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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.

https://creativecommons.org/licenses/by-nc/4.0/

https://jsmt.khu.ac.ir/
1


https://creativecommons.org/licenses/by-nc/4.0/
0000-0002-7312-4528
0009-0007-3434-0192
0000-0001-8137-0860
https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

VE ¥ 05l ¢ @gurgomns 093 (5 y9ld 5 (59 b 43 Lidg3

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

G963 9 (W9 b 40 g R

YOAA-TAYO : i i L  FYOY—-Y-A :olr by s
~ Homepage: https:/jsmt.khu.acir -
. - &2 . & & oo . e . o
g 3 O slowt (3193 (G139 mlo S T OU g (o (SRl A Al J S
BT i ol L sobams [L7 031330 53 | 510 il oS din

Ol O3k (Ol sle sliNs ¢ o35 SOl 50 8l S5 (6 gmedisls.)

Q\ﬂ‘ 4QLAJS ‘QLGJS J«.Q:Lv J?@‘“:‘ AK..:LJ\) c‘;iv)')‘) rjl& AM‘) ‘d’ij)j &JK&}:J ‘5\]25: (_;Pv.;;;‘:Y

Q‘J‘L\ cQLaJS ‘QL&JS JJ&Ly .L:@,J: oK..i.;l) LL;:A)')} r‘).kﬁ em‘) UL:.;.’\aY"

saeed.mollahoseini@gmail.com wabil, e dinws 1 gams 0y 58

o Ll

O iSOl dle rae SVl slagglon 3 Cows 330 J a8 anidS slaans L3 1lal 5 4sdie
sl e il st GiRe Gees S s LGOS Sl e S s a ) o3l e
0l Gl Sa g wt il gy G al) Wlie cpl 5 Gda ol RIB Jl s g g5 BB
el (petle (6 Sk Sl ealinal b s 553 @ 3She 15 g g5 Ollons

«(Basal ganglia) leasls slaedis wlae Juo als & Lol e 5l ol dlis 55 1, 9 3
5 el edeslizal 533 (g5leans ¢l (Supplementary Motor Area) S > «>U 5 5o i3
NON-INEEEET ) s ot SIS 18 Gl s wiSURS ) s 53 SRS Sl imt
0l ge« Proximal Policy Optimization (PPO) sueiss oz, 830 51 eslisal b oean 5 (PID
el eddoslinal ol o w2 (Sl 8 65k a8 sema

Slagdan 53 eslinal gl S8 6,550 5 s 55 Rl odle algiy Sass slile Sl Hlaasly
S35 ) Sl el a3l S Saghss e 4 Cnd Job M el S (ihey ki
o dedipr o) S 0Ll (luesly ppamen 5 0 diSU S (Solu Ws 4 a3ls GLis 53 s &) 0w
sl 2 gz s S ol S i s

L oamglie 53 s (35 ile (5 oo (3Lt p osdle (Galgiiy Madsn phen i(g S 4om
SRS sl O 03 heds 5 4 Soler sk s 1 oLl LB cpiman 5 LeeiSU 1S e

Jj;d‘)lﬂ“ﬂ"Q)}""UJ"‘&,)’Jf}))’ﬂf}‘w&,fé)‘g;’bwb'hu‘f‘ﬂ{@":

https://jsmt.khu.ac.ir/
2

g ool 1o &g

VEY/ VA E sl s
VECE/YNY i 5l s
VECE/PYIYY oy

3swls sl iy

Gros S5 2s5 ( (5 g ol P
S0k cedle (5,55L (g5
PPO  xs&

ey

O
s llcdn el Lo dases sl 3l
R R P LS £
b sy S eSOk Ollen
YW el s b
V=Yo(r)



0000-0002-7312-4528
0009-0007-3434-0192
0000-0001-8137-0860
https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

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

https://jsmt.khu.ac.ir/
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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

https://jsmt.khu.ac.ir/
7


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VELXe 0l ¢ @gmrgom 8,93 (5 )9Ud 9 (o059 S )3 (ide3

was not required. However, the modelling data protocols and software implementation
code are available upon request to ensure full transparency and reproducibility.
Funding: This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors. All computational resources used for
simulation and analysis were provided by the authors’ affiliated institutions. The authors
declare that there are no financial or non-financial relationships that could be construed
as a potential conflict of interest.

Conflict of Interest: The authors declare that they have no competing financial
interests, personal relationships, or professional affiliations that could have influenced
the work reported in this paper. No part of this research has been influenced by any
external entity, industry partner, or advocacy group. All analyses, interpretations, and
conclusions presented are solely the product of the authors’ independent and unbiased

scientific judgment.

https://jsmt.khu.ac.ir/
8


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

EVRV-T

s Dl ol 518 bosde 5 cl eap Al Jl= s pslde 5 sba O 5uiS0L ol @S glaaas b
28 e 4 b Sl 2l D] Sl G55 0 s g LS PSS ler L
Sodis I gla=U a5 (SNC) o388 )l sl sle 5 cpeliss Wge ladshe S0 3 55 5 Sl 55,
S Blosbe 8 ol cudle Sler b s s s bl ki S L D Y] 555 e sl ol Sloaels
rpeddald 5 imld A5 el Gasdd BB gady GUn s DB 00 @S lae i (55
L8 7Tl o GLE1 5,8 VB E (3 3 03 (8 miaSUk Olle L3 (25 el oloy edle

(sl i, ela &S ol sdidll )l anddS glaaas 53 S 5V S e 5 J RS Gl oae sla b,
Ll plagls (B bSOol [T ,0] (Gime Goos S ) (ol Shas 5 e Gup p Sl L i 2
Sl e Vb s Lagsls cpl Sl s e eslital (golew adsl e 53OS L Ollen gl Lsss )
polhe oslitad @ 5L zman 5 Sl Sl S)lse Sl s b Sls s0ls laiss s g Sl b e
ez S S e Sl g dlesyas oS b iSaus 5 GyroGlove asle Suiis sbaslpl 5 smi [V] 5505
Ll ol 15| OQliis b g | gladle s Caws a5 ) Cdge O S sl Al Ol geas Ll

ol als S > Wt sl 5 Caws B30 el Gl sl 5 S5 s SO Ol e Gees S
S5 Gl Fa A BT LU 3L (SOl Ol Dl (ke Gaes SO a5 opl 53 Sl
53 Sl ploml BB ane a5 56wl Gla iy Goob Sl e (e Dlsl 55 AT AS s A 55 el s LLE
3 3pbe o 5l JES O Ly iSOl b pslte b ke 5l ool Gus Gl il g5l
S onlnly 58 @i OS5 b5 Solan Dl 85 0 55 b (SRe Gres G e sla el
S 3 558 o Sl asl 5 gl Ot QS s IVl e Ciliss (Sl a)le i 4 e she plde
Ol il (530 Goos SO o s Sl L 80 20 ol Eoly it il ot o 00l SoLeesly
S5A Gpas JalS 5 pslde o5 51 A0 Sl (2ole SRl Celamd s 5 osd e Wl 2 e 5 B R
Sl od2l )l s ) S sl e SL wils s Aty adl la s, i3IS gladle s e L
a5 e oS mS (JA] Jed Vel 5, e siS U mS 5l eslinad U glodels slasdie Sl axb 53 SO po ke
DY €T a8 > s ks S3re Gras S0 IV ] 2555050 5l st 0 iST 28 V0] 6 S

Sl s b Sl s 4 S RS S Gria ol Jpene o 5 oo a0 b diSU S
S5k e bl s s 4 Jgnll DY L eslind Ysane 28 udige Jilow 51 (Sosb
s Ao, Tl a3l slis s aseial Sladees 3 a3 Shoe (231 Gl LediSU 28 655 ol o
Slp o ek e LB s @ Gres 058 (,55k (o geas a5 il (650l w03 e arn s L
S ol opl o ol ol g3 dan [VE] ol o3 S Ll s w1y ol ar s G sla il L ablis

https://jsmt.khu.ac.ir/
9


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VELXe 0l ¢ @gmrgom 8,93 (5 )9Ud 9 (o059 S )3 (ide3

osba S L e a5 S 4 fes 250l mU i @ln ml GlaediS s B Ol pea (s mas sbaaSs
Al d sl b e ol Sl eslied (Sius cnl Aase GRS ol 6555k 53 L Gl DL g 5 G
3 s b Gl 5L sl LS e clie S Sl glalas b (Sap s elige OIS
31 oslial b s Sl 35 oy sla 5K J S (Jedl s ool 0t S IS & om0l 5 hes oSS
el (Sle s Jde V] Gl plail L2500ty D] 250015 Sl e ol {10] Goes 5,550

o 3 VAT 63
N b GsmiS Ol Ohlen 50l8 Sl p kel (5re Gras S o ptee SO LIl 50 (B8 o Sl eI L
Gilwosly (Sl s 4 8 U1Kl = 8 Gt = ls ool 0diS 18 G Gras ol 03 el sl 55 )
pde 3 a5l oS 28 Lo sE Gl T S5k ('Ji))i“ R eSS eSS G Bl sl Lo
5 DL L agrlpe 55 S35 Sy poas ba el i 5 30T (6,850 5 adsl o e 5> VM 5 Lagalas

.w‘oMf‘Jb¢ij\>-Jﬁ)bL§)uﬁA_ﬂJéwJ>‘f

5239990 38 dasint

S el Kae redisliil b (S ot Sl (S sl IS S 5 VBUSK e 3
Gladds lp disls e 4K 1 Sl S S oVl 5 el Koo siel LS (g5l ol 3L YLl
oslizal e Sl 5 Ul 45 0 s Sl 5 4 s o ae Glasdias i) 5 lodels (slasdie (515
I¥e ] el on

G5 STles cb by Llas sl dacu, s 5 o suST 53 Job Coslio ionl S aw Joli 05,5
Cueslie 5 (S35 oty Dass Cub b s Caaslie 4 das e DL b s o sy aled s A AL sl Li2
0308 O peST Sl 5l (6 miS od Oss JUSKw 15 (Sl gmanay WO L ey yais 5 o sST 55 ok
Gl S bl Loy Sl @ ar i Lol ol Jlo sl 4 ot G a5 0555 2 opl oo 08
Jibe S5k ol 5o s o oo plad ol 005 a2l SNC Lo 5 (55 ) sl ool adlfe 5 il o o 8
03 3z S5l Do ks sl UK JBL 5 w6 gl l 51K a0 4yl bl ol
e OBy (ldde sl 35 dde Jsl ad e e G kug ) e a S, IS OIS e el
S Olge 45 5 o U150 S50 Slasl 5l 3L, 50 S5l oa sl el b IS, 58 5o VLSS
O i OmeinS ol I 5o e s ST els 5ol ) Cllad @ ately OS5l (Solan 2 ! U]
QU &5 o ey 5 s emd 4 Sl 5 ol s3le SISl i 55 0F Ul e e sl s3le Il
DSl S 3wl JSG, S 3 VUL Slte (lacS 5l Jsl a5 0 s 2 (sla ol e gl 4l 5o
s e 0L wl JIS, 58 5 VEUSE e bl VIS [YY=Y 0] ol sl eslizal

https://jsmt.khu.ac.ir/
10


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

Cortex <

l R

. Relay
Striatum Neurons
‘/4_‘

e N e . \ A
‘ D1 ,,/‘ N Dz/y,;; <,

) —' (@)

DA
+ Local
GA )
GA O+ ~ interneurons ‘
SNc

+G

<
e sl s
Y ) v ‘ Thalamic reticular _
T ' ) Neclues
GPi/SNr G GPe
\ ‘k Vi + A B . A
G P ol vOIElz flV] v :GA
+ ' =,
_4 STN «—10© . A’?MEO ‘G
) » Vwid:DA

b IS5 VEUSS o Ll ) IS
95 99190
Mgo
das by Jue
93 31 o oyl el osd ooly (L ¥ S 50 oS joboylan sl o (gjlwosly Hill [ SGIe 3, 51 oolitwl b cand alae (¢jlw Jse
G oy ) (s (5955 45 o> Su g Job @ Ay (5958 oo S el dlae dipen Bl 5 (9ab Sl el L8, oad L &S b
sl 035 o3litsl MAINS Loy o a1 L5l Jae 5l g5k dlae (Seolod Jao 033)s] cawd 4 (gl sl 0ud oS5 a8 o Lo yo
23 Jgep jl dhias (3L Jue sl 0abaiB)S )5 3 (293 Glyied 35 abuls gl g e (53909 Olgis s Sre 8 la JUSw
DYV ¥ Y] 8S o o

0(s) m

= \
a(s) Is®+DIs?+ (K+ B)s;+ DB o)

https://jsmt.khu.ac.ir/
11


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VEL ¥ 0)lowd ¢ pgmiglummt 0,93 (5 )98 9 (ond559 b )3 Lidg 3

4 i\
N
) —I 2 il 4yl
xe yun8
—000}——>
kSE
{000——
kPE

Silse oS Kpp (6 oS Kgp pas ¥ Usb o azaaly 5,0 Wse ) Jold oS ahiae SO Jue Y IS

Slovs glowis g ool ol Jow

Gl Sl ol ol ols gt s wbsl 03 a8 ol b U 51K e s S5 S Cend 53 &S sb0kes
1 =z =

JE 23 emS ‘_QLQQJLAJJLEJ.;‘ ‘)Lﬁ) o)>=3 QL:.: 6‘]:5 )g o 6[.@6}1; Uit Ll u.«:_}ayu K] L:l.{.:ls dbb

S les 5 S S5t s e glasdiasdliml 2S5 il Sl g 4 a5 cl ol 4 S

Sl ol L;J...’Jj.nj.e alsl 53 laatea -l b c‘jW}@‘ ol oajﬂ\ Jsd>= oy 4 b

LYY Y]
alisee 6[.@4:.\...@ DL Lkambdu.bl ‘)L:é‘) OJPL; Al J}J?
I NI T
aP:
. 0
Striatum — G(s): 5o,(s) = g X 730 SN,,(s)
Y
1 5500 ()
S0, (8) = g x s-l——?;OSNCO (s)
SNc = G,(s): SNco(t) = sgn(A(t))
A()—lxlx_looS (v)
s g s s+40 02(5)

https://jsmt.khu.ac.ir/
12


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

GP G5(s): GPeo(s) 1><_1425$ (s)+ OSTN() (¥)
- : = —
¢ 3L eoLs g (s+10 0118 s+10 0(s)
STN = G,(s): STNo(s) = g x ~*7 op (2)
g : =
4 (s o(s)=g T eo(s)
GPi - Gs(s): GPio(s) = g X —0 (s) + 11'SSTN() (%)
— : = —_— —_—
E= G5(5): GPio(s) = g X ((775502(8) + 7 STNO()
1 - - —80
R :REN =— Pi LI ———TRN Y
elay neurons - G4(s) o(s) 7 X (s m 306 io(s) + <130 So(s) + <730 o(s)) (v)
Thalamic reticular nucleus - G,(s):TRNo(s) = ST10 RENo(s) (A)
Local interneurons — Gg(s): LISo(s) 120 RENo(s) + 1720 TRNo(s) (1)
o gid g il

4.:.>U D958 Wi L;“SJ? A.L.é_&j Oy @ QT ST S S ;,55)’ 4.3.>U‘3 JUNU )\f.:._“e 83953 JL_<.3...~
);“U.x{li&u:@lsa.u)b)l{;l u_l\v_;jm...:s)\.l CJGJJ\.AHJ)\:J'JMJ.;".}LSJJJ{L;JL@J;\ JLGJJC,\.“}JJ&Sf

(Supplementary Motor Area) 5 > 420 s ilwJow

C,.“? BL, tl-\-ﬂ:l‘ CU LSJJ\.G )‘J\.Lo Sl ol enlaial o & (5}1.» &'.’. 9 CL...::‘ CU &..:‘ ‘)\ L;'.‘SJ? 4.:}[.1 ‘5)[Md\-)\ﬂ LE‘}"
[Y'] Sl 0l wﬁjb).} \—+/0 O JLGJJ I BEIS) ¥Y-) By Q_U.M.;S)b_

IS s il (S 4l g sae 23 (glodelB Glasdie cahae old &S VL Cd s sdalCewsas Jobe oS lea

sl oS oJJJTY‘

https://jsmt.khu.ac.ir/
13


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VE £V 0l ¢ @guiglomn 093 (5 y9ld 9 (85 )9 b 53 Lidg3

Morot Cortex

Basal Gangliat

o Al gzl 5 ke SL) dde IS - b Y S

W)

(Non-Integer PID) zusno s pu8 JI 3 Kil— gy Giiiwo— ol oS J jii5' (2150

M= olds bl one o lld Cig a8 w0 KM ad e Jise pled 5 plonl pand Jold (6 S arlons
sl

Riemann— Liouville i )l ale col sis €)1 6 S 45 0 0S8 28 Slosloa 31 (3L 5 iy sl 0 5Sb
as o e Slas i sl GL Gy s ( J 28 aee lew > Caputo , Griinwald-Letnikov (GL)
o5 ol ITV] el Cpomn Sl S ISR S Gt el (6 S 40 0 diSU S 3 sdkdtend § S

t

. 1R a
aDEf(e) = lim- > e () ek (V+)

nt S
el Slles 45 0 Sl @ cpimen 5 Lzes ol 3 YL OIS St 5a VU el s

ay (@@-1)(a—-2)...(a—k+1)
(k) B I'(k—1)

s ads Do pea Y ) el S5 eSS JUl &6

(VY)

c(s) =k, + (ki/sa) + kgst (YY)

https://jsmt.khu.ac.ir/
14


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

5 oliSU RS oS ol s LB oy Jols e ES Sl ol adiOly VU daly s oS pboles
(S e QU ol g5 o (sl tzan {4, U} o o 5 {kp, Ky K as Jolo 5 a0 (68 a0 Slas
s CRONE 5 1355 o o3lin] oo 450 w5 & ol 5 0l a8l i 5 (03,5055 5l
S okasOlES 45 358 0 Oy (VW) oy b 5 355000 UIS a0 (S5 6350 )3 (58 480 sla Shes (3luesly
[YE] sl 22850 2l

T

SO Sy Sl eslinal b Al slacdad 5 s jio avalns sl 5 Sl 508 480 Sl <o k= @ L) s
.wlww&uﬁ)’d@b)’\

w, KFN+Z(A+a) W, ENF(1+a)
Wy = wl(_) 2N+1 a’)k = wl(—) 2N+1 (YY)
Wy Wy

)bw;tsjﬁwb}&:ﬁw\g_ﬁjﬁg_ﬁ;;oMJQQZN+1 Oyt LCAM\LAQE.;‘)LAJMJKJ[:; NY\JQ@\)JJ

s g osls 0L [, Wp] b s

Proximal Policy Optimization (PPO) pi 5531 a8 Jowo

e 3,505, S &S el (Critic) sle s (Actor) Kb o b (g ,S8sb r;wjiﬂ < PPO oz, S
PR GARILEIPIT ngij\ oo A8 o S 5 1y (Policy) jiwksr b e s S5, S 5 (value) 550 5
L e Jie (iloags sl oS sl il 5 S0y e So5L Sl Juls O s o[YO] ol o
Sl oS ol 355 3 Sy e ol a0 ol g3 iy 3 s e eslil Laes L Jola3 5 b iS W)
oS aSs Sl s pd e eslinal 3501 b ileang sl g Jee Sl 5 plll SO Sl e
el el ools ol £ s, PPO

Target ) Gus coln i ek Sl (Y] 51 Wlosle oS Gl eae S Sl Jols 355 0l
lea Sl a5 el S golens (Target Value) Gus o5l Ko 5 25l & (policy
S oS opl Solere 53 303 3y plasls oS sla il 43 ki 5 o Lol blue Gaa glaals
i 5 Solomt o B 5l o Cosintons 35,0 s ot Sandy Sl bl 1 I8 slaesls S5k
S s a2 yd g 0 LS 28 la byl e BTG w SIS Gilwangr sl L Jos 55
5 g n 3ol Shas didor Sl g 53 53,8 e 1 S0 o b i (5 5he Goes

$lredls 5l (6513 padgai b aSd a5 358 0 M5 0sls (6 S a5 bale ( JoleS 0550 G 51 g
(Policy  jielas OLsl S 555 55 disd o 5o & ohedat OLsl S SO 51 oslina b adibl 4l )3 oo

@U asles b LS o pnd |y 330 i Jas G oS el (bl (i let (6,800 Gua (Gradient)

https://jsmt.khu.ac.ir/
15


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VE ¥ 05l ¢ @gurgomns 093 (5 y9ld 5 (59 b 43 Lidg3

(S S3k AT s [TV] el Gl lad s bl Sl it g | by Joo Jleal JBs
Ol 4 i 5 4 eslial sype Sla iy 5 3sh e ang sede OLSLS S 6350 amle b s3]
Pl oddesls OLES 5 dslas 55 alast OLsl S ol ties J55 L o 5me LIS

Vﬁe = E(St,at)~rt9 [R(s¢, ar) VIogrg(se, ap)l,

(Y0)
A™Y(sg,ap) = Eserq[re + YV (Se41) — VPV (Sp)] = Ege1[Q™Y (e, ar) — V™Y (s¢)]

el Jd s pl i L e R(Sp, Gp) 5 ol ol el ob S TRV dals s
Joe Sltie 2l adlze QY (Sp, Ap) ol (ol Al 53 T (552l Sl e w5 stasoles VIV (sy)
Y oAbl S Jals o el € a3 Cu e w51 et ATV (S, Q) ol (ol i) 55 T 512l
a5 b Sl O3S (e 5 g s 4y L B e el e B e b Vsane 48
Ol cpl 2l ATV (S, ap) 31 IYAT 358 g ciedas 0L S L ieles U 3pd e 033 cpess O gl
(S 3 35l s b bt 4 s VG L Kl S e (Sp Gp) ed Il pll i oS Celins

AT s (S S Slsh

Value network

__________ 7/
olds Bus asLl (St+1 . am) IR U RVPL O

https://jsmt.khu.ac.ir/
16


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

Q0 b 5 ISl 5 G gl LS S i3 ol

sla eyl (.Ja.J Sl st S5k gl 3l Glassazme 5 Olgsas PPO r‘i)jij‘ Sl pl s
)‘ 6)% ov\MSJJZ.S g_,..g"Jaé U}.EJ\A k)'i‘ LS‘J" ol ol LS)L"”JL‘.:.’. L;S.:Ja.? Sy ol ol f‘)‘b aJdeJLS
b sd e s Aite 5 S5k rae a3l 5 T Slassssa G b 31 PPO 51l 3 b
Sl J5S LIS W5 4 o die 5 5L eas cbaasls Sl oozl ol 4 § L 5 SO 4 a5
oelol slgliy saiSd 1S ol s V'*J“: Solwesly 5sd e oolgliny ookl et eSS ol Lo (‘?k"’
oS J xS gla eyl 4l 4 a5 Lol sddesls OLAS 0 K8 s s A5 ) eS¢l PPO (.:.w}fj\
Jj.&& LSJHJ)AJBﬂ)QJMMJJQJJJJA y}ﬁawdjsjcjb ‘Mﬁpﬁ&iﬁw

kp(t + 1) = kg + dkgy ()

k(t+1) = kg + dkgi(t) (Y7)
ksd (t + 1) = ksd + dksd (t)

S e J S 03551 s @ gl S 5 sl e slaasls ol s PPO Slee ol iE
JUYISTS o8 =Wu“’§ I K Olgen (T) s 250 (I8 Gla a5 Lol (Cws 55
a5 S 3 o dlasl ol a8 L 53 (i) Jase 4 V1 SWslas 3 ol ) SadUSw 355 0 4B S
G 55,8 o 1 (Ser Seanr Ty Ap) Il slasls sli ae slaad LSS 8 )3 358 0 S 35 4 e
Sl Lo 5 3 5 S5k mme glaaSld o S 5 035 Sl bk e b oo asls] g Tl 3 w0 O

.,\.}j.:d»mlajé}pw&fdv.:m:,ﬂ;;)ls&g-).sw:ui-)')uiAlSL;\ﬁaJuiL;)ﬂ@g-L;)bﬁ

https://jsmt.khu.ac.ir/
17


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VE £V 0l ¢ @guiglomn 093 (5 y9ld 9 (85 )9 b 53 Lidg3

Value network

Y

/

—_—— T Non-integer PID
siicas et (S,58,) Sbices i

oaiiS xS

PPO oz, 81 Sl eslil b osiSJ 28yl s [S,50 0 IS

Lasl

a Jlesl gl (ol o 05 003 i 59) (edle Sk e Leedse o ASUES S ol o
adgl polas ulal pcins 350 iladde ol ol (giluesly Caws 55 ) JGalS amd js 5 gledelB slasiae
PPO =, 81 s 5 saigsluans MATLAB 1le 5 SIMULINK L 55 ol 03 S35V Jsur 3 S
d > e il N (lgd b gl lie addllas K sl sl e Sl m.file Lo s
- s~ (Conventional PID) Jsexs .8 J1 Sk 8 Grie— ol Lile 4 iy cETSS L J sone 50l
Ly e awlie (PI) S U1K

P3P A 53 GOl 00 J 55 0031 2 gl g2 sl

39 = 10 oline Ll d 5 G wtey ail> (G5 Goes SO e (S3lgdny o 2D 2l Gl
Sl 3 55 e iSU S ple s oolgidy has Sl eslinal b o 55 sla s 2ol sligileaci g = 1
Kleddesls oL () 5 (WD S 53 O 5 4 il

https://jsmt.khu.ac.ir/
18


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

PI
T T T T T T T PID
0sk ety A
N O T TR N N NN Y O R O T Y EY O O O O
|I|||||||II ”IHl“lHl”lllﬂl“
= f\ i /i
H
g0 ]
=4
2
= |t
Gy Yy yyuuuvuyuyyyyyyyyyd
I A I AL A R N
05 4
i i 1 1 i i i i i
i 0.5 1 1.5 2 25 3 15 4 4.5 5
Time [s5]
(<)
T
0.5 Pl
PID
il
=
0.5 B
.
0 0.5 1 1.5 2 25 3 15 4 4.5 5
Tiie 5]
(<)

g=1ds ki s(cg =10 s> Ll 5 (Gl oS 28 Jlasl 3l o o S35 s N ISS

Sgliio glagw ) o gdaw b ilidko o jlow (il o (5132 (SOleminn i U 351 3099 93 3L

5 DV VTS il e 53 G palie (25 alie oS pl e 3 edd Sl b aslie 0l OLES
5 A el 5 eSS s Shes el s 5 8 Dl S s 15 il Sk S
33 Golew cilises Lol 5 55 Cad ST 5 s ST Oblae Sl it dls e ol sldosls QLS Y ISS s
@g) 55 Chu L Ol r_'ojdl.oéc,..J Sseia A 5V ISS @l:_}d.! wr g bl eddesls QLIS A IS
s2500l5) i3 G S VL e rzmes 5 AS 0 B 1 BG s (0L Oliaes (o3lgiiny b
LS o a3 (Soley e Glamhan 3 el S glaz bl b aslis 5 1 (Ohles

https://jsmt.khu.ac.ir/
19


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VE £V 0l ¢ @guiglomn 093 (5 y9ld 9 (85 )9 b 53 Lidg3

Wodlgiy i) MPID WPl

g Slwid
(<)
0.5 —
— il i) emmmmP|D P
0.4
2
'3 0.3
A
3y 0.2
0
1 2 3 4 5 6 7 8 9 10
g ol

(<)

s aals (0 s S el (I Solon iz Slagmban 5o (olgily ot Jlas! s A

S ;TM Ol ks alals

10
— iy (i) emmmmP|D  —p
8
6
4
2 /
0
1 2 3 4 6 7 8 9 10
gl s
(<)

https://jsmt.khu.ac.ir/
20


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

elgidy is) emmmmP|D em—p

oS T aline 5 anels
D

2 /
0
1 2 3 4 5 6 7 8 9 10
g ol

o ST Az (0 s ST dlae (Al (oo e Glagehns 55 dae IS > aials o A IS0

-

ol ol o8 555 o g T 1 Ay wls (ol ess Olsiear gL DM @S slaeas 3
95 4 iSOk Ol sl Slys Gl s, ol Oilae min 5 O > 53 GUS (T 5 e 550 b
o3liiul (la adsl =lim (Sl msols Oleys hss 5l meed Si20 Goas S5 5 (Lsds ) os)ls axes
Al S5 5ol e e s G sedSHL Olbes @l L8 0 Al Sas &S Jss s

3 oS S b Glodels slaedis e L35 camaale Jold a5 s 33 ol Jde dlis ol s
I ol ol (g5lwosly O5miS 5L Olslaw 53 G (35 oloand sl (sl 4 SH1 5 Counye V) i
S les g8 il @ e (Sodd s U 5 5L il Soson e ST Ly g e gla b, [YALYETY
Sops 53k Ol Sl a5 S 35 e Sl o s S Il gl OIS e Sl Sl (510
Sldle 53 Ol 2500l Gl p At all Slapionw SL1 (W3 ran 4 [T ] 48l o BLST (ol 320 pslke
S el Sl ps sk b gl sl e Sl a4 ) OS5 5 Ol Sl (ool ar g wddS
S adlae 3550 5 gileesly it S, Gladde o) p ate Al Oppod el Glasdis glaaiia
S 4 e daS I AL SMO) 253 de J 28 il solew oo JalS (sl dle la by, 5 a8 S
Glwesly &S obuilsl Ll wlezaslyl W] ik Jzs 5[4] (ADRC) ¥kl 5, Jxs V] (FOC)
Sao 2 2D Gy ol C3s Ll bl D json e Gres S et Sl sy GlaeliSd 1S
Tl S 2 GSOIE s 4 et l S3leesly 51 S0 Glacus sl s @ e 5 el il Ol e
Ll alge (63b 5 OOISCES L O

2 sleesly 5o (Sole M 4 gm0 S SIS Gl ol s iST 1S G ol dlie o s 0nl5l

sl ol Q;}M.a - 4 Cas i ("3‘\"‘5 JJ.LB sla eyl 59 J:J; @ b Cillasl oo g 8l slos

https://jsmt.khu.ac.ir/
21


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

VELXe 0l ¢ @gmrgom 8,93 (5 )9Ud 9 (o059 S )3 (ide3

el s a5 LSS g kS Sl ITY] el el a8 S s (ke des S
3 Sl Gt 5 V0] S e il 801 1 gileag o S ki 35 s bLS |
e, S -l Ldiledial) a8 Slallas 53 B st 28 sla ol 385 N AR R
Glapi ) S pman (YA) s axlgn (850 Blas 5 Ciond (6 Sk aher 1 b3 oNSCan L Jos 55 G b
;1 s Deep Deterministic Policy Gradient (DDPG) .c>.s 5 Deep Q-learning sl s 5o
ol S s bl e (olaesly e iSRS Culpl oS Gl g Mnes s S0k slaasla
ede I35 4 DDPG 5 5516 1 VU slal b absesls 5wz JUSwr a5 015 DQL (i oz, 530
st ol onl il il a4t Y slias sle o Sl sle bl sl s i s Uls

LFE] dzn 5555 6ob5 OIS b 2Bl L 53 olwesly sl S sl o 5 s
Dl ol sl s liST S ul 0 oS 2 PPO ol e g o) S0 S Sl Ghasly cnl s o et
Sl bl 3 s SUlS V slol b sk Jlws Jo 5 asy JiK W5 U5 edle 02,6800

IY0] 503 1y S5 55 oy 5 o5 S

S 5 A
Sl St 5 055 K Sy DLl ol polan e Glaal e 51 S Ol ae slas S, ol
oo Sl s by dle S ardlas ol s sl o2 38 ) ki pole 5 (S Slides &S
S (Spre Gees SO S sy 00 e Sates SO L Jlie o gre Sl s s gl G selSOL
S mamen 5 s S Sws ¢l non-integer PID suisd xS Kl ke cpl gl ol sddesls
Ol Gl laslie o sa 5o G el ol sl oMJﬁSdud}mﬁﬁd\ﬁPPO Lol oa V':Uj'{n
PI 5 PID ale g g o b oss nle &0 Cd 5 5miS0L Olileny m0l 55 55 (olgdy ot 20 2 00
0313 OLEs gl Je la eyl Slais ol s Conslie O3] ile e Sla0 go3] wman Lol oA &)
e gl i) CL_‘ 5 il bl U8l 5 calie sladie g5 oleesly @l S5 oL
LSJMMWASQM‘ 3 geia Laatl Coond 53 sdalowsay =W warg bl el rl?;;‘j Solwesly

oy 3 G Jgo! 31 59w
odis a § b s ] wle>d g 2 Sl s Sl Gl s 5l (gleand i S dlas oyl

NG

https://jsmt.khu.ac.ir/
22


https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

b o>

b oals el e (5l (T3 5 soee sl 3 Jlo oS el Ol 31 Jbo S 46 S e

o) oSS CAJLLJJ CJLL:.¢L>J JSJA

&lo o,

References

1.

10.

11.

12.

13.

14.

Santillan, M., R. Hernandez-Pérez, and R. Delgado-Lezama, A numeric study of the noise-
induced tremor in a mathematical model of the stretch reflex. Journal of theoretical biology, 2003.
222(1): p. 99-115. doi.org/10.1016/S0022-5193(03)00016-X

Rouhollahi, K., et al., Designing a robust backstepping controller for rehabilitation in Parkinson's
disease: a simulation study. IET systems biology, 2016. 10(4): p. 136-146. doi: 10.1049/iet-
syb.2015.0068

de Paor, A.M. and M.M. Lowery, Analysis of the mechanism of action of deep brain stimulation
using the concepts of dither injection and the equivalent nonlinearity. IEEE Transactions on
Biomedical Engineering, 2009. 56(11): p. 2717-2720. doi: 10.1109/TBME.2009.2019962

Faraji, B., et al., Optimal Canceling of the Physiological Tremor for Rehabilitation in Parkinson’s
disease. Journal of Exercise Science and Medicine, 2019. 11(2): p. 113-124. doi:
10.32598/JESM.11.2.7

Dobkin, R.D., et al., Telephone-based cognitive—behavioral therapy for depression in Parkinson
disease. Journal of Geriatric Psychiatry and Neurology, 2011. 24(4): p. 206-214.
doi.org/10.1177/0891988711422529

Awantha, W., et al. A novel soft glove for hand tremor suppression: Evaluation of layer jamming
actuator placement. in 2020 3rd IEEE International Conference on Soft Robotics (RoboSoft).
2020. IEEE. doi: 10.1109/RoboS0ft48309.2020.9115994

Mertz, L., Taking on essential tremor: new tools and approaches offer patients increased
treatment options. IEEE pulse, 2016. 7(3): p. 20-25. doi: 10.1109/MPUL.2016.2538481
Gheisarnejad, M., et al., A Close loop multi-area brain stimulation control for Parkinson’s Patients
Rehabilitation. IEEE Sensors Journal, 2019. 20(4): p. 2205-2213. doi:
10.1109/JSEN.2019.2949862

Faraji, B., et al., An Adaptive ADRC Control for Parkinson’s Patients Using Machine Learning.
IEEE Sensors Journal, 2020. doi:10.1109/JSEN.2020.3048588

Faraji, B., et al., Smart Sensor Control for Rehabilitation in Parkinson's Patients. IEEE
Transactions on Emerging Topics in  Computational Intelligence.2021 , doi:
10.1109/TETCI.2020.3045483

Rouhollahi, K., et al., Design of robust adaptive controller and feedback error learning for
rehabilitation in Parkinson's disease: a simulation study. IET systems biology, 2017. 11(1): p. 19-
29. doi: 10.1049/iet-syb.2016.0014

Ferleger, B., et al., Fully implanted adaptive deep brain stimulation in freely moving essential
tremor patients. Journal of Neural Engineering, 2020. 17(5): p. 056026. doi.org/10.1088/1741-
2552/abb416

Aghababa, M.P., Optimal design of fractional-order PID controller for five bar linkage robot using
a new particle swarm optimization algorithm. Soft Computing, 2016. 20(10): p. 4055-4067.
doi.org/10.1007/s00500-015-1741-2

Mohammadi, M., et al., Semisupervised deep reinforcement learning in support of loT and smart
city services. IEEE Internet of Things Journal, 2017. 5(2): p. 624-635.
doi:10.1109/J10T.2017.2712560

https://jsmt.khu.ac.ir/
23


https://doi.org/10.1016/S0022-5193\(03\)00016-X
https://doi.org/10.1049/iet-syb.2015.0068
https://doi.org/10.1049/iet-syb.2015.0068
https://doi.org/10.1109/TBME.2009.2019962
https://dx.doi.org/10.32598/JESM.11.2.7
https://doi.org/10.1177%2F0891988711422529
https://doi.org/10.1109/RoboSoft48309.2020.9115994
https://doi.org/10.1109/MPUL.2016.2538481
https://doi.org/10.1109/JSEN.2019.2949862
https://doi.org/10.1109/JSEN.2020.3048588
https://doi.org/10.1109/TETCI.2020.3045483
https://doi.org/10.1049/iet-syb.2016.0014
https://doi.org/10.1088/1741-2552/abb416
https://doi.org/10.1088/1741-2552/abb416
https://doi.org/10.1109/JIOT.2017.2712560
https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

VELXe 0l ¢ @gmrgom 8,93 (5 )9Ud 9 (o059 S )3 (ide3

Rose, L., M.C. Bazzocchi, and G. Nejat, A model-free deep reinforcement learning approach for
control of exoskeleton gait patterns. Robotica, 2021: p. 1-26.
doi.org/10.1017/S0263574721001600

Wang, X., et al., Deep reinforcement learning-based rehabilitation robot trajectory planning with
optimized reward functions. Advances in Mechanical Engineering, 2021. 13(12): p.
16878140211067011. doi.org/10.1177/16878140211067011

Fischer, F., et al.,, Reinforcement learning control of a biomechanical model of the upper
extremity. Scientific Reports, 2021. 11(1): p. 1-15. doi.org/10.1038/s41598-021-93760-1

Xu, J., et al.,, A robotic system with reinforcement learning for lower extremity hemiparesis
rehabilitation. Industrial Robot: the international journal of robotics research and application,
2021. doi.org/10.1108/IR-10-2020-0230

Nahvi, A., F. Bahrami, and S. Hemmati, INVESTIGATING DIFFERENT TARGETS IN DEEP
BRAIN STIMULATION ON PARKINSON'S DISEASE USING A MEAN-FIELD MODEL OF THE
BASAL GANGLIA-THALAMOCORTICAL SYSTEM. Journal of Mechanics in Medicine and
Biology, 2012. 12(02): p. 1240004. doi.org/10.1142/S0219519412400040

Pooyan, M. and F. Ghoreishian, An Improved Modeling of Parkinson’s Tremor and Investigation
of Some Approaches to Remove this Symptom. International Journal of Engineering Transactions
B: Applications, 2021. 34.(5). doi.org/10.5829/ije.2021.34.05b.20

MashhadiMalek, M., et al., Are rigidity and tremor two sides of the same coin in Parkinson's
disease? Computers in Biology and Medicine, 2008. 38(11-12): p. 1133-1139.
doi.org/10.1016/j.compbiomed.2008.08.007

Haeri, M., Y. Sarbaz, and S. Gharibzadeh, Modeling the Parkinson's tremor and its treatments.
Journal of theoretical biology, 2005. 236(3): p. 311-322. doi.org/10.1016/}.jtbi.2005.03.014

Tang, Y., et al., Optimum design of fractional order PIADu controller for AVR system using chaotic
ant swarm. Expert Systems with Applications, 2012. 39(8): p. 6887-6896.
doi.org/10.1016/j.eswa.2012.01.007

Gheisarnejad, M. and M.H. Khooban, Design an optimal fuzzy fractional proportional integral
derivative controller with derivative filter for load frequency control in power systems.
Transactions of the Institute of Measurement and Control, 2019. 41(9): p. 2563-2581.
doi.org/10.1177/0142331218804 309

Du, W. and S. Ding, A survey on multi-agent deep reinforcement learning: from the perspective of
challenges and applications. Artificial Intelligence Review, 2021. 54(5): p. 3215-3238.
doi.org/10.1007/s10462-020-09938-y

Ceron, J.S.0. and P.S. Castro. Revisiting rainbow: Promoting more insightful and inclusive deep
reinforcement learning research. in International Conference on Machine Learning. 2021. PMLR.
doi.org/10.48550/arXiv.2011.14826

Yoo, H., et al., Reinforcement learning based optimal control of batch processes using Monte-
Carlo deep deterministic policy gradient with phase segmentation. Computers & Chemical
Engineering, 2021. 144: p. 107133. doi: 10.1016/j.compchemeng.2020.107133

Zimmer, M. and P. Weng, Exploiting the sign of the advantage function to learn deterministic
policies in continuous domains. arXiv preprint arXiv:1906.04556, 2019.
doi.org/10.48550/arXiv.1906.04556

Rehan, M. and K.-S. Hong, Modeling and automatic feedback control of tremor: adaptive
estimation of deep brain stimulation. PLoS One, 2013. 8(4): p. e62888.
doi.org/10.1371/journal.pone.0062888

Bellini, G., et al., Clinical impact of deep brain stimulation on the autonomic system in patients
with Parkinson's disease. Movement Disorders Clinical Practice, 2020. 7(4): p. 3.382-73.
doi.org/10.1002/mdc3.12938

Rouhollahi, K., et al., Rehabilitation of the Parkinson's tremor by using robust adaptive sliding
mode controller: a simulation study. IET Systems Biology, 2019. 13(2): p. 92-99. doi: 10.1049/iet-
syb.2018.5043

Sharma, R., P. Gaur, and A. Mittal, Performance analysis of two-degree of freedom fractional
order PID controllers for robotic manipulator with payload. ISA transactions, 2015. 58: p. 279-291.
doi.org/10.1016/j.isatra.2015.03.013

https://jsmt.khu.ac.ir/
24


https://doi.org/10.1017/S0263574721001600
https://doi.org/10.1177%2F16878140211067011
https://doi.org/10.1108/IR-10-2020-0230
https://doi.org/10.1142/S0219519412400040
https://doi.org/10.5829/ije.2021.34.05b.20
https://doi.org/10.1016/j.compbiomed.2008.08.007
https://doi.org/10.1016/j.jtbi.2005.03.014
https://doi.org/10.1016/j.eswa.2012.01.007
https://doi.org/10.1177%2F0142331218804309
https://doi.org/10.1016/j.compchemeng.2020.107133
https://doi.org/10.1371/journal.pone.0062888
https://doi.org/10.1002/mdc3.12938
https://doi.org/10.1049/iet-syb.2018.5043
https://doi.org/10.1049/iet-syb.2018.5043
https://doi.org/10.1016/j.isatra.2015.03.013
https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html

[ Downloaded from system.khu.ac.ir on 2026-06-27 ]

[ DOR: 20.1001.1.22520708.1404.23.30.1.9 ]

Research in Sport Medicine and Technology, Volume 23 - Issue 30 / 2025

33. Faraji, B., et al., Optimal Canceling of the Physiological Tremor for Rehabilitation in Parkinson’s
disease. Journal of Exercise Science and Medicine, 2019. 11(2): doi.org/10.32598/JESM.11.2.7

34. Han, S.-Y. and T. Liang, Reinforcement-Learning-Based Vibration Control for a Vehicle Semi-
Active Suspension System via the PPO Approach. Applied Sciences, 2022. 12(6): p. 3078.
doi.org/10.3390/app12063078

35. Hajihosseini, M ,.et al., DC/DC power converter control-based deep machine learning techniques:
Real-time implementation. IEEE Transactions on Power Electronics, 2020. 35(10): p. 9971-9977.
doi: 10.1109/TPEL.2020.2977765

https://jsmt.khu.ac.ir/
25


https://doi.org/10.3390/app12063078
https://doi.org/10.1109/TPEL.2020.2977765
https://dor.isc.ac/dor/20.1001.1.22520708.1404.23.30.1.9
https://system.khu.ac.ir/jsmt/article-1-575-en.html
http://www.tcpdf.org

