback may be especially important
in BCI-mediated action because the user’s intention is translated through a
technological system rather than ordinary muscular execution. Evans et al.
(2015) showed that visual feedback can strongly influence sense of agency for
brain-machine actions, while HCI research also highlights the roles of system
feedback, computer assistance, and joint human-computer action in shaping
users’ feeling of control (Limerick et al., 2014). Weak, delayed, incongruent,
or poorly explained feedback may lead patients to attribute the movement
primarily to the machine. Feedback that clarifies the relation between intention,
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assistance, and bodily movement can instead support the experience of assisted
walking as a shared but self-relevant action.

Taken together, the BCI-controlled exoskeleton loop shapes agency
through several connected design and interaction conditions. These
conditions do not all describe the same type of system component: some
refer to processes within a single control loop, some refer to assistance
and feedback conditions, and repeated interaction refers to stability across
training cycles. They are grouped together because each condition influences
whether patients experience assisted walking as self-initiated and effort-
related. Table 1 therefore summarizes agency-relevant analytical dimensions
across the interaction loop, rather than treating them as identical technical
modules. This loop-based understanding shows that agency is not determined
by decoding accuracy or movement execution alone. Instead, agency
depends on how intention decoding, response timing, repeated interaction,
robotic assistance, and feedback interpretation jointly support the patient’s
experience of assisted walking as self-initiated and effort-related.

Table 1: Agency-relevant analytical dimensions across the BCl-controlled
exoskeleton loop.

Dimension Agency-Relevant Issue  How It Affects Agency Key Support
Misdecoded, missed,
' Whether the decoded or unintended Frith et al., 2000;
Intention command reflects the commands may break
. .. . Hommel et al., 2001;
decoding patient’s intended the link between motor
. . . Haggard, 2017
movement intention and assisted
action.
. Delayed ted
Whether assisted cayed or unexpecte
R N movement occurs within moyement may Wegner & Wheatley,
tirerfililo s¢ 1 olausible temporal make the step feel 1999; Moore & Obhi,
& b P disconnected from the 2012
window . .
patient’s intention.
— . Synofzik et al., 2008;
Whether intention— Inconsistent responses ynotzr et a
. . Moore & Fletcher,
Repeated movement coupling may prevent patients
. . : . 2012; Evans et al.,
interaction  remains stable across from developing a
.. : 2015; Caspar et al.,
training cycles stable feeling of control.
2021
Excessive assistance
. may make walking feel Marchal-Crespo &
. Wheth t . . . .
Robotic cther assistance , machine-driven, while ~ Reinkensmeyer, 2009;
. preserves the patient’s | . . . )
assistance . 0 insufficient assistance  de Miguel-Ferndndez
perceived contribution .
may produce failure or et al., 2023
fear.
Weak or unclear
feedback k i i .
Whether sensory and cedback may make Limerick et al.,
Feedback patients attribute 2014; Evans et al.,
. . contextual feedback )
Interpretation movement to the 2015; Tomas et al.,

supports self-attribution

machine rather than to
their own effort.

2023
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PRESERVING AGENCY WITHIN ASSISTED MOVEMENT

In assisted walking, the key design issue is not only how much support the
exoskeleton provides, but whether patients can still recognize the movement
as related to their own intention and effort. Because BCI-controlled
exoskeletons mediate the relation between intention and movement, agency
may be weakened when this mediation feels opaque or machine-driven.
Design should therefore help patients interpret the device response, perceive
their own contribution, and understand the shared nature of control.

Feedback is central to this process. A BCl-controlled exoskeleton may
execute a step successfully, but patients may still feel passive if they cannot
understand how their intention contributed to that movement. Feedback
should therefore clarify the relation among intention detection, device
response, and bodily movement, rather than only report task success or gait
performance. Such feedback can support self-attribution by helping patients
connect their intention with the assisted step (Synofzik et al., 2008; Moore
& Fletcher, 2012).

Robotic assistance should also preserve the patient’s perceived contribution.
Assist-as-needed control is valuable not only because it supports motor
learning and task completion, but also because it can prevent assistance from
becoming overly dominant. If assistance is excessive or opaque, walking may
feel like something done to the patient. If assistance is insufficient, repeated
failure or fear may also weaken agency. Assistance should therefore be
delivered as support for a movement the patient initiates or attempts, rather
than as a substitute for the patient’s own effort.

Shared control should be made understandable during repeated training.
Missed intentions, false triggers, delayed responses, or inconsistent assistance
may lead patients to believe that their effort has little influence over
movement. Patients need to understand which aspects of walking are linked
to their detected intention and which aspects are provided by robotic support
for safety and completion. This understanding matters because agency in
mediated action depends not only on actual control, but also on perceived
control and feedback congruence (Evans et al., 2015; Limerick et al., 2014).

Overall, an agency-centered perspective reframes low-latency decoding,
adaptive assistance, and multimodal feedback as more than technical or
clinical requirements. These features can support patients’ sense of agency
when they help patients experience assisted walking as a self-relevant action
rather than as movement produced by the machine alone.

CONCLUSION

BCl-controlled lower-limb rehabilitation exoskeletons are commonly
evaluated through decoding accuracy, gait assistance, safety, and functional
performance. These indicators are important, but they do not fully capture
whether patients experience assisted walking as part of their own action. This
paper argues that sense of agency provides a useful perspective for examining
this experiential dimension. In BCI-controlled exoskeleton rehabilitation,
agency emerges from a mediated intention-action-feedback loop in which
motor intention is decoded, translated into robotic assistance, repeated across
training cycles, and interpreted through sensory and contextual feedback.
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The analysis suggests that assisted walking is more likely to feel self-related
when patients can connect movement to their own intention, effort, and
perceived contribution. From this perspective, intention decoding, response
timing, repeated interaction, robotic assistance, and feedback interpretation
should notbe treated asisolated technical concerns. They should be understood
as connected conditions that shape whether patients can attribute assisted
movement partly to themselves rather than entirely to the machine. This
view reframes low-latency decoding, adaptive assistance, and multimodal
feedback as design concerns that support the patient’s interpretation of
assisted walking, not only as technical or clinical requirements.

Because this paper offers a conceptual analysis rather than empirical
validation, future studies should examine how sense of agency changes
during BClI-controlled exoskeleton training and how it relates to engagement,
self-efficacy, adherence, and rehabilitation outcomes. Such work may help
develop more patient-centered rehabilitation approaches that consider not
only whether assisted walking is successfully produced, but also how it is
experienced by patients.
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