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Chronic deep brain stimulation (DBS) systems require periodic battery-replacement surgery and typically operate open-
loop, delivering stimulation independent of the patient's underlying pathophysiological state. This paper proposes a
conceptual architecture for a battery-less, closed-loop DBS system that couple’s respiration-driven energy harvesting with
cerebrospinal fluid (CSF) biomarker sensing to trigger stimulation only when disease-relevant biomarker thresholds are
exceeded. Mechanical energy from diaphragmatic and thoracic-wall motion during breathing is converted to electrical
energy using piezoelectric or triboelectric transduction, rectified, and stored in a micro-supercapacitor or biodegradable
cell. A biodegradable, antibody-functionalized nanowire biosensor positioned at the dural venous sinus or spinal epidural
space monitors CSF-derived biomarkers — including amyloid-B, tau, neurofilament light chain, and a-synuclein — that
cross into venous blood during CSF clearance. When biomarker concentrations exceed a pathological threshold, a low-
power microcontroller triggers electrode stimulation from the stored charge, closing the loop between molecular disease
state and therapeutic delivery. We describe the proposed subsystems, identify five key engineering challenges with

Q\didate mitigation strategies, and outline a staged preclinical-to-clinical validation pathway. /
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KI'he architecture is presented as a design framework intended to motivate future experimental validation rather than as\
a demonstrated or clinically tested device.
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biomarkers, closed-loop neuromodulation.
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Introduction

Deep brain stimulation (DBS) is an established therapy for Parkinson's disease, essential tremor, dystonia,
and a growing set of neuropsychiatric indications. Commercial DBS systems, however, remain
fundamentally open-loop in most deployed configurations: the implanted pulse generator delivers
stimulation on a fixed or clinician-programmed schedule rather than in direct response to the patient's
underlying disease state. Implanted batteries additionally require periodic surgical replacement, exposing
patients to recurring procedural risk and cost.

Two enabling trends motivate the architecture proposed in this paper. First, flexible piezoelectric and
triboelectric transducers have demonstrated the ability to harvest usable electrical energy from intrinsic
physiological motion, including cardiac and respiratory cycles [1,2]. Second, implantable and
biodegradable biosensors have demonstrated real-time, in vivo detection of specific molecular species at
clinically relevant concentrations [3,4]. Neither line of work, to our knowledge, has been combined into a
single closed-loop neuromodulation system in which respiration supplies the stimulation energy and
cerebrospinal fluid (CSF) biomarker concentration supplies the triggering signal.

This paper makes four contributions: (1) a conceptual system architecture coupling respiration-driven
energy harvesting with CSF biomarker sensing for closed-loop DBS; (2) a comparative analysis of candidate
biosensor placement sites; (3) identification of five primary engineering challenges with candidate
mitigation strategies; and (4) a staged preclinical-to-clinical validation pathway. The proposal is presented
at the level of system architecture and design rationale; no physical prototype has been built or tested as
part of this work.

Related Work

Triboelectric nanogenerators (TENGs) have been used to power self-sustaining cardiac pacemakers by
harvesting mechanical energy from cardiac motion, demonstrating the feasibility of physiologically driven,
battery-free implant power [1]. Flexible piezoelectric energy harvesters conforming to the diaphragm and
other soft tissue surfaces have separately been shown to convert respiratory and other physiological
motion into usable electrical power [2]. On the sensing side, implantable graphene-based electrochemical
sensors have enabled real-time detection of neurochemical species such as dopamine in vivo [3], and
biodegradable sensor platforms have demonstrated transient, clinically relevant biomarker monitoring
without requiring surgical retrieval [4].

Research article | Raj AVK. J Neurol Sci Res. 2026, 6(2)-61.
DOI: http.//doi.org/10.52793/JINSR.2026.6(2)-61



http://doi.org/10.52793/JNSR.2026.6(2)-61

These four bodies of work jointly support the technical feasibility of the individual subsystems proposed
in this paper respiration-driven harvesting, rectification and storage, and CSF-relevant biomarker sensing
— but none combines them into a single closed-loop, biomarker-triggered neuromodulation system,
which is the gap this architecture addresses.

Proposed System Architecture
Respiration-driven energy harvesting subsystem
The proposed harvesting subsystem uses piezoelectric materials (e.g., lead zirconate titanate (PZT) or

polyvinylidene fluoride (PVDF)) or triboelectric nanogenerators embedded in a flexible implant positioned
near the diaphragm, chest wall, or nasal cavity. Mechanical strain generated during inhalation and
exhalation is converted to an alternating electrical signal, rectified, and stored in a micro-supercapacitor
or biodegradable battery for on-demand delivery to the stimulation electrodes.

Microbiosensor placement and CSF interface
Two candidate placement sites are considered. The dural venous sinuses (e.g., the superior sagittal sinus)

lie close to the arachnoid granulations through which CSF drains into venous blood, allowing detection of
biomarkers such as amyloid-B and tau as they cross into the venous compartment, without direct
penetration of the blood—brain barrier. The spinal epidural space offers a minimally invasive alternative
near the CSF-rich subarachnoid space, suitable for detecting biomarkers such as neurofilament light chain
(NfL) via a lumbar approach. The epidural route is favored where craniotomy risk is a primary design
constraint.

Biomarker detection strategy
Candidate target biomarkers include neurodegeneration-associated proteins (amyloid-B42, tau, NfL, a-

synuclein) and inflammation markers (GFAP, IL-6). Because most target biomarkers reach the venous or
epidural compartment only after passive diffusion and clearance, sensitivity at low concentration is a
primary design constraint. The architecture proposes surface-enhanced Raman spectroscopy (SERS) or
electrochemical signal amplification at the sensor front end, combined with a machine-learning classifier
trained to distinguish pathological concentration thresholds from baseline physiological noise.

Closed-loop control and stimulation circuit
(Figure 1) summarizes the proposed closed-loop architecture. The energy-harvesting chain (top) supplies

stored charge to a threshold-triggered switch. In parallel, the biosensing chain (bottom) continuously
monitors CSF-derived biomarker concentration; when the machine-learning classifier detects a
pathological threshold crossing, it signals the low-power microcontroller to gate stimulation current from
the supercapacitor to the DBS electrodes (thalamus or basal ganglia, depending on indication). Stimulation
is thus contingent on both the availability of harvested energy and the presence of a biomarker-confirmed
pathological state.
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Figure 1: Proposed closed-loop system architecture: respiration-driven energy harvesting (top) and CSF biomarker
sensing (bottom) jointly gate stimulation delivery.
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Design Challenges And Mitigation Strategies

(Table 1) summarizes five primary engineering challenges anticipated for this architecture, together with
candidate mitigation strategies drawn from the implantable-sensor and energy-harvesting literature.

Challenge Proposed Mitigation

Low biomarker Ultra-sensitive field-effect-transistor (FET) biosensors

concentration combined with Al-driven noise filtering.

Biofouling Anti-fouling coatings (e.g., polyethylene glycol, zwitterionic
polymers).

Energy efficiency Near-zero-power circuit design (e.g., memristor-
based logic).

Biocompatibility Biodegradable materials for transient implants (e.g., PLGA,
silk fibroin).

Spatial targeting Spinal or epidural placement for CSF access without
craniotomy.

Table 1: Design Challenges and Candidate Mitigations.

Proposed Validation Pathway

Preclinical studies
Large-animal models (sheep or pig) are proposed for initial validation of the energy-harvesting and

epidural sensor subsystems, given anatomical similarity to human respiratory and spinal geometry.
Biomarker-correlation studies in transgenic neurodegeneration models (e.g., APP/PS1 mice) are proposed
to establish the relationship between venous/epidural biomarker concentration and true CSF
concentration prior to any human study.

Clinical translation
A two-phase clinical pathway is proposed. Phase | would implant the epidural biosensor subsystem alone

without the closed-loop stimulation link — in patients already undergoing DBS or spinal stimulation for
chronic pain, to establish safety and biomarker-detection performance. Phase Il would integrate the
validated sensing subsystem with an adaptive, sensing-enabled DBS platform for Parkinson's disease,
closing the loop under clinical supervision.

Future Directions
Three extensions are identified beyond the core architecture. Multimodal sensing would combine

biomarker detection with pH and temperature sensing to monitor glymphatic clearance activity as an
additional control signal. Optogenetic synergy would substitute optical stimulation for electrical DBS,
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using the same biomarker-triggered control logic. Autonomous sensor networks would distribute multiple
biodegradable microbiosensors through the venous system for spatially resolved biomarker monitoring
rather than a single-point measurement.

Conclusion
This paper has proposed a conceptual architecture for a battery-less, closed-loop deep brain stimulation

system that harvests stimulation energy from respiration and triggers stimulation based on cerebrospinal
fluid biomarker concentration. Component-level feasibility is supported by prior work in physiologically
driven energy harvesting and implantable biosensing, though the integrated system described here has
not been built or tested. Spinal epidural or dural venous sinus placement is proposed as the preferred
minimally invasive biomarker-sensing route, and a staged preclinical-to-clinical pathway is outlined as the
basis for future experimental validation. Realizing this architecture will require close, sustained
collaboration between neuroengineers, materials scientists, and clinicians.
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