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Abstract

Neuromuscular recovery after stroke and other neurological injuries depends on restoring voluntary motor
control through repeated activation of damaged neural pathways. Many patients exhibit early motor intent
that produces low-amplitude electromyographic (EMG) activity even when visible movement cannot yet
occur. Closed-loop neuromuscular rehabilitation systems address this gap by detecting voluntary
neuromuscular signals and synchronizing electrical stimulation with the patient’s effort. By linking motor
intent, muscle activation, and sensory feedback, these systems create a structured therapeutic cycle that
supports neuroplastic reorganization. This white paper outlines the clinical and engineering foundations of
EMG-based closed-loop therapy and describes how platforms such as Stimel-03 integrate signal detection,
visual biofeedback, and intention-synchronized stimulation into a patient-driven rehabilitation model.

Clinical Challenge in Early-Stage Motor Recovery

Voluntary motor control often persists even when overt movement is absent. After stroke, weakened
descending neural drive may still recruit small motor units, producing EMG signals that reflect genuine motor
intent. However, these signals are typically too weak to create joint movement, limiting the patient’s ability
to practice functional tasks during early therapy.

Because motor relearning depends on repeated activation of sensorimotor pathways, the inability to convert
early neuromuscular activation into meaningful movement slows recovery. Technologies capable of detecting
and reinforcing these subtle signals enable patients to participate actively in rehabilitation earlier,
transforming intention into measurable therapeutic engagement.

Principles of EMG Biofeedback

Surface electromyography provides real-time visibility into muscle activation. Even without visible
movement, motor unit action potentials generate detectable electrical activity that can be processed and
displayed to the patient.

EMG biofeedback improves motor learning by helping patients recognize successful muscle activation,
encouraging graded modulation of voluntary effort, and increasing engagement by translating effort into
immediate visual feedback.

Over repeated practice, biofeedback supports refinement of voluntary activation strategies and strengthens
the neural circuits responsible for motor control.

Page 2



Stimel-03 White Paper Series White Paper 2 — EMG Biofeedback and Closed-Loop Rehabilitation

4 h
+
- " * | Neat
i 4 —— o . u.w ‘
-‘—-—-"""“-' e
—
0 -~ |

Figure 1. EMG Biofeedback Signal Detection Surface EMG electrodes detect electrical activity generated by muscle
fibers during voluntary contraction. The signal is processed and displayed as visual biofeedback, allowing patients and
clinicians to observe neuromuscular activation in real time.

Closed-Loop Neuromuscular Rehabilitation

Closed-loop rehabilitation systems extend EMG biofeedback by linking physiological monitoring directly to
therapeutic intervention. Instead of simply displaying muscle activity, these systems use EMG signals to
trigger electrical stimulation that assists the intended movement.

The rehabilitation cycle can be summarized as:

Voluntary Intent - EMG Detection — Timely Stimulation = Movement Success — Sensory Feedback —
Neural Reinforcement

This temporal pairing between voluntary neural drive and assisted movement reinforces sensorimotor
pathways according to well-established principles of activity-dependent neuroplasticity.

Synchronizing stimulation with voluntary activation strengthens associative learning mechanisms that
support reorganization of motor pathways within the central nervous system.
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Figure 2. EMG-Triggered Closed-Loop Stimulation Voluntary motor intent produces EMG activity in the target muscle.
When the detected signal exceeds a predefined activation threshold, electrical stimulation is triggered to assist the
intended movement. This closed-loop process links motor intent, muscle contraction, and sensory feedback, reinforcing
neural pathways responsible for voluntary movement.

Engineering Foundations of EMG-Triggered Therapy

Detecting early voluntary activation signals presents engineering challenges because EMG amplitudes during
weak contractions may be extremely small and easily obscured by electrical noise, motion artifacts, and
variations in skin impedance.

Advanced closed-loop rehabilitation systems therefore employ several signal-processing strategies:

e Signal filtering pipelines optimized for low-amplitude motor unit potentials

e Artifact rejection algorithms that suppress motion-related noise

e Adaptive activation thresholds that adjust to patient-specific signal patterns

e Low-latency signal processing to preserve synchrony between voluntary intent and stimulation

delivery

These capabilities ensure that stimulation is triggered reliably and at the correct phase of the patient’s
voluntary effort, allowing weak neuromuscular activation to translate into meaningful therapeutic
movement.

Stimel-03: Intention-Driven Rehabilitation Platform

Stimel-03 integrates EMG detection, visual biofeedback, and electrical stimulation into a unified
neuromuscular rehabilitation system designed for intention-driven therapy.
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Surface electrodes detect voluntary neuromuscular activation attempts from the target muscle group. EMG
signals are processed in real time and displayed visually so that patients can observe their effort during
therapy.

When the detected EMG activity exceeds a predefined activation threshold, electrical stimulation is delivered
to assist the intended movement. This synchronized interaction between voluntary activation and stimulation
allows patients to convert weak neuromuscular signals into functional movement.

Clinicians can adjust stimulation parameters and activation thresholds according to the patient’s
rehabilitation stage. As voluntary motor control improves, stimulation support can gradually decrease while
voluntary activation becomes the dominant driver of movement.

BioRhythmIQ Signal Processing Architecture

The BioRhythmIQ signal processing architecture used in Stimel-03 is designed to detect extremely weak
neuromuscular activation signals that often appear during early stages of recovery.

The system isolates low-amplitude motor unit action potentials through a structured signal-processing
pipeline:

Acquisition — Signal Filtering — Artifact Suppression = Adaptive Threshold Detection — Trigger Logic =
Stimulation Output

During acquisition, EMG activity from the target muscle is captured through surface electrodes. The signal
then passes through filtering stages that isolate physiologically relevant frequency components while
suppressing environmental electrical noise. Artifact-suppression algorithms remove disturbances caused by
motion, electrode impedance shifts, and external electrical interference.

An adaptive detection threshold evaluates the processed signal to determine when genuine voluntary
activation occurs. Once this threshold is exceeded, trigger logic initiates stimulation that assists the intended
movement while preserving the temporal relationship between neural intent and motor output.

By enabling reliable detection of early voluntary activation attempts, the system allows therapeutic
stimulation to reinforce motor intent even before visible movement becomes possible, allowing patients to
begin active rehabilitation earlier in the recovery process.
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Figure 4. BioRhythmIQ Signal Processing Flow Acquisition = Filtering = Artifact suppression = Adaptive threshold
detection = Trigger logic = Electrical stimulation. The architecture converts weak neuromuscular signals into reliable

therapeutic triggers while maintaining synchronization between patient effort and assisted movement.

Unified Electrode Architecture

Stimel-03 uses the same electrode configuration for both EMG sensing and electrical stimulation. This unified
architecture simplifies electrode placement and reduces therapy setup complexity.

Using a single electrode interface ensures that sensing and stimulation occur at the same anatomical

location, improving signal consistency while reducing placement variability between sessions. The result is a

streamlined clinical workflow with fewer technical steps for therapists.

Clinical Applications and Use Cases

e Closed-loop EMG-triggered rehabilitation supports a range of neuromuscular recovery scenarios.

e Upper limb rehabilitation often targets wrist extension, finger opening, and grasp control. EMG-

guided stimulation assists patients in performing functional reaching and grasping movements that

are essential for daily activities.

e Lower limb rehabilitation commonly focuses on ankle dorsiflexion and knee stabilization during gait

training. EMG-triggered stimulation can assist stepping movements and improve walking mechanics

during therapy sessions.

e Closed-loop systems are particularly valuable during early recovery phases when EMG activity is
present but visible movement is minimal.

Clinical Impact
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Synchronizing electrical stimulation with voluntary motor intent enhances patient engagement, increases
repetition of meaningful motor activity, and reinforces sensorimotor pathways responsible for movement
recovery.

By transforming weak voluntary activation into successful movement attempts, EMG-guided therapy allows
patients to actively participate in generating therapeutic movement rather than receiving passive stimulation.

This approach supports progressive strengthening of voluntary motor pathways and contributes to functional
recovery over time.

Key Takeaways for Clinicians

e EMG-triggered functional electrical stimulation improves voluntary upper-limb motor recovery
compared with passive stimulation approaches [3,4,8].

¢ Timing-synchronized stimulation enhances sensorimotor integration and promotes cortical
reorganization following neurological injury [1,2].

e Detection of weak EMG signals allows patients with minimal visible movement to begin active
rehabilitation earlier in the recovery process [4,6].

e Closed-loop neuromuscular training increases meaningful repetitions of motor activity, which is a key
driver of neuroplastic adaptation and functional recovery [2,7].

Conclusion

Closed-loop neuromuscular rehabilitation systems do more than assist movement. By pairing voluntary intent
with assisted motion and sensory feedback, they create a continuous interaction between motor commands
and sensory input. This interaction is fundamental to motor relearning because the nervous system depends
on sensory information to refine and stabilize newly emerging motor patterns.

Understanding how biofeedback and proprioceptive signals influence this process is therefore critical for
designing effective rehabilitation technologies. Systems such as Stimel-03 demonstrate how detecting weak
neuromuscular activation, providing real-time feedback, and delivering synchronized stimulation can
transform voluntary effort into meaningful therapeutic movement.

By integrating physiological monitoring, patient engagement, and targeted stimulation, intention-driven
rehabilitation platforms support neuroplastic adaptation and functional recovery while establishing the
sensory motor feedback loop that underpins modern neuromuscular rehabilitation.
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