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Abstract

Effective neurorehabilitation depends on restoring the biological learning loop that links motor intention,
movement execution, and sensory feedback. After neurological injury such as stroke, patients frequently
attempt to move but cannot generate sufficient muscle contraction to produce visible movement or
proprioceptive confirmation. When the brain does not receive sensory feedback confirming that an
attempted action produced a result, reinforcement of the motor pathway weakens and recovery slows.
Closed loop rehabilitation systems address this gap by detecting voluntary neural signals and converting them
into assisted movement within a coherent time window. This paper explains the principles of closed loop
neurorehabilitation and describes how the Stimel-03 platform operationalizes these mechanisms through
EMG intent detection, BioRhythmIQ signal processing, adaptive activation thresholds, and synchronized
stimulation.

Clinical Problem or Rehabilitation Gap

Motor recovery after neurological injury requires the brain to reconnect motor intention with physical action.
In the early phases of stroke rehabilitation many patients generate genuine descending motor drive but
cannot produce sufficient muscle activation to create visible movement. Surface electromyography often
detects weak voluntary motor unit activity even when clinical observation suggests paralysis [3].

When attempted movements fail to produce sensory confirmation the brain receives little evidence that the
motor command produced an effect. The absence of proprioceptive reinforcement disrupts the association
between intention and movement that is required for neuroplastic adaptation. Rehabilitation systems must
therefore restore the link between motor intent and sensory feedback so that attempted actions again
produce meaningful reinforcement of motor circuits.

Scientific or Physiological Basis

Neuroplastic recovery depends on repeated activation of motor pathways within a coherent sensorimotor
loop. When intention, movement, and sensory feedback occur together within a biologically meaningful time
window, synaptic connections associated with the movement become stronger. This associative process
underlies motor relearning following neurological injury.

Associative motor learning follows Hebbian reinforcement principles in which temporally aligned neural
activity strengthens synaptic connections. When voluntary motor intent is immediately followed by
movement and proprioceptive confirmation, the brain links the command with its sensory consequence.
Preserving this temporal alignment is therefore critical for rehabilitation systems designed to promote
functional recovery.

Surface electromyography provides a practical method for detecting voluntary motor unit activation.
Voluntary EMG signals associated with motor unit action potentials typically occupy a frequency band of
approximately 20-500 Hz, allowing physiologic activity to be distinguished from motion artifacts and
environmental noise [3]. Even in early stroke recovery, small bursts of EMG activity can indicate genuine
voluntary motor intent.
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Detecting these weak signals is critical because they represent the earliest evidence that descending motor
pathways remain partially functional.

Mechanism of Closed Loop Neurorehabilitation

Closed loop neurorehabilitation systems respond directly to the patient’s voluntary neural activity. Instead of
delivering stimulation according to a predetermined schedule, the system detects the patient’s attempt to
move and assists the intended action.
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Figure 1. Conceptual Closed Loop Neurorehabilitation Cycle This cycle illustrates how closed loop systems reconnect the
patient’s intention with sensory confirmation, enabling associative motor learning even when voluntary contraction is
initially weak.

The closed loop rehabilitation model involves four sequential stages.

e Detection of voluntary motor intent
e Signal interpretation through real time processing
e Conversion of intent into assisted contraction
e Sensory feedback confirming the movement
When these stages occur within a coherent time window the brain can associate intention with movement

and strengthen the corresponding neural pathway. This alignment is essential for effective motor learning
and rehabilitation.

Stimel-03 Implementation
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Stimel-03 implements the closed loop rehabilitation model through an integrated system architecture
combining EMG detection, BioRhythmIQ signal processing, adaptive activation thresholds, and synchronized
stimulation.

Surface EMG acquisition captures voluntary motor unit activity generated by the patient’s attempt to move.

BioRhythmlQ signal processing isolates physiologic EMG signals while suppressing interference from motion
artifacts, electrode movement, muscle cross talk, and environmental electrical noise such as 50 or 60 Hz
power line interference [2]. Through filtering and artifact suppression the system improves the signal to noise
ratio and increases the reliability of voluntary intent detection.

Adaptive activation thresholds continuously adjust to the patient’s current neuromuscular state [4]. Rather
than relying on fixed trigger levels, the system evaluates recent EMG signal characteristics and updates the
activation threshold dynamically. This allows the platform to respond to weak or fluctuating voluntary
activation that conventional EMG triggered systems often miss.

When voluntary EMG activity crosses the adaptive threshold the system delivers stimulation that assists the
intended movement. System latency remains within a short physiological window so that voluntary intent,
assisted contraction, and proprioceptive feedback are perceived as part of the same motor event.
Maintaining this temporal alighment strengthens neural reinforcement and supports effective motor
relearning.

Stimel-03 Differentiation from Conventional EMG Triggered FES

Conventional EMG triggered stimulation systems typically treat EMG as a binary trigger event based on a
fixed threshold level. Weak voluntary signals that fall below this threshold are often ignored, particularly
during early stage recovery when motor unit recruitment is minimal.

Stimel-03 interprets EMG as a dynamic signal representing evolving motor intent. Adaptive thresholds adjust
continuously to the patient’s capability, allowing detection of low amplitude voluntary activity. BioRhythmIQ
signal processing improves discrimination between true motor unit activation and noise, while low latency
stimulation preserves the biological timing required for associative learning. Together these capabilities allow
intention driven rehabilitation even when visible movement is absent.

Clinical Applications

Several rehabilitation scenarios illustrate the clinical use of closed loop neurorehabilitation.

Early stroke wrist extension

A patient attempts wrist extension but produces only weak EMG activity without visible movement. Stimel-03
detects the motor intent and triggers stimulation, allowing the patient to see and feel the intended
movement. Repeated intention driven cycles reinforce voluntary control of the extensor muscles.

Hand opening during upper limb retraining
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During grasp release training a patient generates low amplitude voluntary activation that is insufficient to
open the hand. The system assists the movement and reinforces the connection between voluntary effort
and sensory confirmation.

Ankle dorsiflexion during gait rehabilitation

A patient attempting dorsiflexion during walking produces minimal activation of the tibialis anterior muscle.
Stimel-03 converts the detected effort into assisted contraction, improving foot clearance and reinforcing the
motor pattern required for gait.

Clinical Scenario Example

A 64 year old patient 10 days after ischemic stroke attempts wrist extension during therapy but produces no
visible movement. Surface EMG reveals microvolitional bursts of approximately 12-20 uV in the extensor
muscle group. Stimel-03 detects this early voluntary activity and delivers synchronized stimulation that
produces visible wrist extension. The patient observes the movement and experiences proprioceptive
feedback confirming the intended action. Repeated intention driven cycles strengthen the association
between voluntary effort and motor output and support the gradual return of independent wrist extension.

Clinical Impact

Closed loop rehabilitation systems allow therapy to begin earlier in recovery when voluntary EMG activity
exists but visible movement has not yet returned [1]. By converting weak voluntary intent into assisted
movement these systems restore the biological learning loop that supports neuroplastic adaptation.

Patients experience a stronger connection between attempted actions and observed outcomes, which
increases engagement and encourages repeated activation of recovering motor circuits. Increased repetition
and consistent sensorimotor reinforcement are key drivers of functional recovery in neurorehabilitation.

Integration into therapist workflow is straightforward. Surface electrodes are applied in the same manner as
standard EMG or stimulation therapy, and sessions can be incorporated into conventional physiotherapy or
occupational therapy exercises. Therapists guide task oriented movements while the system detects
voluntary intent and provides synchronized assistance, allowing closed loop reinforcement to occur during
normal rehabilitation activities.

Key Takeaways for Clinicians

e Motor recovery requires restoration of the intention movement feedback learning loop.
e Weak voluntary EMG signals may exist even when visible movement is absent.
e Closed loop rehabilitation systems convert detected intent into assisted movement.

e Stimel-03 operationalizes closed loop neurorehabilitation through EMG detection, BioRhythmIQ
signal processing, adaptive thresholds, and synchronized stimulation.

e These mechanisms allow patients to participate actively in rehabilitation earlier in recovery.
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Conclusion

Closed loop neurorehabilitation restores the fundamental biological learning cycle required for recovery of
voluntary motor control after neurological injury. When patients attempt to move but cannot generate
visible contraction, the brain receives little sensory confirmation that the motor command produced a result.
Without this reinforcement, opportunities for neuroplastic adaptation are limited and motor recovery may
slow.

Closed loop rehabilitation systems address this problem by detecting voluntary motor intent and converting
it into assisted movement that occurs within a coherent physiological time window. By synchronizing
stimulation with the patient’s own neuromuscular activation, these systems reconnect intention, movement
execution, and sensory feedback. This temporal alignment allows the nervous system to associate voluntary
effort with successful movement and reinforces the neural circuits responsible for motor control.

Stimel-03 operationalizes this rehabilitation model through integrated EMG detection, BioRhythmIQ signal
processing, adaptive activation thresholds, and synchronized stimulation delivery. These mechanisms enable
the system to detect weak voluntary neuromuscular signals that often appear early in recovery and translate
them into meaningful therapeutic movement. By restoring the sensorimotor learning loop and enabling
earlier participation in active rehabilitation, closed loop systems such as Stimel-03 support progressive
strengthening of voluntary motor pathways and contribute to functional recovery following neurological
injury.
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