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Essential tremor is a neurological disorder that causes uncontrollable hand 
tremors, interfering with daily activities such as eating. This study aims to 
develop a spoon stabilization system controlled by a Proportional-Integral-
Derivative (PID) controller, which was tuned using Particle Swarm Optimization 
(PSO) and the Cohen-Coon method for performance comparison. The system 
utilized an inertial measurement unit to detect tremors, while a Kalman filter 
was used to reduce noise before a microcontroller controlled a servo motor to 
stabilize the spoon. The system was evaluated through simulations and 
hardware implementation, and its performance was assessed based on rise 
time, overshoot, delay time, and settling time. The results showed that the 
Kalman filter significantly reduced noise, lowering the average pitch angle error 
deviation from 1.028° to 0.037° and the roll angle error from 0.822° to 0.031°. 
The PSO-based tuning outperformed the Cohen-Coon method in response 
speed and system stability, achieving a faster rise time (0.09 s for roll, 0.34 s 
for pitch), a shorter settling time (0.74 s for roll, 0.59 s for pitch), and a lower 
delay time (0.1 s for roll, 0.15 s for pitch). However, the Cohen-Coon method 
resulted in a lower overshoot for the roll angle (6.08%) compared to the PSO-
based tuning (11.98%). The findings suggest that implementing a PID 
controller optimized via PSO is a viable approach for spoon stabilization in 
individuals with essential tremor. 

 
1. Introduction 

Essential tremor, a chronic neurological disorder affecting approximately 2% of the population, causes tremors 
in the hands and arms at a frequency of 4–12 Hz, making it one of the most common movement disorders [1], [2], [3]. 
This condition typically manifests as postural tremors, which occur while maintaining a position against gravity, and 
kinetic tremors, which arise during intentional movements such as reaching or eating [4], [5]. First-line treatments 
commonly include medications such as propranolol or primidone. However, surveys indicate that around 35% of patients 
discontinue medication due to limited efficacy and adverse side effects. Furthermore, 28% of individuals have never 
sought medical consultation for their tremor symptoms [6]. These challenges underscore the urgent need for the 
development of assistive technologies aimed at enhancing patient autonomy in daily life. 

Assistive technologies help individuals with disabilities perform daily tasks more independently [7]. One such 
application is the stabilization of eating utensils for individuals with essential tremor. In this context, a Proportional-
Integral-Derivative (PID) controller can be employed to achieve system stability and mitigate tremor effects. The PID 
controller is widely used in industry due to its simple structure, robustness, and ease of implementation, with the added 
advantage of being compatible with other methods, such as optimization algorithms or filters, to enhance system 
performance and stability [8]. The performance of a PID controller depends on the proper tuning of three primary 
parameters: proportional (𝐾𝑝), integral (𝐾𝑖), and derivative (𝐾𝑑), with common tuning methods such as Ziegler-Nichols 

and Cohen-Coon, the latter providing a faster response time [9], [10], [11].  
Previous research [12] developed a stabilization spoon for individuals with Parkinson’s disease using an 

MPU6050 sensor and a complementary filter to measure rotational movement. The collected data were processed by 
an Arduino Nano, which employed a PID controller to actuate SG90 servo motors. Experimental results demonstrated 
that the spoon achieved quick stabilization during slow movements. However, initial overshoots were recorded at –
21.49° (pitch) and –14.89° (roll), along with oscillations ranging between –10° and 10° during severe tremor conditions. 
The main limitation of the study was the time-consuming manual tuning of the PID controller, which relied on a trial-and-
error approach. 

To address the limitations of the traditional PID tuning method, several studies have proposed the use of 
optimization algorithms such as Genetic Algorithm (GA), Simulated Annealing (SA), and Particle Swarm Optimization 
(PSO). PSO is a metaheuristic algorithm inspired by the social behavior of animal swarms, with each particle 
representing a potential solution that explores the search space by updating its position based on its own best 
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experience and that of the entire swarm. This enables faster and more efficient convergence [13], [14]. A study [15] 
demonstrated that PID parameters optimized using PSO outperformed those obtained through SA and GA, providing 
faster response times, reduced overshoot, and enhanced system stability. 

Research [16] developed a robotic feeding device for tremor suppression, utilizing an inertial measurement unit 
(IMU), two DC motors, and a PID controller optimized using a genetic algorithm. Simulation results conducted in 
SimMechanics demonstrated a damping efficiency of 84% to 99.41%, indicating that the spoon could be effectively 
stabilized during the eating process. However, the study lacked experimental validation, leaving its real-world 
effectiveness unconfirmed. 

The MPU6050 sensor integrates an accelerometer and a gyroscope to measure hand tremors in essential tremor 
patients. Accelerometer data tends to have high-frequency noise, while gyroscope data experiences drift over time [17]. 
The Kalman Filter effectively reduces noise [17], [18], by using a mathematical algorithm that estimates system state 
changes in real time, providing more accurate and stable estimations [19], [20]. 

This study aims to develop a spoon stabilization system for individuals with essential tremor using a PID controller 
tuned by PSO and to compare its performance with the Cohen-Coon tuning method. The system employs an MPU6050 
sensor to detect hand tremors, a Kalman filter to reduce noise, and an Arduino Nano to control two servo motors in real 
time. The system's effectiveness is evaluated through simulations and hardware implementation. 

 
2. Research Method 
2.1 PID Control 

The PID controller is a widely used method to regulate a system to achieve the desired condition. Its structure 
consists of three primary parameters: proportional (𝐾𝑃) which affects response speed, integral (𝐾𝑖) which eliminates 

steady-state error, and derivative (𝐾𝑑) which enhances stability and reduces overshoot. The PID controller equation, as 
defined in Equation 1, calculates the control variable 𝑢(𝑡) based on the system error 𝑒(𝑡), which represents the 
difference between the desired value (setpoint) and the actual system output [21]. 
 

𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝑖  ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡

𝑡

0

 (1) 

 
2.2 Gimbal Model 

This system consists of two joints that rotate at angles θ₁ and θ₂ along the pitch and roll axes. The pitch axis 
controls the spoon's up-and-down movement, while the roll axis controls its left-and-right movement. The system 
comprises three body frames: body (0), which is attached to the spoon handle; body (1), which connects to body (0) 
and rotates around the roll axis; and body (2), which connects to body (1) and rotates around the pitch axis. The 
movement of the end effector (body (2)) can be analyzed kinematically using the Denavit-Hartenberg (DH) convention 
[22], [23]. 

The rotation matrix between body frame (0) and body frame (1), which rotates around the roll axis, is defined in 
Equation 2. 
 

0𝑅1
=  [

𝑐𝑜𝑠𝜃1 0 𝑠𝑖𝑛𝜃1

0 1 0
−𝑠𝑖𝑛𝜃1 0 𝑐𝑜𝑠𝜃1

] (2) 

 
The rotation matrix between body frame (1) and body frame (2), which rotates around the pitch axis, is defined 

in Equation 3. 
 

1𝑅2
=  [

1 0 0
0 𝑐𝑜𝑠𝜃2 −𝑠𝑖𝑛𝜃2

0 𝑠𝑖𝑛𝜃2 𝑐𝑜𝑠𝜃2

] (3) 

 
Thus, the total rotation matrix for body frames (0), (1), and (2) is defined in Equation 4. 
 

0𝑅2
=  [

𝑐𝑜𝑠𝜃1 𝑠𝑖𝑛𝜃1𝑠𝑖𝑛𝜃2 𝑠𝑖𝑛𝜃1𝑐𝑜𝑠𝜃2

0 𝑐𝑜𝑠𝜃2 −𝑠𝑖𝑛𝜃2

−𝑠𝑖𝑛𝜃2 𝑐𝑜𝑠𝜃1𝑠𝑖𝑛𝜃2 𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2

] (4) 

 
The MPU6050 sensor is placed on the end effector (body frame (2)) to measure the actual angle. The error 

between the desired angle and the actual sensor reading, denoted as 𝜀1 and 𝜀2, represents the difference between the 
setpoint angles and the measured angles for each respective axis and is defined in Equations 5 and 6. 
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𝜀1 =  𝛼1𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝛼1  (5) 

  
𝜀2 =  𝛼2𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝛼2 (6) 

 
From Equations 5 and 6, the rotation matrix representing the error in body frame (2) is defined in Equation 7. 
 

2𝑅𝜀
=  [

𝑐𝑜𝑠 𝜀1 𝑠𝑖𝑛 𝜀1 𝑠𝑖𝑛 𝜀2 𝑠𝑖𝑛 𝜀1𝑐𝑜𝑠 𝜀2

0 𝑐𝑜𝑠 𝜀2 −𝑠𝑖𝑛 𝜀2 

−𝑠𝑖𝑛 𝜀2 𝑐𝑜𝑠 𝜀1𝑠𝑖𝑛 𝜀2 𝑐𝑜𝑠 𝜀1 𝑐𝑜𝑠 𝜀2

] (7) 

 
Using inverse kinematics, the relationship between the total rotation matrix and the error in body frame (2) is 

defined in Equation 8. 
 

0𝑅𝜀
(𝜃, 𝛼) = 0𝑅2

(𝜃)2𝑅𝜀
(𝛼) (8) 

 
From Equation 8, the relationship between the error and body frame (0) can be expressed in Equation 9. 
 

0𝑅2
(𝜃)2𝑅𝜀

(𝛼) = [

𝑟11 𝑟12 𝑟13

𝑟21 𝑟22 𝑟23

𝑟31 𝑟32 𝑟33

] (9) 

 
In Equation (9), 𝑟𝑖𝑗 represents the elements of the transformation matrix obtained from the multiplication of 0𝑅2

(𝜃) 

and 2𝑅𝜀
(𝛼). The new motor angles required to maintain the spoon's orientation are defined in Equations 10 and 11 for 

the roll and pitch axes, respectively. 
 

𝜃1𝑛𝑒𝑤 = 𝑡𝑎𝑛−1(
𝑟31

𝑟33

) (10) 

  
𝜃2𝑛𝑒𝑤 = 𝑠𝑖𝑛−1(𝑟32) (11) 

 
2.3 DC Motor Model 

The transfer function of the gimbal actuator used to achieve the desired position through the controller is defined 
in Equation 12 [24], 
 

𝜃(𝑠)

𝑉(𝑠)
=

𝐾

𝑠[(𝑅 + 𝐿𝑠)(𝐽𝑠 + 𝑏) + 𝐾2]
 (12) 

 

where 𝐾 is the back EMF (Nm/A), 𝐿 is the inductance (H), 𝑅 is the resistance (), 𝐽 is the moment of inertia of 

the motor (Kg 𝑚2/𝑠2 ), and 𝐵 is the damping ratio (Nm/rad). 
 

2.4 Kalman Filter 
The Kalman filter is a set of mathematical equations designed to estimate state changes in real time by accounting 

for noise disturbances in sensor data. The Kalman Filter algorithm used in this system is illustrated in Figure 1. It consists 
of two main stages: Time Update and Measurement Update [19]. The MPU-6050 sensor reads raw data from the 
accelerometer and gyroscope. The accelerometer data is then converted into angles, while the gyroscope data 
calculates angular velocity. 

 

 
Figure 1. Kalman Filter Block Diagram 
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In the Kalman filter, the prediction step uses gyroscope data to estimate the sensor's position (angle) in the next 
step. The equations for this prediction process are given in Equations 13 and 14. 
 

𝑋̂𝑘̅ =  𝐹𝑋̂𝑘−1 + 𝐵𝑢𝑘−1 (13) 

  

𝑃𝑘̅ =  𝐹𝑃𝑘−1𝐹𝑇 + 𝑄 (14) 
 
The correction step uses accelerometer data to refine the gyroscope-based prediction. The equations for this 

correction process are given in Equations 15, 16, and 17. 
 

𝐾𝑘 =  𝑃𝑘̅ 𝐻𝑇(𝑅 + 𝐻𝑃𝑘̅𝐻𝑇)−1 (15) 
  

𝑋̂𝑘 =  𝑋̂𝑘̅ + 𝐾𝑘(𝑍𝑘 − 𝐻𝑋̂𝑘̅) (16) 

  
𝑃𝑘 = (𝐼 − 𝐾𝑘𝐻)𝑃𝑘̅ (17) 

 

In these equations, 𝑋̂𝑘 is the estimated state, 𝐹 is the state transition matrix, 𝑢 is the control input, 𝐵 is the control 

matrix, 𝐻 is the measurement matrix, 𝑍 is the measurement variable, 𝑃 is the state covariance matrix, and 𝐾 is the 
Kalman filter gain. The process noise is represented by 𝑄, and the measurement noise is represented by 𝑅 [17]. 

 
2.5 PSO Tuning Method 

Particle Swarm Optimization (PSO) is a stochastic optimization technique inspired by the movement behavior of 
animals searching for food [23]. Unlike individuals in the Genetic Algorithm (GA), which may survive or be eliminated in 
the next generation, PSO particles persist throughout the process without being removed. Additionally, PSO 
incorporates a memory mechanism that allows each particle to retain its best solution. Its simpler structure enables 
faster convergence compared to GA [25], [26]. The design process of the spoon stabilization system using PID control 
optimized with PSO is shown in Figure 2. 

The system receives an input in the form of a reference angle (setpoint), which is compared with the actual spoon 
position to generate an error signal. This signal is processed by the PID controller, which generates a control signal to 
drive the servo motor. The tuning of the PID control parameters (𝐾𝑃 , 𝐾𝑖, and 𝐾𝑑)) using PSO is performed in a non-real-
time manner. 

 

 
Figure 2. PID-PSO Block Diagram 

 
PSO initializes a population of particles randomly within the search space, where each particle stores its personal 

best position (Pbest) and the global best position (Gbest). The position and velocity of each particle are iteratively 
updated as defined in Equations 18 and 19 [25], 
 

𝑣𝑖,𝑚
(𝑡+1)

= 𝑤. 𝑣𝑖,𝑚
(𝑡)

+ 𝐶1 ∗ 𝑅𝑎𝑛𝑑 ∗ (𝑃𝑏𝑒𝑠𝑡𝑖,𝑚 − 𝑥𝑖,𝑚
(𝑡)

) + 𝐶2 ∗ 𝑅𝑎𝑛𝑑 ∗ (𝐺𝑏𝑒𝑠𝑡𝑚 − 𝑥𝑖,𝑚
(𝑡)

) (18) 

  

𝑥𝑖,𝑚
(𝑡+1)

= 𝑥𝑖,𝑚
(𝑖)

+ 𝑣𝑖,𝑚
(𝑡+1)

 , 𝑖 = 1, 2, … , 𝑛 (19) 
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where 𝑛 is the number of particles, 𝑤 is the inertia weight, 𝐶1 and 𝐶2 are positive constants, 𝑅𝑎𝑛𝑑 represents two random 

numbers between 0 and 1, 𝑡 is the iteration number, 𝑃𝑏𝑒𝑠𝑡 is the best position of particle, and 𝐺𝑏𝑒𝑠𝑡 is the best-
performing particle in the swarm. 

Each particle represents a unique set of PID parameters (𝐾𝑃 , 𝐾𝑖 and 𝐾𝑑) and generates a control signal to drive 
the servo motor. The performance of each particle is evaluated using the Integral of Time-weighted Absolute Error 
(ITAE) index, which assesses control quality based on the magnitude of error and is given in Equation 20. A lower ITAE 
value indicates better system performance. ITAE is widely recognized as an effective evaluation function that accounts 
for multiple performance aspects, including settling time, overshoot, and steady-state error [27]. 
 

𝐼𝑇𝐴𝐸 =  ∫ 𝑡|𝑒(𝑡)|𝑑𝑡
∞

0

 (20) 

 
The servo motor movement results in a change in the spoon’s angular position, which serves as the system 

output. To obtain accurate feedback, an accelerometer and gyroscope are employed to measure acceleration and 
angular velocity. The sensor data, which contains noise, is filtered using a Kalman Filter, producing a smoother 
estimation of the angular position to be used as feedback input to the system. 

 
2.6 Cohen-Coon Tuning Method 

The Cohen-Coon method is a conventional PID tuning approach that offers better steady-state response than 
Ziegler-Nichols, with a faster rise time and a more complex formulation [28]. The overall control mechanism is illustrated 
in Figure 3, where the system receives an input in the form of a reference angle (set point) which is compared with the 
actual spoon position to generate an error signal. This signal is processed by the PID controller to produce a control 
signal that drives the servo motor. The PID control parameters (𝐾𝑃 , 𝐾𝑖 and 𝐾𝑑)  are determined through the Cohen-Coon 
tuning method, which is performed in a non-real-time manner by analyzing the system response using the open-loop 
method by applying a step input signal. From the response graph, the time delay (𝜏𝑑), time constant (𝜏), and system 

gain (𝐾) can be determined [11]. The PID parameters (𝐾𝑃 , 𝐾𝑖 and 𝐾𝑑) are then calculated using the formulas provided 
in Table 1. 

 

 
Figure 3. PID-Cohen Coon Block Diagram 

 
Table 1. Cohen-Coon PID Parameters 

Control 
Parameters 

𝑲𝑷 𝑻𝒊 𝑻𝒅 𝑲𝒊 𝑲𝒅 

P 
𝜏

𝐾𝜏𝑑
(1 +

𝜏𝑑

3𝜏
) - - - - 

PI 

𝜏

𝐾𝜏𝑑
(0,9

+
𝜏𝑑

3𝜏
) 

𝜏𝑑 (
30 +

3𝜏𝑑
𝜏

9 +
20
𝜏

) - 
𝐾𝑃

𝜏𝑖
 - 
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Control 
Parameters 

𝑲𝑷 𝑻𝒊 𝑻𝒅 𝑲𝒊 𝑲𝒅 

PID 

𝜏

𝐾𝜏𝑑
(1,33

+
𝜏𝑑

4𝜏
) 

𝜏𝑑 (
32 +

6𝜏𝑑
𝜏

13 +
8
𝜏

) 𝜏𝑑 (
4

11 +
2𝜏𝑑

𝜏

) 
𝐾𝑃

𝜏𝑖
 𝐾𝑃 𝑥 𝑇𝑑 

 
3. Results and Discussion 
3.1 Simulation Result 

The simulation in Figure 4 implements a PID controller optimized using PSO to stabilize the roll and pitch angles. 
A MATLAB Function block calculates the set-point based on the gimbal kinematics in the pitch and roll axes, which is 
then used to control the corresponding servo motors to maintain spoon stability. The tremor movement data for the roll 
and pitch angles used in the simulation were obtained from an MPU-6050 sensor, which was filtered using a Kalman 
Filter to suppress noise. Fast Fourier Transform (FFT) analysis identifies the dominant tremor frequency at 
approximately 4.5 Hz. 

 

 
Figure 4. PID-PSO Simulation 

 
The Particle Swarm Optimization (PSO) algorithm is applied to optimize the PID controller parameters, 

considering key factors that influence optimization effectiveness, as shown in Table 2. 
 

Table 2. PSO Parameters 

Parameter Variable Value 

Cognitive component 𝐶1 1.5 

Social component 𝐶2 1.5 

Number of particles (Population) 𝑁 50 

Number of iterations 𝐼 50 

Upper Bound 𝑈𝑏 5, 10, 5 

Lower Bound 𝐿𝑏 0.001, 0.001, 0.0001 

Minimum inertia weight 𝑊𝑚𝑖𝑛 0.4 

Maximum inertia weight 𝑊𝑚𝑎𝑥 0.9 

Dimension (Number of parameters) 𝑑𝑖𝑚 3 

 
The PID parameters (𝐾𝑃 , 𝐾𝑖, and 𝐾𝑑) and ITAE for the pitch and roll angles are obtained after 50 iterations, as 

shown in Table 3. A lower ITAE indicates a more optimal control system performance. 
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Table 3. PSO-Tuned PID Parameters 

Controller 
PID Parameter ITAE 

𝐾𝑃 𝐾𝑖 𝐾𝑑 

PID-PSO Roll 0.357661535049177 3.70696057614307 0.0001 0.04367 

PID-PSO Pitch 0.403286597553169 3.97528929343970 0.0001 0.03862 

 
The PID-PSO simulation results are shown in Figure 5(a) as a step response, while Figure 5(b) presents the 

sensor response using the MPU-6050 and Kalman Filter, illustrating the tremor movement readings captured by the 
sensor. 

 
(a) (b) 

Figure 5. Simulation Results: (a) Step Response, (b) System Response to Pitch and Roll Tremor Movements 
 
Based on the system testing results using the PID-PSO controller, the system's performance response is 

presented in Table 6. The PSO-PID simulation demonstrated a fast and stable response for both angles. The roll angle 
achieved a rise time of 1.771 s and a settling time of 0.708 s, while the pitch angle had a rise time of 1.727 s and a 
settling time of 0.667 s, indicating that the system quickly reached stability. An overshoot of 0% and a steady-state error 
of 0 confirm stability without oscillations or deviations from the setpoint. Additionally, a peak time of 0 indicates that the 
system did not experience any overshoot before stabilizing, with low delay times of 0.229 s for roll and 0.212 s for pitch. 

 
Table 4. Simulation Response Performance 

Controller 

Parameter 

Rise 
Time (s) 

Max Overshoot 
(%) 

Settling 
Time (s) 

Peak 
Time (s) 

Delay 
Time (s) 

Steady 
State Error 

PSO-PID Roll 1.771 0 0.708 0 0.229 0 

PSO-PID Pitch 1.727 0 0.667 0 0.212 0 

 
3.2 Hardware Implementation Result 

The implementation results of the stabilization spoon for essential tremor patients are shown in Figure 6. The 
system consists of an Arduino Nano as the microcontroller, two servo motors as actuators, an MPU6050 sensor to 
detect spoon bowl movements, and a battery as the power source. 

 

 
Figure 6. Stabilizing Spoon for Essential Tremor  
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3.3 Comparison of PID controller using PSO and Cohen Coon 
After analyzing the system response using the open-loop method with a step input on pitch and roll angles, the 

response graph is used to calculated the delay time (𝜏𝑑), time constant (𝜏), and system gain (𝐾). Based on these 

parameters, the PID parameters (𝐾𝑃 , 𝐾𝑖 and 𝐾𝑑) are calculated, as shown in Table 5.  
 

Table 5. Cohen-Coon Tuned PID Parameters 

Controller 
PID Parameter 

𝑲𝒑 𝑲𝒊 𝑲𝒅 

PID - Cohen Coon Roll  0.0175 2.45 0.000215 

PID - Cohen Coon Pitch 0.03221 2.8938 0.0004245 

 
Hardware testing using PID-PSO parameters showed performance differences compared to the simulation 

results, as the simulation does not fully represent real-world system conditions. Based on the performance response 
comparison in Table 6 and Figure 7, the PID-PSO Roll system demonstrated the best performance with a very fast rise 
time of 0.09 s and a short settling time of 0.74 s, although it experienced an overshoot of 11.98%. For the PID-PSO 
Pitch controller, the response was stable with no overshoot (0%) and a faster settling time of 0.59 s, along with zero 
steady-state error. Both controllers showed satisfactory results in terms of accuracy and speed. On the other hand, the 
PID-Cohen Coon Roll had a longer rise time (0.19 s) and a longer settling time (1.44 s) with a lower overshoot of 6.08%, 
while the PID-Cohen Coon Pitch also had a slower rise time (0.39 s) and settling time (0.69 s), with a very small 
overshoot of 0.33%. These hardware testing results indicate that the PID-PSO provides a faster dynamic response 
compared to the PID-Cohen Coon. This finding aligns with the study in [23] , which reported that PSO tuning achieves 
superior performance compared to other tuning methods, such as Ziegler-Nichols, Cohen-Coon, and Genetic Algorithm 
(GA), in camera gimbal stabilization systems. 

 

 
(a) (b)  

Figure 7. PID-PSO and Cohen-Coon Responses: (a) Servo Motor Roll, (b) Servo Motor Pitch 
 

Table 6. Response Performance of PID-Cohen Coon and PID-PSO 

Controller 

Parameter 

Rise 
Time (s) 

Max Overshoot 
(%) 

Settling 
Time (s) 

Peak 
Time (s) 

Delay 
Time (s) 

Steady 
State Error 

PID-PSO Roll 0.09 11.98 0.74 0.25 0.15 0 

PID-PSO Pitch 0.34 0 0.59 0 0.1 0 

PID-Cohen Coon Roll 0.19 6.08 1.44 0.45 0.2 0 

PID-Cohen Coon Pitch 0.39 0.33 0.69 0.9 0.2 0 

 
The findings suggest that implementing a PID controller optimized via PSO is a viable approach for spoon 

stabilization in individuals with essential tremor. Its rapid response and short settling time offer crucial advantages for 
supporting independent eating, thereby contributing to improved quality of life and daily autonomy. 
 
3.4 Kalman filter 

The accuracy of MPU-6050 sensor data was evaluated with and without the Kalman filter by incrementally 
adjusting the sensor from 10º to 180º in 10º steps for both pitch and roll angles. The results are presented in Table 7 
(pitch) and Table 8 (roll).  
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Table 7. Kalman Filter Testing Data on Pitch Angle 

Arc 
Angle 

Pitch Angle 
(Without 
Kalman) 

Pitch Angle 
(With Kalman) 

Error Deviation 
(Without 

Kalman)% 

Error Deviation 
(With 

Kalman)% 

10° 10.9 10 0.9 0 

20° 19.1 20.02 0.9 0.02 

30° 30.33 30 0.33 0 

40° 40.51 40 0.51 0 

50° 48.77 50.05 1.23 0.05 

60° 60.91 60 0.91 0 

70° 70.32 69.82 0.32 0.18 

80° 80.36 80.06 0.36 0.06 

90° 89.46 90 0.54 0 

100° 99 100 1 0 

110° 108.86 110.2 1.14 0.2 

120° 118.25 120.03 1.75 0.03 

130° 131.58 130.06 1.58 0.06 

140° 141.73 139.98 1.73 0.02 

150° 148.55 150 1.45 0 

160° 161.86 159.96 1.86 0.04 

170° 171.5 169.99 1.5 0.01 

180° 179.5 180 0.5 0 

Average 1.028 0.037 

 
Table 8. Kalman Filter Testing Data on Roll Angle 

Arc 
Angle 

Roll Angle 
(Without 
Kalman) 

Roll Angle 
(With Kalman) 

Error Deviation 
(Without 

Kalman)% 

Error Deviation 
(With 

Kalman)% 

10° 10.68 10.08 0.68 0.08 

20° 20.5 20.03 0.5 0.03 

30° 30.3 30.04 0.3 0.04 

40° 41.75 40 1.75 0 

50° 50.21 50 0.21 0 

60° 61.16 60 1.16 0 

70° 71.54 70 1.54 0 

80° 80.87 80 0.87 0 

90° 90.8 90 0.8 0 

100° 99.33 100.06 0.67 0.06 

110° 109.76 110 0.24 0 

120° 122 120 2 0 

130° 129.43 130.1 0.57 0.1 

140° 140.25 140.01 0.25 0.01 

150° 151.56 150.09 1.56 0.09 

160° 160.5 160.06 0.5 0.06 

170° 169.7 170.09 0,3 0.09 

180° 179.1 180 0.9 0 

Average 0.822 0.031 

 
The test results showed that the average error deviation without the Kalman filter was 1.028° for the pitch angle 

and 0.822° for the roll angle. After applying the Kalman filter, the error significantly decreased to 0.037° for the pitch 
angle and 0.031° for the roll angle. This reduction in error indicates that the Kalman filter is effective in mitigating noise 
in sensor readings, providing more accurate angle estimations. These results are consistent with the findings of [17], 
which indicates that the Kalman filter has strong capabilities in handling noise by using mathematical algorithms that 
estimate system state changes in real-time, thereby providing more accurate and stable estimations. 
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4. Conclusion 
The hardware implementation, utilizing an Arduino Nano, servo motors, and an MPU-6050 sensor with a Kalman 

filter was successfully applied. The Kalman filter significantly improved sensor accuracy by reducing the average error 
deviation from 1.028° to 0.037° for pitch and from 0.822° to 0.031° for roll. Simulations in Simulink demonstrated that 
the PID-PSO controller effectively regulated the roll and pitch angles, achieving rise times of 1.771 s and 1.727 s, low 
delay times of 0.229 s and 0.212 s, settling times of 0.708 s and 0.667 s, and 0% overshoot. The hardware 
implementation resulted in faster rise times for roll and pitch, at 0.09 s and 0.34 s respectively, along with shorter delay 
times. The settling times remained nearly the same, at 0.74 s and 0.59 s, although an 11.98% overshoot was observed 
in the roll axis. These differences are attributed to real-world system conditions that are not fully represented in the 
simulation. Compared to the Cohen-Coon method, PID-PSO exhibited a faster and more accurate response in 
mitigating tremors, despite Cohen-Coon having a lower overshoot of 6.08% for roll and 0.33% for pitch. The PID-PSO-
based stabilization system demonstrates improved responsiveness and holds significant potential for assisting 
individuals with tremor in performing daily activities. 
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