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ABSTRACT

Background and Aims: Controlling hand tremors in neurological
disorders like Parkinson's has gotten a lot of attention in recent decades.
The number of theories about closed-loop deep brain stimulation is
rapidly growing. The goal of this work is to offer a machine learning-
based automated closed loop system for the rehabilitation of Parkinson's
patients with hand tremor symptoms.

Materials and Methods: In the current study, vibration was simulated
using a mathematical model that included a muscle model, basal ganglia,
cortex, and supplementary motor area. To manage hand tremor, the non-
integer PID proportional controller, as well as the intelligent Proximal
Policy Optimization (PPO) algorithm as a subset of reinforcement
learning, are employed to adapt the coefficients.

Results: One of the advantages of the proposed method, aside from
reducing hand tremor and automatic learning to use at various levels of
the disease, which has yielded acceptable results when compared to
other control methods, is its practical implementation in the real world
due to the simplicity of the controller. The automatic adjustment of
artificial intelligence network coefficients in the presented strategy (PPO)
makes it simple to create intelligent system.

Conclusion: The proposed intelligent system significantly reduces the
side effects of continuous brain stimulation in the open-loop manner
stimulation, in addition to optimizing output signals such as hand tremor
compared to other controllers and being usable for all levels of the
disease due to its adaptability.
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Extended Abstract
Parkinson’'s disease (PD) stands as one of the most prevalent age-related

neurodegenerative disorders, second in incidence only to Alzheimer’s disease. It affects
approximately 10 million people globally, with incidence rising sharply after the age of
sixty. The disease is primarily associated with the progressive death of dopaminergic
neurons in the substantia nigra pars compacta (SNc), causing substantial disruption in
basal ganglia—thalamo—cortical signalling. The motor symptoms most characteristic of
PD — resting tremor, rigidity, bradykinesia, and postural instability — are driven by
pathological oscillations within this circuitry, with tremor displaying a frequency range
typically between 4—6 Hz.

Standard treatment approaches include pharmacological methods (most notably
levodopa), mechanical assistive devices incorporating inertial sensors, and surgical
interventions such as Deep Brain Stimulation (DBS). While levodopa and other drugs
remain effective in the early stages, their efficacy diminishes over time and they often
trigger severe long-term side effects. Open-loop DBS systems, by applying constant
electrical stimulation to targeted neural structures like the STN or GPi, reliably suppress
motor tremor but fail to adjust based on the patient’s real-time state. This absence of
feedback control leads to speech and vision problems, emotional disturbances, and
battery-hardware strain due to continuous high-amplitude pulses. The limitations of both
drug therapy and open-loop DBS underline the pressing need for closed-loop systems
able to adapt stimulation dynamically and intelligently, responding to fluctuating
conditions and disease progression.

Objectives

The core aim of this study was to develop and validate within simulation an adaptive
closed-loop DBS controller that integrates a fractional-order Proportional—Integral—
Derivative (PID) controller with a Proximal Policy Optimization (PPO) reinforcement
learning algorithm. The motivation for this hybrid architecture is twofold: fractional-order
PID provides superior flexibility in tuning time—frequency response to complex,
nonlinear physiological systems; PPO enables continuous, data-driven optimization of
controller parameters in real time, adjusting automatically to varying patient conditions

and disease stages.
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Materials and Methods

Physiological System Modelling

To ensure realism, a comprehensive model of the basal ganglia—thalamo—cortical loop
was constructed. Each nucleus was represented as a first-order system, calibrated with
gain parameters to reflect excitatory or inhibitory dominance. The model included:

Striatum (STR): Receiving cortical and thalamic input, primarily inhibitory GABA
outputs to the GPi/GPe.

Substantia nigra pars compacta (SNc): Dopaminergic output modulating striatal
processing, incorporating nonlinear tremor generation functions to reflect pathological
oscillations.

Globus pallidus externus (GPe) & internus (GPi): Relay structures modulating STN
and thalamic activity.

Subthalamic nucleus (STN): Excitatory output to GPi, modelled with gain blocks
representing hyperexcitatory PD states.

Relay excitatory neurons (REN), thalamic reticular nucleus (TRN), local inhibitory
interneurons (LIS): Providing refinements in feedback signalling.

Connection strengths were encoded through gain constants gg for excitatory and 1/g1/g
for inhibitory pathways, with g values varied to represent disease severity (e.g., g = 1,
mild; g = 10, acute).

Musculoskeletal Dynamics

Upper limb tremor was simulated via the Hill-type muscle model, comprising:

Series Elastic Element: modelling tendon elasticity;

Parallel Elastic Element: representing connective tissue stiffness;

Contractile Element: active muscle fibres, force generation dependent on muscle
length;

Viscous damping component: capturing dissipative properties of muscle tissue.

The model translated cortical motor signals into joint displacement angles, enabling
measurement of tremor amplitude over time.

Controller Design: Fractional-Order PID

The DBS control signal was generated by a fractional-order PID controller:

https://jsmt.khu.ac.ir/
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C(s)=kp+kisA+kdsp
C(s)=kp+sAki+kdsp
Here, kpkp, kiki, and kdkd denote proportional, integral, and derivative gains; AA and pp
are fractional orders enabling intermediate behaviours between pure differentiation and
integration, offering greater adaptability to system dynamics. Fractional operations were

defined via the Grinwald—Letnikov form:

Daf(t)=h—0limha1j=03 |t/h](=1)j(ja)f(t-jh)
and implemented using CRONE approximation to transform fractional powers into
realizable rational transfer functions in the defined frequency bandwidth.
Reinforcement Learning Optimization with PPO
The PPO algorithm was selected for its ability to handle continuous action spaces and
to maintain training stability through clipped policy updates. The hybrid control system
employed:

Actor Network: generating fractional PID parameters based on tremor amplitude,
velocity, and prior stimulation patterns.

Critic Network: estimating the value function for each state.

Target Networks: stabilizing training by providing delayed parameter updates.
State variables comprised tremor amplitude, error signal between desired and actual
tremor suppression, and control effort. Actions adjusted kp,ki,kd,A,ukp,ki,kd,A,u in real
time. Rewards were calculated as:
rt=1tremor2+e
rt=tremor2+e1
with a small ee for numerical stability, incentivizing rapid tremor suppression with
minimal stimulation changes.
The controller’s tuning procedure involved simulation episodes in MATLAB Simulink,
where the PPO agent interacted with the physiological-muscular model, learned optimal
parameter adaptation policies, and stored them for deployment in the hybrid controller.
Results
Scenario 1: Mild vs Acute PD
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Comparisons between the hybrid PPO—fractional PID controller, conventional PID, and
PI controllers in g = 1 (mild) and g = 10 (acute) conditions showed:

Rapid tremor suppression in both cases: amplitude reductions exceeding 80% within
seconds under acute conditions.

Stable convergence without overshoot or oscillatory instability.

Smoother actuation signals, reducing risk of patient discomfort.
Scenario 2: Robustness Across g € [1,10]

When disease severity was varied continuously across g from 1 to 10:

The hybrid controller consistently achieved lower mean tremor amplitudes than
comparators.

The standard deviation of tremor output was reduced, demonstrating robust stability.

Muscle activation profiles indicated balanced agonist—antagonist activity, avoiding
harmful co-contractions.
Energy efficiency analysis projected approximately 18% lower stimulation duty cycles
relative to conventional PID, indicating potential for extended battery life in clinical DBS
units.
Discussion
Fractional-order PID enables finer tuning of control response curves, matching the
nonlinear and variable-frequency nature of pathological tremor more closely than
integer-order designs. PPQO’s continuous policy updates ensure that parameters remain
optimal despite slow drifts in physiological properties over disease progression. Unlike
deep deterministic policy gradient (DDPG), PPO does not require intensive manual
hyperparameter tuning and exhibits greater training stability; unlike discrete-action
algorithms such as Deep Q-Learning (DQL), PPO easily handles continuous stimulation
outputs, crucial for DBS control.
Clinically, the hybrid approach promises:

Personalized stimulation curves for each patient’s evolving state.

Reduction in adverse effects linked to excessive stimulation.

Longer device life cycles through optimized energy consumption.

https://jsmt.khu.ac.ir/
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Although validated only in simulation, the physiological fidelity of the model supports
feasibility for hardware-in-the-loop testing and eventual patient trials.

Conclusion

This study introduces and validates in simulation an adaptive closed-loop deep brain
stimulation (DBS) system that integrates fractional-order Proportional—-Integral—
Derivative (PID) control with Proximal Policy Optimization (PPO) reinforcement learning.
The combination leverages the frequency-domain flexibility of fractional-order PID with
the dynamic adaptability of PPO, overcoming key limitations of conventional controllers
and static stimulation regimes.

Evaluations on a physiologically realistic basal ganglia—thalamo—cortical and
musculoskeletal model showed consistent tremor suppression across mild to acute
Parkinsonian states. The system achieved rapid convergence, minimized overshoot,
and proved robust to parameter variations. Energy savings of around 18% compared to
traditional PID point to extended device life and fewer surgical interventions for battery
replacement.

Real-time personalization through PPO allows continuous re-optimization of control
parameters, reducing risks of overstimulation side effects such as speech or vision
impairment. While limited to in silico validation, the model's physiological fidelity
supports progression to hardware-in-the-loop testing for safety and performance
assessment under realistic noise and latency. Future extensions could target multi-
symptom control, managing tremor, rigidity, and bradykinesia simultaneously.

In summary, the hybrid system offers a promising step toward intelligent, patient-
specific neuromodulation therapies, potentially improving quality of life and the
sustainability of DBS treatment.

Ethics Statement:

The present study was conducted entirely within a computational simulation framework
and did not involve any human participants, patient data, or animal experiments. All
modelling and validation procedures adhered to the ethical principles outlined in the
Declaration of Helsinki for research integrity. Since no biological samples or clinical

interventions were performed, formal approval from an institutional ethics committee
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