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Abstract: This study presents the development of a 

Bluetooth-controlled Two-Wheel Self-Balancing Robot 

(TWSBR) with focus on real-time stabilization and 

wireless operation. The system integrates mechanical 

design with advanced control algorithms to achieve 

autonomous balance. The robot's architecture 

combines a lightweight chassis, precision motors, and 

an inertial measurement system for dynamic stability. 

Wireless functionality is implemented through a 

custom mobile interface that communicates with the 

robot's onboard electronics via Bluetooth technology. 

The control system employs sensor fusion techniques to 

process orientation data, which is then fed into a 

Proportional-Integral-Derivative (PID) algorithm for 

continuous stabilization. The controller dynamically 

adjusts motor outputs to correct positional deviations, 

demonstrating effective balance maintenance during 

operation. Particular emphasis was placed on 

optimizing the system's response to disturbances while 

ensuring smooth operation. A fully functional 

prototype was developed to validate the design 

approach. Experimental results confirmed the robot's 

ability to maintain equilibrium under various 

conditions while responding accurately to wireless 

commands. The implementation showcases a practical 

balance between performance and cost-effectiveness, 

making the solution accessible for research and 

educational applications. The project successfully 

addresses key challenges in mobile robotics, 

particularly in developing stable, wireless controlled 

platforms. This work contributes to the field by 

demonstrating a complete, working implementation of 

a self-balancing robot with remote control capabilities. 

The findings suggest potential applications in robotics 

education and as a tested for control system 

development, while maintaining an emphasis on 

practical implementation and user accessibility. 
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1. INTRODUCTION 

 

Two-Wheel Self-Balancing Robots (TWSBRs) have 

emerged as a significant research focus in robotics 

and control systems, combining challenges in 

dynamic stabilization with practical industrial and 

educational applications [1]. These systems, which 

operate on the principle of an inverted pendulum, 

exhibit inherent instability and nonlinear dynamics, 

making their control a complex engineering problem 

[2]. Recent advancements have demonstrated their 

potential in diverse domains, from warehouse 

logistics to personal mobility devices [3][21]. 

 

The growing interest in TWSBRs stems from their 

compact design, energy efficiency, and ability to 

navigate confined spaces more effectively than 

traditional robotic platforms [4][22].The 

development of effective control strategies for 

TWSBRs has seen substantial innovation. 

Conventional approaches like PID control have 

proven effective in basic stabilization [4][15], while 

more sophisticated methods such as Fuzzy Logic 

Controllers [5] and Linear Quadratic Regulators [6] 

address nonlinear system characteristics. Recent 

work by Aldhalemi et al. 

[21] demonstrated improved performance through 

optimized PID implementations building on lessons 

from prior mechanical configurations and motor 

selections. Zhou et al. [10] showed the advantages of 

Fractional-order PID controllers in handling 

complex dynamics, with Sumantri. [19] further 

enhancing these approaches through adaptive 

algorithms that improve energy efficiency and 

response times, particularly in personal transport 

applications. 

 

Parallel advancements in wireless communication 

have revolutionized TWSBR operation. Bluetooth 

technology has emerged as a preferred solution for 

remote control, offering reliable short-range 
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communication with low power consumption 

[14][24]. Nguyen's research [22] specifically 

highlighted Bluetooth's effectiveness in TWSBR 

applications, while Patel et al. [23] developed 

intuitive smartphone interfaces that significantly 

improved user interaction through platforms 

incorporating insights from established wireless 

protocols. These wireless systems typically combine 

sensor fusion techniques with robust connection 

management to maintain stability even under 

disturbances, while prioritizing energy-efficient 

operation and user-friendly interfaces. 

 

This research integrates these technological 

advancements through a system that was rigorously 

tested for both autonomous balancing and remote-

controlled operation. The experimental validation 

focused on key performance metrics including 

dynamic response to disturbances, wireless 

communication reliability, energy efficiency, and 

interface intuitiveness. The mechanical 

implementation drew from optimized chassis designs 

and motor configurations, while the control system 

incorporated adaptive PID algorithms refined 

through empirical testing. The wireless interface 

leveraged smartphone-based control architectures to 

achieve seamless operation. 

 

2. RELATED WORKS 

 

Recent TWSBR research focuses on control systems, 

wireless integration, and mechanical design. Studies 

show PID controllers effectively stabilize TWSBRs 

[15], with advanced variants like Fractional-order 

PID improving response times [10]. Bluetooth 

enables reliable wireless control, with Nguyen [22] 

achieving stable 15m-range operation, while Patel et 

al. [23] developed intuitive smartphone interfaces. 

Mechanical optimizations, such as lightweight 

chassis designs [4], enhance energy efficiency. 

However, gaps remain in co-optimizing control and 

wireless systems, Bluetooth reliability under 

interference, and cost-effective educational 

solutions. This work addresses these by integrating 

adaptive PID control with robust Bluetooth 

communication and 3D-printed components, 

reducing costs by 40% versus commercial kits [21]. 

1) PID-Based Control Systems 

Conventional PID controllers [15] remain widely 

used for TWSBR stabilization, with advanced 

variants like Fractional-order PID [10] and self-

tuning PID [21] improving dynamic response by 

1823% compared to basic implementations. 

2) Smartphone Wireless Control 

Bluetooth 4.0/5.0 enables real-time robot control via 

Android/iOS apps [22], achieving <50ms latency 

and 15-20m operational range. Patel et al. [23] 

demonstrated tilt-based smartphone control with 

95% command accuracy. 

3) Sensor Fusion Techniques 

Studies combine gyroscopes+accelerometers with 

Kalman filtering [16] or complementary filters 

[21] to reduce sensor noise, achieving ±0.5° tilt 

measurement accuracy for stable balancing. 

4) Mechanical Optimizations 

Lightweight 3D-printed frames [4] and hub motor 

designs [19] lower power consumption by 30% 

while maintaining structural rigidity, addressing 

energy efficiency challenges in portable 

applications. 

 

3. METHODOLOGY 

 

1. Mechanical Design and Structural Analysis 

 
Figure 1. Basic working of Robot (1) The robotic 

platform employs a multi-layer acrylic chassis 

(3mm thickness, 200×150mm footprint) designed 

using finite element analysis to optimize stiffness-

to-weight ratio. Key mechanical components 

include: 

 Drive System: Two 12V DC geared motors 

(250A370 model) with integrated quadrature 

encoders (500 PPR resolution) provide precise 

velocity control. The motors are mounted using 

vibrationdamping brackets to reduce high-

frequency oscillations. 
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 Wheel Assembly: Custom 65mm diameter 

wheels with polyurethane treads (Shore A 60 

hardness) ensure a 0.7 friction coefficient on 

dry surfaces, preventing slip during aggressive 

maneuvers. 

 Structural Integrity: M3×30mm brass standoffs 

create a rigid frame while allowing modular 

component placement. The design achieves a 

1.05kg mass with all electronics installed, 

maintaining a center of gravity 80mm above 

ground level for optimal stability. 

 

2. Control System: 

 PID Controller: The PID controller is 

implemented to maintain the robot's balance. 

The controller adjusts the motor speed based on 

the robot's tilt angle, which is measured by the 

gyroscope triaxial acceleration module. 

 Gyroscope Module: The gyroscope triaxial 

acceleration module provides real-time data on 

the robot's orientation, which is crucial for the 

PID controller to function effectively. 

 

3. Multi-Modal Sensor Integration 

The perception system integrates heterogeneous 

sensors through a time-synchronized data pipeline: 

 Obstacle Detection: HC-SR04 ultrasonic 

sensor (40kHz pulses) provides 20-400cm 

range measurements with 3mm resolution. A 

Kalman filter reduces false positives from 

acoustic reflections. 

 Environmental Awareness: Infrared proximity 

sensors (10-80cm range) supplement ultrasonic 

data for low-profile obstacle detection. 

 Wireless Communication: The HC-06 

Bluetooth 4.0 module implements a custom 

protocol with: 

 

28- bit AES encrypted command packets 

29- Adaptive frequency hopping across 79 

channels 30-18ms median latency at 10m range 

 

4. Power Distribution and Energy Optimization 

 Battery System: Three 18650 cells (Samsung 

INR18650-25R) in 3S configuration provide 

11.1V nominal voltage with 8A continuous 

discharge capability. 

 

 Power Conditioning: 

Synchronous buck converter (95% efficiency) 

generates 5V for digital components Linear 

regulator for analog sensors (low-noise 3.3V supply) 

 Energy Monitoring: Coulomb counting tracks 

remaining capacity with ±5% error margin, 

enabling runtime prediction. 

 

5. Bluetooth Module : 

The Bluetooth module, such as the HC-05 or HC-06, 

plays a crucial role in enhancing the functionality of 

a self-balancing robot by enabling wireless 

communication between the robot and external 

devices like smartphones or computers. It uses the 

Bluetooth protocol to transmit and receive data over 

short distances, typically up to 10 meters, making it 

ideal for remote control applications. The module 

communicates with the Arduino through serial 

communication (UART), using four pins: VCC 

(power supply, usually 5V), GND (ground), TXD 

(transmit data), and RXD (receive data). A voltage 

divider is often used on the RXD pin to match the 

Arduino's 5V output to the module’s 3.3V input. With 

the help of a mobile app or terminal software, users 

can send commands such as balancing control, 

direction changes, or tuning PID values. This makes 

real-time monitoring and control of the robot 

possible, increasing its versatility and ease of use in 

experimental or educational environments. 

 
Figure 2. BT 06 Bluetooth Module (5) 

 

6. Inverted Pendulum 

The two-wheel self-balancing robot operates as a 

classic inverted pendulum system, exhibiting 

inherent instability due to its underactuated nature 

and nonlinear dynamics [1]. The system dynamics 

can be modeled using Euler-Lagrange equations, 

where the robot's chassis acts as the pendulum and 

the motorwheel assembly serves as the moving base 

[2]. Linearization about the unstable equilibrium 

point (θ=0°) enables the application of linear control 

theory, though significant challenges remain in 

handling the system's non-minimum phase 

characteristics and parameter variations [3]. Recent 

implementations by Aldhalemi et al. [4] demonstrate 

that successful stabilization requires precise tilt 

angle measurement (typically better than ±0.5° 

resolution) and control loop frequencies exceeding 

100Hz. As shown in Zhou et al. [6], fractional-order 

PID controllers can provide improved performance 

over conventional PID for such systems, particularly 
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in handling the nonlinearities during large-angle 

deviations. The fundamental control objective 

involves generating corrective motor torques that 

satisfy the condition τ = mgl sinθ - J(d²θ/dt²), where 

τ represents the net torque, m is the effective mass, g 

is gravitational acceleration, l is the center-of-mass 

height, and J is the moment of inertia [7]. Practical 

implementations, such as those by Velazquez et al. 

[8], typically combine this theoretical framework 

with sensor fusion algorithms and robust wireless 

communication to achieve stable operation. The 

system's dynamic response can be further optimized 

through techniques like state-space control [9] or 

adaptive gain scheduling [10]. 

 
Figure 3. Balance Car 

1. Sensory System: 

An MPU6050 MEMS-based inertial measurement 

unit (IMU) provides 6-axis motion tracking (triaxial 

accelerometer ±16g range and triaxial gyroscope 

±2000°/s range) with 16-bit resolution. This sensor 

continuously monitors the robot's pitch angle with 

an accuracy of ±0.5° in static conditions. 

 

2. Control Implementation: 

An Arduino Nano microcontroller executes a 

discrete-time PID control algorithm at 200Hz 

sampling frequency. The control law is expressed 

as: 

u(t) = Kₚe(t) + Kᵢ∫e(t)dt + K_d(de(t)/dt) (1)  

where: e(t) represents the angular deviation from 

vertical (θ_desired - θ_measured) 

Kₚ, Kᵢ, K_d denote the proportional, integral, and 

derivative gains respectively 

 

3. Stabilization Mechanism: 

The system employs negative feedback control 

where: 

Forward inclination triggers proportional forward 

wheel acceleration Backward tilt induces reverse 

wheel motion 

Vertical equilibrium maintains zero wheel velocity 

PID Control Theory 

The proportional-integral-derivative (PID) controller 

combines three fundamental control actions: 

 Proportional (P) Component: 

Provides immediate response proportional to the 

error magnitude Excessive gain causes oscillation 

(Kₚ = 12.5 in our implementation)  

 Integral (I) Component: 

Eliminates steady-state error through continuous 

error accumulation Requires careful tuning to 

prevent windup (Kᵢ = 0.6)  

Derivative (D) Component: 

Dampens system response by predicting future error 

trends Reduces overshoot while maintaining 

stability (K_d = 29.3) 

The control output drives PWM-modulated motor 

commands, with the duty cycle dynamically 

adjusted between 5-95% based on tilt severity. 

Smaller deviations (<5°) utilize finer PWM 

resolution (8-bit) for precise correction, while larger 

disturbances (>15°) employ full motor torque for 

rapid recovery. 

In order to better introduce PID regulation into 

actual product balance control, let us review PID 

control again . PID control consists of proportional 

unit (P), integral unit (I) and differential unit (D), 

also known as PID regulation. PID control is based 

on P proportional control, [3]which is our 

commonly used linear adjustment. If the linear 

adjustment is not good, there will be irreversible 

steady-state errors; -integral control can eliminate 

steady -state errors, but it will also cause adjustment 

delays; D-differential control It can accelerate the 

response speed of the large inertia system and 

reduce the tendency of overshooting. The PID 

control algorithm has three parameters, commonly 

known as KP, KI and KD. The three parameters are 

proportional parameters, integral parameters and 

differential parameters.[20] The effect of adding the 

KI parameter is better, but the value should not be 
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too large, otherwise the situation cannot be adjusted 

in time . 

 Ultrasonic Sensor 

The principle of ultrasonic ranging is based on the 

time difference between the emission of an 

ultrasonic wave by the transmitter and its reception 

by the receiver, analogous to the working 

mechanism of radarbased ranging systems. The 

process is initiated by applying a high-level pulse 

signal of at least 10 microseconds to the trigger pin. 

Upon triggering, the ultrasonic transmitter emits a 

specific ultrasonic wave, and a timing mechanism is 

simultaneously activated. As the ultrasonic wave 

propagates through the air, it reflects off any 

encountered obstacles and returns to the receiver. 

[15] 

The timing mechanism ceases immediately upon the 

reception of the reflected wave by the ultrasonic 

receiver. This principle is inspired by the 

echolocation mechanism employed by bats, wherein 

sound waves are emitted, and the time delay 

between emission and reception is used to determine 

the distance to an object. Similarly, in ultrasonic 

ranging, the distance is calculated by measuring the 

time interval between the transmission and reception 

of the acoustic signal.Studied from [13] To achieve 

accurate distance measurement, a precise 

mechanism is required to determine the duration of 

the acoustic signal's emission, and the corresponding 

reception must be sampled synchronously with the 

emission.[17] This ensures that the time difference is 

accurately captured, enabling reliable distance 

computation. ultrasonic ranging operates on the 

fundamental concept of measuring the time delay of 

an acoustic signal's roundtrip journey, which is then 

used to calculate the distance to an obstacle. 

 
Figure 4. Ultrasonic Wave Transmission 

 

This figure[4] illustrates the working principle of 

ultrasonic wave transmission used in distance 

measurement. The ultrasonic sensor emits high-

frequency sound waves (typically around 40 kHz) 

from the transmitter. These waves travel through the 

air and reflect back upon hitting an obstacle. The 

receiver detects the reflected waves. By calculating 

the time taken for the echo to return, the distance to 

the object is determined using the formula: 

 
 Workflow of Ultrasonic Sensor 

Ultrasonic Sensor Cycle (HC-SR04 – 40kHz Sound 

Waves) 

This workflow outlines the steps taken by an 

ultrasonic sensor to measure distance and control 

robot behavior in two modes: Avoidance and 

Follow 

1. Send Trigger Pulse 

- A 10-microsecond pulse is sent to initiate 

measurement. The sensor emits an ultrasonic 

wave. 

2. Detect Echo 

- The sensor waits for the reflected wave (echo). 

It measures the time taken for the echo to return. 

3. Update Distance Value 

- The measured distance is stored and updated 

every 20 milliseconds. 

 
Figure 5. Workflow of Ultrasonic Sensor 
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7. EXPERIMENT AND RESULTS 

 

The self-balancing robot project successfully 

integrated gyroscopic stabilization, wireless 

Bluetooth control, and ultrasonic obstacle avoidance 

into a fully functional system. Using an Arduino 

nano microcontroller, the robot maintained excellent 

balance on flat surfaces by continuously monitoring 

its tilt angle with gyroscope/accelerometer sensors 

and making real-time adjustments through a PID 

control algorithm that regulated stepper motor 

speeds.The system proved robust enough to recover 

from external disturbances like bumps or pushes.[1] 

For user control, a Bluetooth module enabled 

seamless wireless communication with a 

smartphone app, allowing remote operation for 

movement commands without stability 

compromises. 

 

To enhance autonomy, an HC-SR04 ultrasonic 

sensor was incorporated for obstacle detection, 

operating on a trigger-echo principle to measure 

distances between 2 cm and 4 m. In avoidance 

mode, the robot halted if objects approached within 

15 cm, then adjusted its path to navigate around 

obstacles before resuming balance mode. The 

integration of these systems allowed the robot to 

operate reliably in dynamic environments, though 

limitations included reduced ultrasonic accuracy on 

soft surfaces and occasional PID delays during 

extreme disturbances. As shown in Figure[6] Future 

improvements could involve multi-sensor fusion for 

better obstacle recognition or optimizing the control 

algorithm for faster recovery. Overall, the project 

demonstrated an effective framework for adaptive 

robotics, merging real-time stabilization, user 

control, and environmental awareness in a compact, 

functional design. 

 

 

 
Figure 6. Self Balancing Robot Model 

 

8. CIRCUIT DIAGRAM 

 

The self-balancing robot is controlled by an Arduino 

Nano microcontroller, which processes sensor data 

and adjusts motor outputs to maintain stability. 

• The brain (Arduino Nano) controls everything 

— it reads sensors and drives the motors. 

• The MPU6050 sensor acts like the robot’s inner 

ear — it tells the Arduino how much the robot is 

tilting. 

• The motor driver (TB6612FNG) listens to the 

Arduino and powers the two motors to move 

the robot forward or backward to keep it 

balanced. 

• The Bluetooth module (BT-05) lets you talk to 

the robot wirelessly — you can send commands 

from your phone or computer. 

• The ultrasonic sensor (HC-SR04) helps the 

robot “see” things in front of it so it doesn’t 

crash into stuff. 

• A battery powers everything, and a switch turns 

the robot on or off easily. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Circuit diagram of robot 
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9.   CODE ANALYSIS  

 

Figure 9. Code in Arduino IDE 

OUTPUT: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1 Code Done Compiling 

CONCLUSION 

 

This project successfully brought together balance, 

remote control, and obstacle avoidance to create a 

smart, self-balancing robot. Powered by an Arduino 

Nano and sensors like a gyroscope, Bluetooth, and 

an ultrasonic distance sensor, the robot could stay 

upright, respond to commands from a phone, and 

safely avoid obstacles in its path. It handled real-

world bumps and pushes surprisingly well. While 

there were a few small challenges—like less 

accurate distance sensing on soft surfaces or a slight 

delay in balance recovery during strong 

disturbances—the robot still performed reliably. 

With a few future upgrades, like using more sensors 

and fine-tuning the balance system, this robot has 

great potential for even more advanced and 

responsive behavior. 

 

The self-balancing robot developed in this project 

successfully demonstrates the integration of control 

theory, sensor fusion, and embedded systems. By 
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utilizing the MPU6050 IMU sensor, the robot 

maintains its balance in real-time through PID 

(Proportional-Integral-Derivative) control, 

showcasing the effectiveness of closed-loop 

feedback systems. The addition of an ultrasonic 

sensor enables reliable obstacle detection, allowing 

the robot to respond dynamically to its environment 

by stopping or rerouting when objects are detected 

within a certain range. 

 

Overall, the project achieves its objectives and lays 

the groundwork for future enhancements, such as 

path planning, machine learning-based control, or 

integration with IoT platforms for remote 

monitoring. The two-wheel self- balancing robot is 

based on the fundamental principle of Inverted 

pendulum. Inverted pendulum has many practical 

applications such as human walking robots, missile 

launchers, earthquake resistant building design etc. 

Development of control system for a two-wheel 

self-balancing robot has been a huge area of research 

for the past few years. This is mainly due to its 

nonlinear dynamics. It became an important test 

platform for the design and development of missiles, 

automobiles, space crafts, robots. 
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