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Abstract

The design, building, and use of a 5-Axis Adaptive Robotic
Arm with sensor-based feedback control for exact and
effective item manipulation are shown in this work.
Combining high-torque servo motors, an Arduino Mega
microprocessor, and an adaptive force-sensing gripper, the
gadget is supposed to be a versatile and financially
inexpensive replacement for conventional multi-degree-of-
freedom robotic arms. Operating two different modes,
manual control—in which operators utilise potentiometers for
precision positioning—and automated execution—in which
recorded movement sequences for repetitive tasks—the
robotic arm.  Unlike traditional 6-DOF robotic arms, this
system maintains functional dexterity while removing a
redundant joint, hence reducing complexity and expense. In
industrial automation, educational applications, and assistive
robots, real-time grip modifications based on object sensitivity
made feasible by a pressure sensor dramatically increase arm's
efficiency. Experimental analyses demonstrate that the
performance of the system is defined by smooth motion
transitions, accurate positioning, adaptive grip control, and
energy-efficient operation. This work highlights the
possibilities to design low-cost robotic arms with adaptability
and accuracy able to manage different automation tasks.

1. Introduction

1.1 Problem Statement and Importance

In industrial automation, precision handling, and assistive
robotics, robotic arms are now basic instruments. From
automated manufacturing lines to medical assistive gadgets,
their uses greatly increase productivity and cut human labour
in repetitive chores. High-performance robotic arms with
adaptive characteristics are sometimes costly, hence small
businesses, educational institutions, and research labs cannot

afford them. Moreover, many current robotic systems lack
real-time sensor-based feedback control, therefore restricting
their capacity to precisely handle objects with varying or
sensitive sizes.

Particularly in sectors pushed by automation, robotics
education, and assistive technologies, the market for
reasonably priced but highly useful robotic solutions keeps
expanding. Overcoming these constraints, this work presents
a 5-Axis Adaptive Robotic Arm intended to balance cost-
efficiency, adaptability, and simplicity of use while preserving
great accuracy.

1.2 Existing Solutions and Limitations

Common industrial applications for traditional 6-DOF robotic
arms are ones that demand great flexibility and accuracy.
These systems have certain shortcomings, though:

Advanced robotic arms with exact control systems are
generally financially unworkable for smaller projects and
universities.

Many robotic systems are difficult to implement generally-
purpose applications since they demand great programming
skills and calibration.

Standard robotic arms lack real-time grip changes, which
causes inefficiency handling fragile or oddly shaped objects.

Although some low-cost robotic arms have since been
presented, they often sacrifice structural integrity, accuracy, or
adaptability. Our work intends to close this gap by designing
a low-cost 5-axis robotic arm with sensor-based feedback
control, therefore allowing real-time grip force changes for
enhanced handling and adaptability.
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1.3 Key Contributions

The following contributions are presented in this work:
construction of a 5-axis robotic arm with an adaptive force-
sensing gripper for instantaneous grasp changes.

Integration of sensor-based feedback control guarantees exact
object manipulation and safe handling of fragile objects.

Dual operating modes are applied: automatic mode (saving
and running specified movements) and manual mode (using
potentiometers) for exact control.

Affordable hardware choices enable advanced robotic
capabilities to be available to a larger population including
small-scale businesses and schools.

Performance assessment proving the accuracy, stability, and
energy economy of the robotic arm.

1.4 Roadmap of the Paper

Mostly, this paper is set in this sequence:

Section 2 describes mechanical design, hardware components,
and power management, so defining the system architecture
and design.

Section 3 addresses the control system stressing both manual
and automated modes as well as the adaptive gripping system.
In Section 4 experimental results and performance analysis
evaluate the robotic arm's energy economy, load-bearing
capacity, and accuracy.

Section 5 covers future developments and probable
applications including artificial intelligence driven object
detection and wireless control.

The last section of the work, Section 6, also includes future
research routes and highlights significant findings.

2. Related Work

2.1 Review of Existing Robotics Arm Research

Studies on robotic arms have mostly concentrated on
improving economy of cost, accuracy, and flexibility.
Typical robotic arms find tremendous use in industrial settings
using 6-DOF designs for uses like assembly, welding, and
material handling.  Modern advances include flexible in real
time sensor-based control enabling robotic grasping and
manipulation.

2.2 Categorization of Approaches

Three basic strategies could enable one to classify the corpus
of present studies:

Studies aiming at PID control, deep learning-based control,
and adaptive feedback loops for improved robotic accuracy.
In mechanical design, joint configurations, material choice,
and arm structure optimisation serve to promote stability and
weight savings.

Applications: robotic arms enable the solution of particular
problems special to industrial, medical, and assistive robotics.

2.3 Identified Gaps and Our Contribution

Certain research gaps still exist even with great progress:
High-cost restrictions on accessibility of advanced robotic
arms limit

In reasonably priced robatic systems, lack of adjustable grip
systems.

Little study on dual-mode operation for automated and manual
jobs.

By designing a reasonably priced 5-axis robotic arm that
combines dual-mode operation and real-time force sensing to
guarantee adaptability and accessibility in many uses, our
work directly fills in these gaps.

3. System Design and Architecture

3.1 Hardware Components

3.1.1 Microcontroller Selection and Implementation

Arduino Mega 2560 Implementation: Selected for its 54 digital
1/0 pins and 16 analog inputs, enabling simultaneous control
of all servo motors while processing sensor feedback
Processing  Capabilities: 16 MHz  ATmega2560
microcontroller with 256 KB flash memory providing
sufficient computational power for real-time inverse
kinematics calculations

Communication Interfaces: Utilization of hardware UART,
12C, and SPI buses for seamless integration with sensors,
displays, and potential expansion modules

Interrupt Handling: Implementation of timer interrupts for
precise servo pulse generation with microsecond accuracy to
ensure smooth motion profiles

3.1.2 Servo Motor Selection and Integration

Base Rotation (Joint 1): DS51150 servo (150kg-cm torque)
operating at 12V with metal gears and dual ball bearings to
support the entire arm structure while maintaining precision of
+0.5°

Shoulder Joint (Joint 2): DS51150 servo with reinforced
mounting bracket to handle maximum bending moment during
full extension

Elbow Joint (Joint 3): DS51150 servo with custom heat
dissipation system to maintain optimal performance during
continuous operation

Wrist Pitch (Joint 4): DS3218 servo (20kg-cm torque) at 6V
providing 270° rotation range with digital feedback for
position verification

Wrist Roll (Joint 5): DS3218 servo with modified gearing
system to achieve 360° continuous rotation for advanced
manipulation tasks
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3.1.3 Sensor Implementation and Feedback Systems

Force Sensing System: Integration of strain gauge-based force
sensor (0-10N range) with 12-bit ADC for precise grip force
measurement and 500Hz sampling rate

Position Feedback: Incorporation of potentiometers (10k€,
0.5% linearity) at each joint for redundant position verification
and manual control override

Current Monitoring: Real-time current sensors for each motor
(ACS712 modules) enabling torque estimation and overload
protection with 1mA resolution

Temperature Monitoring: NTC thermistors (10k€2) mounted
on each servo for thermal protection with automatic throttling
at threshold temperatures (70°C)

3.1.4 Display and User Interface

OLED Display Specifications: 1.3-inch monochrome OLED
(128x64 pixels) with SPI interface for minimal CPU overhead
Information Architecture: Custom Ul presenting operational
parameters (joint angles, gripper force, system status) with
automatic brightness adjustment

Alerting System: Visual indication of system status through
color-coded indicators and textual alerts for error conditions
User Controls: Implementation of momentary push buttons for
mode selection and emergency stop functionality

3.1.5 Power System Design

Dual Voltage Regulation: Custom-designed switching
regulators (LM2596-based) with 95% efficiency for
converting input power to stable 12V and 6V outputs

Current Capacity: 12V rail rated for 10A continuous operation
with 15A peak capacity for high-torque maneuvers

Filtering and Protection: Implementation of LC filtering stages
(470uF capacitors, 100puH inductors) to eliminate electrical
noise that could affect sensor readings

Thermal Management: Aluminum heat sinks with forced air
cooling for voltage regulators maintaining component
temperatures below 60°C at maximum load

3.2 Mechanical Design

3.2.1 Material Selection and Structural Analysis

Base Construction: 6mm mild steel plate (ASTM A36)
providing 15kg weight for stability with vibration-dampening
rubber feet

Arm Segments: 6061-T6 aluminum alloy tubing (wall
thickness 3mm) offering optimal strength-to-weight ratio
(specific strength >150 kN-m/kg)

Joint Construction: CNC-machined aluminum brackets with
reinforced mounting points and integrated cable management
channels

Finite Element Analysis: Comprehensive stress analysis using
ANSYS Mechanical demonstrating safety factor >3.0 for all
components under maximum payload conditions

3.2.2 Degrees of Freedom and Workspace Analysis

Joint 1 (Base): 270° rotational range enabling wide horizontal
workspace coverage with mechanical end stops and optical
limit switches

Joint 2 (Shoulder): 180° range of motion with counterbalance
mechanism reducing static load on servo by 40%

Joint 3 (Elbow): 270° movement range providing flexibility
for reaching above and below the mounting plane

Joint 4 (Wrist Pitch): 180° articulation enabling vertical
orientation adjustment with 0.2° positioning accuracy

Joint 5 (Wrist Roll): 360° continuous rotation facilitating
complex manipulation tasks and object reorientation
Workspace Volume: Comprehensive reach envelope analysis
confirming operational volume of approximately 0.5m3 with
maximum extension of 60cm

3.2.3 Gripper Design and Performance

Adaptive Mechanism: Parallel gripper design with force
distribution linkages allowing secure grasping of irregular
objects

Force Control: Closed-loop force control system maintaining
programmed grip force (1-10N) with +0.2N accuracy
regardless of object compressibility

Contact Surface: Replaceable silicone grip pads (Shore A
hardness: 40) providing optimal friction coefficient (u~0.8) for
most materials

Opening Range: 0-100mm jaw opening accommodating
objects from small electronic components to larger household
items

Precision: Positional repeatability of £0.5mm at gripper tip
ensuring consistent placement in repetitive operations

3.3 Power Management and Efficiency

3.3.1 Power Distribution Architecture

Input Power Conditioning: EMI filter and transient voltage
suppression (TVS) diodes protecting against power surge
events up to 1500W

DC Regulation Stages: Two-stage regulation with primary
bulk conversion followed by low-noise linear regulators for
sensitive control circuits

Load Balancing Implementation: Current sharing system
utilizing sense resistors (0.01Q, 1%) and op-amp comparators
to distribute load between parallel power paths

Power Sequencing: Microcontroller-supervised startup
sequence preventing inrush current damage by staggering
servo activation with 50ms intervals
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3.3.2 Efficiency Optimization Techniques

Dynamic Power Management: Implementation of sleep modes
for servos during idle periods, reducing standby power
consumption by 85%

Motion Profiling: Trapezoidal acceleration profiles optimizing
energy consumption during movements, reducing peak current
draw by 30%

Regenerative Braking: Energy recovery system capturing
potential energy during descending movements, improving
overall efficiency by 15%

Thermal Management: Strategic placement of temperature
sensors controlling optional cooling fans activated only when
temperature thresholds are exceeded

3.3.3 Battery Backup System

Lithium Iron Phosphate (LiFePO4) Battery: 12V, 10Ah
backup battery providing 30 minutes of full operation or 2
hours of standby

Charging Circuit: Intelligent 3-stage charging system with
temperature compensation ensuring optimal battery health and
longevity

Seamless Transition: Zero-switching-time power transfer
circuit utilizing Schottky diodes and supercapacitors (100F) to
maintain uninterrupted operation during power source
switching

State of Charge Monitoring: Coulomb counting system with
voltage curve calibration providing +3% accuracy in
remaining runtime estimation

3.4 Software Architecture

3.4.1 Control System Implementation

Real-time Operating Environment: FreeRTOS
implementation providing deterministic scheduling with 1ms
timing precision for control loops

Inverse Kinematics Engine: Analytical and numerical hybrid
solver achieving solution convergence within 10ms even at
kinematic singularities

Path Planning: Implementation of quintic polynomial
trajectory generation ensuring smooth acceleration profiles
and minimizing mechanical stress

Safety Subsystem: Watchdog timers and boundary checking
algorithms preventing potentially damaging movements with
response times under 5ms

3.4.2 Communication Protocols

Serial Command Interface: Custom binary protocol (115200
baud) with CRC-16 error detection supporting both direct
commands and scripted sequences
Wireless Control Option: Optional ESP32-based WiFi module
enabling remote operation through secure WebSocket
connection with 50Hz update rate

Data Logging: Structured data format for capturing
operational parameters at 10Hz for performance analysis and
preventive maintenance

4. METHODOLOGY

4.1 WORKING OF THE PROJECT

The 5-axis Adaptive Robotics Arm integrates advanced
control systems with robust mechanical design to create a
versatile manipulation platform. Operating through dual
control paradigms (Manual Mode and Auto Mode), the system
delivers precision control and adaptability across various
applications.

The structural framework consists of precision-engineered
aluminum components providing optimal strength-to-weight
ratios. The arm comprises three primary sections: Arm 1
(350mm length, 650g weight), Arm 2 (300mm length, 490g
weight), and Arm 3 (250mm length, 350g weight), all
constructed from 5mm thick hollow rectangular aluminum
profiles. This material selection balances structural integrity
with weight considerations critical for servo performance and
power efficiency. The foundation consists of a 450mm x
450mm hollow square mild steel (MS) base with 2mm wall
thickness, providing essential stability during operation while
minimizing unwanted oscillations that could compromise
positional accuracy.

In Manual Mode operation, the system employs a direct
control mechanism utilizing 10kQ potentiometers for intuitive
joint manipulation. Each potentiometer generates an analog
signal processed by the Arduino Mega's ADC, which then
translates these readings into corresponding servo positions.
Position memory functionality allows operators to store
specific arm configurations through dedicated push-button
inputs, creating waypoints for subsequent automated
sequences.

The Auto Mode implementation enables execution of pre-
recorded position sequences, allowing the arm to perform
repetitive tasks with consistent precision. The control system
supports both continuous loop operation and single-cycle
execution based on operational requirements. The adaptive
gripper incorporates a force-sensing system that dynamically
modulates gripping pressure in real-time, preventing excessive
force application when handling delicate objects.

System coordination is managed by an Arduino Mega
microcontroller, which handles multiple simultaneous
operations including motor control signal generation, sensor
data acquisition, user input processing, and display output. The
integration of a 1.3-inch OLED display provides crucial
operational feedback, displaying system parameters including
current mode, servo positions, force readings, and system
status, enabling effective monitoring and control.
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4.2 STEP-BY-STEP WORKING OF THE PROJECT

4.2.1. Power On and Initialization Phase

Upon power application, the Arduino Mega executes its
bootloader sequence followed by the main program
initialization

The system performs a comprehensive component check,
verifying communication with all servo motors and sensors
Servos execute a calibration sequence, moving to home
positions (0°) to establish reference coordinates

The power management system stabilizes voltage outputs at
12V and 6V with a soft-start sequence limiting inrush current
The OLED display executes its initialization routine,
displaying system parameters and confirming operational
readiness

Initial self-diagnostic routines analyze system health,
identifying any potential issues before operation commences

4.2.2. Mode Selection and Configuration

The dedicated mode selection switch generates a digital input
signal interpreted by the Arduino Mega

Based on switch position, the system enters either Manual
Mode (position 1) or Auto Mode (position 2)

The OLED display updates immediately, presenting the
appropriate interface for the selected operational mode

When switching between modes, the system performs a
controlled transition sequence, bringing all servos to safe
positions

Configuration parameters specific to each mode are loaded
from EEPROM, including position limits and speed settings
System status indicators (LEDs) provide visual confirmation
of the active mode for operator awareness

4.2.3. Manual Mode Operations

The Arduino continuously samples the five 10kQ
potentiometers at 100Hz through its analog input pins

Raw analog values (0-1023) undergo calibration adjustments
and mapping to appropriate servo angle ranges for each joint
Anti-jitter algorithms apply moving average filtering (10-
sample window) to potentiometer readings, ensuring smooth
motion

Servo control signals (PWM) are generated with precisely
timed pulses between 1000-2000us corresponding to 0-180°
positions

Position recording functionality activates when the operator
presses and holds the record button for >500ms

Current positions of all five servos are captured
simultaneously and stored in EEPROM with position
identifiers

The force sensor in the gripper provides continuous feedback,
enabling force-limiting algorithms that prevent excessive
gripping pressure

Manual override thresholds allow operators to exceed normal
force limitations when necessary for specific applications

4.2.4. Auto Mode Operations

Upon entering Auto Mode, the system retrieves the stored
position sequence from EEPROM (up to 20 distinct positions)
The trajectory planning algorithm calculates optimal paths
between recorded positions using quintic polynomial
functions

Movement execution employs timing-based coordination
ensuring all joints reach their target positions simultaneously

Position verification routines compare actual positions (from
potentiometer feedback) with commanded positions

The system supports two execution modes selectable via
pushbuttons:

Single-cycle mode executes the sequence once and returns to
standby state

Continuous loop mode performs the sequence repeatedly until
manually interrupted

Emergency stop functionality enables immediate cessation of
all movements when activated

During execution, the system monitors operational parameters
(motor current, position error) for anomaly detection

4.2.5. Gripper Control Mechanism

The wrist rotation mechanism utilizes a DS3218 servo
enabling 180° of rotational freedom with 0.2° precision

The gripper actuation system employs a second DS3218 servo
connected to a four-bar linkage mechanism

Force sensing utilizes a 15mm diameter force-sensitive
resistor with a measurement range of 0-10N

The microcontroller implements a PID control loop for grip
force regulation with 10ms update frequency

Adaptive gripping algorithm:

Initial approach at 50% speed until initial contact is detected
(force >0.1N)

Force ramp-up phase with decreasing speed as target force is
approached

Maintenance phase with continuous force monitoring and
adjustment to accommodate object elasticity

Force limitation boundaries prevent excessive pressure
regardless of potentiometer settings

4.2.6. Live Monitoring and User Feedback

The OLED display operates with a 20Hz refresh rate,
providing near real-time system status updates
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Display information is organized in a hierarchical structure
showing:

Primary level: Current mode, operational status, and
emergency indicators

Secondary level: Joint position values (degrees) for all five
axes

Tertiary level: Force sensor readings and grip status
information

Push-button integration enables contextual control based on
current system state:

In Auto Mode: Start, Pause, Resume, and Stop functions

In Manual Mode: Record position, Clear sequence, and
Execute test functions

System alerts use both visual (OLED) and audible (piezo
buzzer) channels to notify the operator of critical conditions
Power monitoring displays battery status during backup
operation with estimated remaining runtime.

4.3 BLOCK DIAGRAM
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4.5 CALCULATIONS USED IN THIS PROJECT
1. Calculations of Torque for Servo Motors

This formula finds the torque required to raise an arm
segment :

Torque (N-m) = Mass x Acceleration due to gravity x Arm
Length

For Arm 1 (350 mm, 650 g):
Torque =0.65 x 9.81 x 0.35=2.23 N-m
For Arm 2 (300 mm, 490 g):
Torque =0.49 x9.81 x 0.3 =1.44 N-m

For Arm 3 (250 mm, 350 g):
Torque =0.35 x 9.81 x 0.25 =0.86 N-m

Effective handling of these loads is made possible by the
DS51150 servos (14.7 N-m torque).

2. Power and Voltage Requirements
DS51150 Servos (3 Nos): 12V, 5A total
DS3218 Servos (2 Nos): 6V, 3A total
Arduino Mega: 5V regulated supply

3. Force Sensor Calibration

The output of the force sensor is mapped to force in Newtons
using:

Force (N) = Sensor Reading x Calibration Factor
Example: A sensor reading of 50 units with a
calibration factor of 0.02 N/unit results in a 1 N
applied force.

4. Servo Angle Calculations
Servo position (0) is calculated using:

6 = (Potentiometer value / 1023) x 180°

Example: If a potentiometer reads 512, then the servo
rotates to (512/1023) x 180 = 90°.

5. Power Consumption and Current Spikes:
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DS51150 Servo (150kg, 12V):
Stall current: ~5A per servo
Three servos — Maximum possible surge: 3 x 5SA = 15A
DS3218 Servo (20kg, 6V):
Stall current: ~3A per servo
Two servos — Maximum possible surge: 2 X 3A = 6A
Total possible peak current draw: 15A + 6A = 21A

If the power supply cannot sustain these peaks, voltage drops
occur, leading to instability.

1. Voltage Drop Consideration:
o Power supply ripple can be
estimated using the capacitor discharge
formula: V_drop=(I xt)/C
o Assuming a peak load of 21A, and
an acceptable voltage drop of 0.5V: C = (I x
t)/V_drop
o For t = 10ms (fast transient
response needed): C = (21A x 0.01s) / 0.5V
= 420pF
o To handle surges effectively, a
capacitor 10 times this value is
recommended.
o Recommended main capacitor:
4700pF - 6800uF, 25V
2. Back-EMF Protection & Noise Filtering:
o Each servo generates back-EMF
that can interfere with other electronics.
o Schottky diodes rated at twice the
servo current should be used to protect the
circuit.
" For DS51150 (12V, 5A):
Use MBRS340 (3A) or 1N5822
(5A)
| For DS3218 (6V, 3A):
Use 1N5819 (1A-3A)
o Additional 0.1pF ceramic
capacitors placed across power lines help
reduce high-frequency noise.

4.6 Detailed Analysis: S-Curve Motion Planning and
Signal Filtering for Robotic Arm Control

4.6.1. S-Curve Motion Profiles
S-Curve motion profiles are essential in robotics for achieving
smooth, jerk-limited movement. Unlike trapezoid profiles that

feature constant acceleration and deceleration phases, S-

curves gradually ramp up acceleration and deceleration,

effectively eliminating jerky movements that can damage

mechanical components and reduce precision.

4.6.2 The Mathematical Model

Velocity Profile

The S-curve velocity profile follows a cubic polynomial form:

2 3

v(t) = Vpax X (35— 2%

Where: - v,,,, IS the maximum velocity (deg/sec) - T is the

total duration of motion (sec) - t is the time instance within the

acceleration/deceleration phase

This equation ensures that: - Att = 0: v(0) = 0 (starting from

rest) - Att = T: v(T) = V4, (reaching maximum velocity) -

The derivatives at endpoints match the desired acceleration

profile

Acceleration Profile

The acceleration is obtained by differentiating the velocity

function:

>.OStST

dv(t) t t?
dt = 6VUmax ﬁ — 6VUpax F

a(t) =
This yields a quadratic function that: - Starts at zero: a(0) = 0
- Increases to a maximum value, then returns to zero: a(T) =
0 - Provides smooth transitions at acceleration endpoints
Position Profile
By integrating the velocity function, we obtain the position

function:
3 tt
x(t) = %o + Vimax (F - 2T3>

Where x, is the initial position.

4.6.3 Numerical Example

Using the provided parameters:

VUmax = 60 deg/sec - T = 2 sec

We calculate the velocity at specific time points:

1. At t =1 sec (midpoint of acceleration):
_ (1)? @3 _ _

v(1) = 60 x (3W— 2@) =60 x (0.75

0.25) = 60 x 0.5 = 30 deg/sec

2. At t = 2 sec (end of acceleration phase):
_ (2)? @3 _ oy

v(2) = 60x(3w—2@) =60x(3—2) =

60 X 1 = 60 deg/sec

The profile shows that velocity increases gradually, reaching
half of the maximum velocity at the midpoint of the
acceleration phase, then continues increasing until it reaches
the maximum velocity at the end of the acceleration phase.
4.6.4 PWM Signal Generation for Servo Control

Servo motors typically require Pulse Width Modulation
(PWM) signals for position control. The duty cycle of the
PWM signal can be mapped to the S-curve profile:
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PWM Signal

a0 02 04 o6 08 10
Time [s)

This shows a traditional rectangular PWM signal with a duty
cycle of approximately 60% (active from ~0.25s to ~0.8s).
Unlike the S-curve, this signal exhibits instantaneous
transitions between on and off states, which can cause

mechanical stress and vibration in motor control applications.
PWM — PWM,,;
max mm) x U(t)

PWM(t) = PWM,p, + (
vmax

Where: PWM,,;, is the PWM signal duration for minimum
position (500 ps) - PW M,,,, is the PWM signal duration for
maximum position (2500 ps)

For the example parameters: PWM,,;,, =500 ps -
PW M0 = 2500 ps - vy, = 60 deg/sec

We calculate:
1. At t=1 sec:PWM (1) = 500 +
(B222) x 30 = 500 + 222 x 3 = 500 +

1000 = 1500 ps
2, At t =2 sec: PWM(2) = 500 + (2°°°) x

60 = 500 + 2000 = 2500 ps
This calculation demonstrates how the PWM signal should be
adjusted over time to achieve the S-curve motion profile.

S-curve PWM Signal

a0 0z 04 o6 08 10
Time [s)

This graph shows a classic S-curve PWM signal with
amplitude plotted against time over a 1-second period. The
signal demonstrates gradual acceleration and deceleration,
starting at zero, smoothly increasing to a maximum amplitude
of approximately 1.0 at the midpoint (0.5s), and then gradually
decreasing back to zero. This S-curve profile is particularly
valuable in mation control applications as it minimizes jerk by
providing smooth transitions at the beginning and end of
movements.

4.6.5 Benefits of S-Curve Implementation

The implementation of S-curve motion planning offers several
advantages for robotic arm control:
1. Reduced mechanical stress: By eliminating
sudden changes in acceleration, wear on mechanical
components is minimized.

2. Improved accuracy: Smoother motion
profiles allow for better positional accuracy at
endpoints.

3. Vibration  reduction:  The  gradual

acceleration changes reduce vibrations that could
affect precision tasks.

4. Energy efficiency: Smoother motion
profiles typically require less peak power than abrupt
movements.

4.6.6 Savitzky-Golay Filtering for Signal Processing
Savitzky-Golay filters are polynomial smoothing filters
particularly effective for signal processing in robotics. Unlike
simple moving average filters, they preserve higher-order
moments (peaks, valleys, and inflection points) of the original
signal while effectively removing noise.

Griginal Clean PWM Signal

AU T AT

ns.:u Wzky-Golay Filtered Si U |
" I""u/ Tl mw- ] (f“”"" NN | [ i = ]
(. | | | - | | | ] L
AN % A Y A A Y | L Lo
W W W w

Trieihalded Binary Signsl vs Orignat

ﬁﬂﬂﬂﬂﬂrﬁmF 

This multi-panel graph demonstrates the complete signal
processing workflow:
1. Original Clean PWM Signal: Shows a
standard square wave PWM signal with consistent
frequency and amplitude.
2. PWM Signal with Added Noise: Illustrates
how the clean signal becomes corrupted with random
noise, making it difficult to interpret.
3. Savitzky-Golay Filtered Signal:
Demonstrates how the Savitzky-Golay filter
effectively reduces noise while preserving the
fundamental shape and transitions of the PWM
signal.
4. Thresholded Binary Signal vs Original:
Shows the final binary output after thresholding the
filtered signal, closely matching the original clean
signal and effectively removing the noise.

4.6.7 Mathematical Foundation
The Savitzky-Golay filter fits a polynomial of degree n to a
moving window of data points. The general form of the
polynomial is:

y(t) = ag + ait + a,t?+... +a,t"
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The coefficients ay, a4, a,,...,a, are determined using least
squares fitting within each window.

4.6.8 Convolution Implementation

In practice, the Savitzky-Golay filter is implemented as a
weighted moving average. For a 5-point quadratic (degree 2)
Savitzky-Golay filter, the convolution coefficients are:

3y, + 12y 1 + 17y + 12,1 — 3y,
Yfiltered - 35

Where: - y, is the current sample - y_,, v, are the samples
immediately before and after - y_,,y., are the samples two
positions before and after

4.6.9 Numerical Example
Using the data samples (1400,1450,1500,1550,1600) ps, we
apply the 5-point quadratic Savitzky-Golay filter:

yfiltered
_ —3(1400) + 12(1450) + 17(1500) + 12(1550) — 3(1600)
B 35
—4200 + 17400 + 25500 + 18600 — 4800
Yrittered =
35
_ 52500 — 1500
T35 W

S-curve UM Signal

This three-panel graph provides detailed analysis of the S-
curve implementation:
1. S-curve PWM Signal: Shows pulse width
changes over time with minimum (500 ps) and
maximum (2500 ps) pulse width constraints.
2. Original vs Filtered PWM: Compares the
original PWM signal with the Savitzky-Golay
filtered version, with data points at specific times
(t=1s: 568.9 ps, t=2s: 817.8 pus).
3. Savitzky-Golay Filtering on Noisy PWM:
Demonstrates the filter's effectiveness in maintaining
the S-curve shape while reducing noise fluctuations.

5. Experiments and Results
5.1 Evaluation Metrics
To comprehensively assess the performance of the 5-Axis

Adaptive Robotic Arm, we conducted extensive experiments
focused on the following key evaluation metrics:

5.1.1. Positional Accuracy

Definition; Positional accuracy measures how precisely the
robotic arm reaches a predefined target position in 3D space
(X, Y, Z coordinates). The deviation is measured in
millimeters (mm) from the intended target.
Experiment Setup:
[}
he robotic arm was programmed to move to 10
predefined positions within its  operational
workspace.
[ J
he deviation between the target and actual position
was calculated for each test.

Parameters Evaluated:
[ ]
ean Absolute Error (MAE) — average deviation across
all tests.
[}
tandard Deviation (o) — consistency of accuracy
across multiple trials.

Success Criteria:
[}
n error margin of < +2mm is considered high
accuracy for industrial and automation tasks.

5.1.2. Repeatability

Definition: Repeatability assesses whether the robotic arm can
return to the exact same position consistently across multiple
attempts. This is crucial for automation and assembly line
applications.
Experiment Setup:
[ ]
he robotic arm was instructed to move to the same
position 20 times.
[ ]
precision laser tracker recorded deviations from the
original point.
[ ]
he difference between the first and subsequent
positions was measured in mm.
Parameters Evaluated:
[
epeatability Success Rate (%) — percentage of
successful attempts within the acceptable deviation
threshold.
[ ]
oot Mean Square Error (RMSE) — measures how
much deviation occurs on average.
Success Criteria:
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[}

repeatability success rate of > 90% within £1.5mm
deviation is considered highly reliable for robotic
applications.

5.1.3. Load Capacity

Definition: Load capacity determines the maximum weight the
robotic arm can lift while maintaining stability, without servo
overheating or performance degradation.
Experiment Setup:
[}
he robotic arm was tested with objects of varying
weights (100g to 2000g).
[ ]
he lifting process was monitored for stability, servo
stress, and motor temperature.
[}
digital force gauge measured the load at different arm
positions (fully extended, mid-range, and close to
base).
Parameters Evaluated:
[ ]
aximum Stable Load (kg) — the heaviest object lifted
without structural deflection or servo overheating.
[ ]
ervo Temperature Rise (°C) — monitored to ensure
safe operation under stress.
[}
orque Utilization (%) — percentage of maximum
torque used during lifting.
Success Criteria:
[ J
he robotic arm must lift at least 1kg without
overheating (< 10°C temp increase).
[ J
stable grip without object slipping or motor strain is
required for successful operation.

5.1.4. Grip Adaptability

Definition: Grip adaptability evaluates how effectively the
force-sensitive gripper adjusts its grip strength to prevent
damage to fragile objects while securing heavier loads.
Experiment Setup:

[ ]

bjects with different materials and fragility levels

(foam block, plastic bottle, glass, metal rod) were

used.

[ ]

force sensor (attached to the gripper) measured the

applied grip pressure.

° A
he gripper was tested in auto-adjustment mode based
on object resistance.

Parameters Evaluated:
[}
rip Force Range (N) — minimum and maximum force
applied.
[ J
rip Adjustment Time (ms) — time taken to adjust
pressure dynamically.
® T

bject Damage Test — whether the object was crushed,
deformed, or slipped.

Success Criteria: T
[}
oft objects (foam, glass) should be held without
breaking (< 0.8N grip force). A
[}
ard objects (metal, plastic) should be securely held (>
2N grip force).

[ ]
he system should adjust grip,\within 120ms for real-
time handling.

5.1.5. Response Time S

Definition: Response time measures how quickly the robotic
arm reacts to commands in both manual (potentiometer-based)
and automatic mode. T
Experiment Setup:
[}
high-speed camera (120 FPS) recorded the time taken
from command input to motidn execution.
[ J
he robotic arm was tested under manual control
(potentiometers) and automatdd sequences.
[ J
he signal processing time from the Arduino Mega
was analyzed to determine latency.
Parameters Evaluated:
[}
verage Response Time (ms) — time taken from input
command to motion execution.
[ J
ax Deviation (ms) — variation(ij”n response time across
multiple tests.
Success Criteria:
[}
anual mode response should ke < 150ms for smooth
user control.
[}
utomated mode response should be < 120ms for
optimized efficiency.
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5.1.6. Power Efficiency

Definition: Power efficiency monitors the robotic arm’s
energy consumption under different operational loads.
Experiment Setup:
[}
power meter measured voltage (V) and current (A)
under different scenarios:
O
dle (no movement)
O
ow-load operation (<500g)
O
igh-load operation (>1000g)
[ ]
he total power consumption (Watt-hour) was
calculated for each mode.
Parameters Evaluated:
[ ]
verage Power Consumption (W) — energy usage per
second during operation.
[}
fficiency Score (%) - power utilization vs.
performance output.
[ ]
eat Dissipation (°C) — ensuring components don’t
overheat due to excess power draw.
Success Criteria:
[ J
he system should consume < 15W in idle state and <
50W under full load.
[}
he efficiency score should be > 85%, meaning
minimal energy wastage.

5.2 Experimental Setup

The experimental setup was designed to rigorously test the 5-
Axis Adaptive Robotic Arm under various real-world
conditions. The setup includes the robotic system, control
interface, testing objects, and measurement sensors to
evaluate performance across multiple trials. Each experiment
was repeated 10 times to ensure accuracy, consistency, and
repeatability of the results.

[}
ervo Motors:
O
S51150 (150kg.cm, 12V) — 3 Units:
" A
ase rotation
|
irst arm jqint movement (lifting
with load)
|
econd arm joint movement
© H
$3218 (20kg.cm, 6V) — 2 Units:
" T
hird arm  joint  movement
(rotational control)
|
ripper contrgl
[}
ontrol Board: Arduino Mega (Primary controller)
° E
isplay: 1.3-inch 128x64 OLED (for live status
updates)
¢ H
ower Supply:
O
2V DC - for high-torque servos
© T
V DC - for medium torque servos
Functionality:
° T
he robotic arm operates in two modes:
1.
anual Mode -  Controlled via
potentiometers, allowing real-time
movement control.
2.
utomated Mode - Executes pre-
programmed motion sequences for task
automation.

5.2.2. Control Interface

The robotic arm is operated using a dual-mode interface for
both manual and automated control:

5.2.1. Robotic Arm Configuration Manual Mode:

The robotic arm used for testing is a 5-Axis Adaptive Robotic °

Arm, designed with high-torque servo motors and a modular nput Device: 5 Potentiometers (one for each servo)

aluminum frame for stability. o

Key Specifications: unction: Allows real-time positioning and movement
° control for each axis. D
egrees of Freedom (DOF): 5-axis configuration
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[}
ata Logging: Captures positional data to compare
with automated movements.
Automated Mode:
[ J
re-programmed Sequences:
O
ovement sequences stored in Arduino’s
EEPROM memory.
O
xecutes repetitive industrial pick-and-place
tasks based on stored positions.
[}
ode Selection: Controlled via an On/Off switch to
toggle between manual and automated modes.
Execution Workflow:
1.
anual mode is used to set initial positions.
2.
utomated mode replicates the movements based on
the pre-recorded positions.
3.
orce sensor and potentiometer feedback fine-tune
grip and motion precision.

5.2.3. Testing Objects

To evaluate the robotic arm’s positional accuracy,
repeatability, grip adaptability, and load capacity, a diverse set
of test objects was selected.
Testing Criteria:
[ ]
oam Blocks & Glass Objects: Ensure soft gripping to
prevent deformation or breakage.
[ ]
lastic Components: Evaluate grip consistency and
stability during lifting and placing.
[
etal Tools: Test maximum load handling while
ensuring stable operation.

Test Objects Categorisation:

Object | Mater | Size Weight Purpose
Type ial Range | Range (g)
(cm)

Foam Soft 5x6x5 | 50-100 | Test grip
Blocks | foam |to adaptabilit
y for

10x10 D delicate
x10 objects
P
Plastic | Hard | 3x3x3 | 200 -500 | Evaluate
Compo | plastic | to M | gripping
nents 12x12 force
x12 consistenc
E |y

M
Glass Glass | 7x7x7 | 300 -700 | Determine

Objects to fragility
15x15 handling
x15 M efficiency

A
Metal Steel/ | 5x56x5 | 500 - | Assess
Tools Alumi | to 1200 maximum
num 20x20 F | load
x20 capacity

5.2.4. Sensors & Measurement Devices

To accurately assess the robotic arm’s performance, various
sensors were integrated into the setup.
Force Sensor (Grip Pressure Monitoring):
[ ]
easures applied force (N) by ﬁge gripper.
[ ]
nsures adaptive grip control based on object type.
[ ]
revents over-gripping fragi% objects or under-
gripping heavier items.
Potentiometers (Manual Control & Position Feedback):
[ ]
potentiometers provide real-time position tracking.
[ ]
sed to measure angle deviations for accuracy testing.
[
ogged position data compared with expected values
for repeatability analysis.
High-Speed Camera (Motion Analysis):
[
aptures movements at 120 frames per second (FPS).
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° 5. M
easures response time from command input to motion oad Capacity Test
execution.
Laser Measurement System (Positional Accuracy Check): o
° ncreasing weights (1D0g to 1200g) are
etermines actual (X, Y, Z) coordinates reached by the lifted.
arm. o
° ervo temperature an€Ctorque levels are
ompares the target position vs. actual position for recorded.
error calculation. 6.
Power Consumption Meter (Efficiency Testing): ower Efficiency Test
° M
onitors voltage, current, and total power consumption o
under different loads. ower consumption is measured in idle, low-
° load, and high-load &nditions.
valuates energy efficiency of servo motors. 7.
ata Analysis

5.2.5. Experimental Procedure
O

easured values are compared against
expected performance benchmarks.

Each experiment was repeated 10 times to validate the
consistency of the results.
Testing Workflow:

O

1. |
nitialization tatistical analysis |§ performed .to. assess
accuracy, repeatability, and efficiency.
o ) T
he robotic arm is set to neutral/home Summary of Experimental Setup
position.
o S
, ensors and control system are calibrated. Component | Specification PuTrpose
esting in Manual Mode
o Robotic 5-Axis, High- | Care test subject
he arm moves to predefined positions via Arm Torque Servos
potentiometers.
o P
osition is measured using a laser tracker. . .
3 Control Potentiometer Dtial operation
esting in Automated Mode Interface (Manual), Pre- | modes
Programmed
o (Auto) P
re-programmed sequences are executed.
o T
he actual positions and response times are Testing Foam, Plastic, | Evaluate  grip
recorded. Objects Glass, Metal adaptability and
4. lo& capacity
rip Adaptability Test
o Vv
arious objects are grasped and lifted.
o T

he force sensor logs gripping force.
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Sensors Force  Sensor, | Measure
Used Potentiometers, | accuracy, grip
Laser Tracker force,
repeatability
Measureme | High-Speed Motion
nt Devices | Camera, Power | tracking, energy
Meter analysis

Experiment | 10 trials per test | Ensure
Repetitions consistency in
results

5.3 Experimental Results

5.3.1 Positional Accuracy and Repeatability

To evaluate the positional accuracy and repeatability of the 5-
Axis Adaptive Robotic Arm, multiple tests were conducted
using predefined target coordinates in the (X, Y, Z) plane. The
robotic arm was commanded to move to specific positions, and
the actual coordinates reached by the end effector were
recorded using a laser tracking system.

In the first test, the robotic arm was instructed to move to a
target position of (100, 200, 50) mm. The measured position
achieved was (102, 198, 52) mm, resulting in a £2 mm
deviation from the intended location. The repeatability success
rate—defined as the ability of the robotic arm to consistently
return to the same position across multiple trials—was
recorded at 90% for this test.

A second test was performed at a target position of (150, 250,
75) mm, where the actual achieved position was recorded at
(151, 252, 74) mm, indicating a deviation of +1.5 mm. The
repeatability success rate improved to 92%, demonstrating
high precision in movement execution.

A third test was conducted at (200, 100, 30) mm, with the
robotic arm reaching (201, 102, 32) mm, resulting in a £2.2
mm deviation and a repeatability success rate of 88%.

On average, the robotic arm maintained a positional accuracy
of £2 mm, which is comparable to commercially available 6-
DOF robotic arms in its category. The repeatability success
rate remained above 88% across all tests, indicating consistent
performance with minimal drift in position over multiple trials.

5.3.2 Load Capacity

The load-handling capability of the robotic arm was assessed
by commanding it to lift objects of different materials and
weights, ranging from lightweight foam blocks to heavy metal
rods.

In the first trial, a 150-gram foam block was successfully lifted
and placed with 100% accuracy, while the servo motors
showed a minimal temperature rise of 2°C, indicating
negligible strain on the system.

For a second test, a 500-gram plastic tool was introduced to
evaluate performance under moderate weight conditions. The
robotic arm was able to lift and reposition the object 95% of
the time, with only minor deviations in trajectory. The servo
motors recorded a temperature increase of 4°C, still within safe
operational limits.

The final test involved a 1.2 kg metal rod, pushing the robotic
arm close to its maximum load capacity. The system
successfully lifted and placed the object 80% of the time, with
minor positional shifts due to the added weight. A 6°C increase
in motor temperature was observed, indicating that the heat
dissipation system effectively prevented overheating even
under high-stress conditions.

Overall, the robotic arm was capable of lifting up to 1.2 kg
while maintaining stable performance, confirming its
suitability for industrial applications requiring precision
handling of medium-weight objects.

5.3.3 Grip Adaptability (Force Sensor Response)

To test the adaptive gripping mechanism, a force-sensitive
gripper was used to pick up objects of different materials and
fragility levels. The force sensor continuously monitored the
grip pressure and dynamically adjusted the applied force to
ensure secure handling without damaging fragile objects.

In the first test, a soft sponge block was grasped using an initial
force of 0.5N, with an adaptive adjustment time of 120ms. The
object was successfully lifted and placed without any
deformation or damage, demonstrating the effectiveness of the
pressure-sensitive grip mechanism.

For the second test, a plastic tube was used to assess rigid
object handling. The force sensor applied a gripping force of
2.0N, ensuring a firm hold, while taking 150ms to adjust the
pressure. The object was securely held and released without
slippage.

The third test involved a fragile glass beaker, requiring delicate
handling. The force sensor applied an initial grip force of 0.8N,
automatically fine-tuning it within 110ms to prevent breakage.
The object was successfully picked up and placed with no
cracks, fractures, or damage.

The adaptive grip response time averaged 120ms, ensuring
quick and precise grip adjustments based on the object's
material and weight. This functionality makes the robotic arm
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highly reliable for handling delicate and rigid objects without
causing damage.

5.3.4 Response Time in Different Modes

The response time of the robotic arm was measured to
determine the delay between command input and execution in
both manual and automated modes. A high-speed camera was
used to capture the latency period from the moment a
command was issued until the arm initiated movement.

In manual mode, where the robotic arm is controlled via
potentiometers, the average response time was recorded at 150
milliseconds (ms), with a maximum deviation of £10ms across
multiple trials. This slight variation was attributed to manual
user input fluctuations and the need for the control system to
interpret analog signals.

In automated mode, where the robotic arm executes pre-
programmed movement sequences, the average response time
improved to 120ms, with a maximum deviation of £8ms. The
reduced latency in automated mode is due to direct execution
of stored motor control commands, eliminating the need for
real-time manual adjustments.

These results indicate that the robotic arm maintains a
consistent and predictable response time of 120-150ms,
ensuring minimal latency in executing tasks, making it suitable
for real-time industrial applications where precision and speed
are critical.

Summary of Experimental Results

The experimental results validate the high accuracy, stability,
and adaptability of the 5-Axis Adaptive Robotic Arm. The
positional accuracy of +2mm ensures precise movements,
while the repeatability success rate of 88-92% confirms
reliable performance. The robotic arm demonstrates
impressive load-handling capability, successfully lifting
objects up to 1.2 kg with minimal heat buildup.

The force-sensitive gripper dynamically adjusts its pressure
within 120ms, allowing safe handling of both fragile and
heavy objects. The response time of 120-150ms ensures that
the robotic arm operates efficiently in both manual and
automated modes, making it a viable solution for industrial
automation and precision handling applications.

With these experimental findings, the robotic arm proves to be
a cost-effective and highly capable system for real-time object
manipulation, adaptive gripping, and industrial task
automation.

5.4 Comparative Analysis with Existing Systems

To evaluate the overall performance and advantages of the 5-
DOF Adaptive Robotic Arm, a detailed comparison was
conducted against two widely used robotic arm configurations:
1.
Traditional 6-DOF Robotic Arm, which is commonly

found in industrial automation and provides a full
range of movement with higher precision.
2.
Low-Cost 4-DOF Robotic Arm, which is typically
used for basic robotic applications and offers limited
flexibility and control.
The comparison is based on key performance metrics,
including positional accuracy, load capacity, grip adaptability,
cost efficiency, and control modes.

5.4.1 Positional Accuracy

One of the critical factors in robotic arm performance is
positional accuracy, which determines how closely the end
effector reaches a desired coordinate (X, Y, Z).

The 5-DOF Adaptive Robotic Arm achieved an accuracy of
+2mm, making it highly precise for tasks such as object
manipulation, assembly, and pick-and-place operations. The
traditional 6-DOF robotic arm demonstrated a slightly better
accuracy of £1.5mm due to its higher degrees of freedom
(DOF) and advanced motion algorithms. However, this comes
at a significantly higher cost and complexity in control.

In contrast, the low-cost 4-DOF robotic arm exhibited an
accuracy of only £5mm, which is insufficient for precision
applications. The limited degrees of freedom restrict its ability
to make fine adjustments, making it unsuitable for tasks
requiring high precision or small tolerances.

Thus, the 5-DOF system provides an optimal balance,
delivering high accuracy at a lower cost, making it an excellent
choice for educational, industrial, and research applications.

5.4.2 Load Capacity

The ability of a robotic arm to lift and manipulate objects of
different weights is crucial in determining its practical
applications.

The 5-DOF Adaptive Robotic Arm successfully lifted objects
up to 1.2kg, demonstrating efficient power distribution and
mechanical stability. The traditional 6-DOF robotic arm
outperformed with a higher capacity of 2kg, mainly due to its
stronger servo motors and reinforced structural design, making
it suitable for heavy-duty industrial applications.

However, the low-cost 4-DOF robotic arm struggled with
weights exceeding 800g, making it impractical for tasks
requiring moderate to heavy lifting. This limitation is due to
weaker servo motors, lack of torque optimization, and a less
rigid structural design.

For applications requiring a combination of moderate load
handling and cost-effectiveness, the 5-DOF system proves to
be a highly capable alternative to expensive 6-DOF systems
while outperforming low-cost 4-DOF models.

A
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5.4.3 Grip Adaptability

The ability to dynamically adjust grip pressure is essential for
handling objects of varying fragility and material composition.
The 5-DOF Adaptive Robotic Arm incorporates a force
sensor-based gripping mechanism, which enables real-time
adjustments to grip force. This feature ensures that delicate
objects (e.g., glassware, soft materials) are not damaged, while
also providing a firm grip on heavier objects. The gripper can
adjust within 120ms, making it highly responsive.

In contrast, traditional 6-DOF robotic arms often utilize fixed-
grip force mechanisms, where the applied pressure remains
constant and pre-determined. While this method works well in
structured environments, it lacks the adaptability required for
delicate object handling.

The low-cost 4-DOF robotic arm does not include grip force
adaptation, relying on basic servo-controlled clamping. This
limitation results in poor performance when handling fragile
objects, as there is no mechanism to prevent excessive
pressure.

By integrating a force-sensitive gripping system, the 5-DOF
Adaptive Robotic Arm enhances precision, adaptability, and
safety, making it superior to both fixed-force and basic servo-
based grippers.

5.4.4 Cost Efficiency

The cost of robotic systems plays a crucial role in determining
their accessibility for various industries and applications.

The 5-DOF Adaptive Robotic Arm is designed to be cost-
effective while maintaining high performance. It achieves this
by utilizing a simplified structure and an optimized number of
servo motors (5 instead of 6), reducing overall manufacturing
and maintenance costs.

In comparison, the traditional 6-DOF robotic arm incurs
significantly higher costs due to additional motors, sensors,
and complex motion planning algorithms. These features
make it suitable for high-end industrial applications but
financially impractical for small-scale industries, educational
institutions, and research labs.

On the other hand, the low-cost 4-DOF robotic arm is the most
affordable but sacrifices functionality, precision, and
adaptability. It is primarily used for educational and hobbyist
projects, where high accuracy and performance are not critical.
With a low-cost yet feature-rich design, the 5-DOF Adaptive
Robotic Arm stands out as an ideal choice for budget-
conscious industries, universities, and research institutions,
offering the best balance between cost and capability.

5.4.5 Control Modes

The versatility of a robotic arm is greatly influenced by the
control mechanisms it supports.

The 5-DOF Adaptive Robotic Arm offers both Manual and
Automated modes, allowing users to control movements
through potentiometers (manual mode) or execute pre-
programmed sequences (automated mode). This dual-mode
operation ensures flexibility, enabling both real-time user
control and autonomous execution of repetitive tasks.

The traditional 6-DOF robotic arm is typically designed for
fully automated operation, requiring complex programming
and robotic process automation (RPA) integration. While this
is advantageous for industrial automation, it limits usability for
applications that require manual intervention or learning-
based control.

The low-cost 4-DOF robotic arm primarily operates in manual
mode, lacking sophisticated automation features. This
limitation reduces its suitability for advanced industrial
applications.

The ability to seamlessly switch between manual and
automated modes gives the 5-DOF Adaptive Robotic Arm a
distinct advantage, making it a versatile solution for training,
research, and industrial applications.

Summary of Comparative Analysis

The 5-DOF Adaptive Robotic Arm effectively balances cost,
functionality, and performance, positioning itself as an optimal
choice for a wide range of applications.

It achieves high positional accuracy (x2mm), comparable to
more expensive 6-DOF robotic arms, while significantly
outperforming low-cost 4-DOF models.

The load capacity of 1.2kg makes it suitable for medium-
weight lifting applications, striking a balance between high-
load industrial arms and lightweight training robots.

The force sensor-based gripping mechanism ensures adaptive
and safe handling of both fragile and rigid objects, a feature
absent in low-cost and traditional fixed-grip robotic arms.
The affordable cost makes it an accessible solution for small
industries, research labs, and educational institutions, unlike
expensive 6-DOF systems that require significant investment.
The flexibility in control modes (manual & automated) allows
for user-friendly interaction and advanced pre-programmed
operations, providing an advantage over fully automated or
strictly manual robotic arms.

By integrating advanced features at a lower cost, the 5-DOF
Adaptive Robotic Arm serves as an efficient alternative to both
high-end industrial robots and basic low-cost systems, making
it ideal for applications in research, education, small-scale
manufacturing, and automation training.

5.5 Statistical Analysis

To ensure reliable performance and validate the precision of
the 5-DOF Adaptive Robotic Arm, a series of statistical tests
were conducted on the recorded experimental data. The
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analysis focused on positional accuracy, repeatability, and
response time consistency across multiple trials.

By employing advanced statistical measures, we quantitatively
assessed the system's stability and reliability, ensuring that
deviations observed in movement and execution time
remained within acceptable tolerances.

5.5.1 Standard Deviation of Positional Accuracy

Positional accuracy is a critical performance metric for any
robotic arm, reflecting the precision with which the system
reaches a target position (X, Y, Z). Any deviation from the
intended coordinates indicates mechanical inaccuracies,
SeNsor errors, or Sservo imprecision.
To measure consistency in accuracy, we calculated the
standard deviation (o) of the positional deviations across
multiple trials. The recorded positional errors were analyzed,
and the computed standard deviation was:
06~0.85mm\sigma \approx 0.85mmo~0.85mm
This result indicates that most positional deviations fall within
+0.85mm of the mean, showcasing a high degree of
repeatability and minimal error accumulation.
A standard deviation below 1mm is considered excellent for
mid-range robotic systems, suggesting that the 5-DOF
Adaptive Robotic Arm performs with high consistency,
making it suitable for industrial automation, precision
handling, and research applications.
Implications of the Standard Deviation Results:
[}
he low variation in positional accuracy confirms that
the system is mechanically stable and does not suffer
from excessive backlash or servo drift.
[ J
he consistency in reaching target positions suggests
that the control system, feedback loops, and servo
mechanisms are well-calibrated.
[ J
he results indicate negligible cumulative error,
meaning long-term operations will not cause
significant drift in positioning.
This level of precision and stability makes the system
comparable to high-end commercial robotic arms while
maintaining cost efficiency.

5.5.2 Analysis of Repeatability Using Coefficient of
Variation (CV)

Repeatability refers to the ability of the robotic arm to return
to the same position across multiple trials. To further assess
the system’s repeatability performance, we computed the
coefficient of variation (CV), a measure that evaluates relative
dispersion in repeated trials:

CV=ocux100CV = \frac{\sigma} {\mu} \times 100CV=poc
%100
Where:
[}
\sigmac is the standard deviation of positional
accuracy (0.85mm).
[ J
\mup is the mean deviation across trials, recorded at
2mm.
CV=0.852x100=42.5%CV = \frac{0.85}{2} \times 100 =
42.5\%CV=20.85%100=42.5%
A CV below 50% is considered good repeatability for robotic
systems, indicating that the deviation remains controlled and
within expected limits.
Observations from the Repeatability Analysis:
[}
he robotic arm consistently returns to a previous
position within £2mm of the intended target.
[}
ervo wear, gear backlash, or environmental factors do
not significantly affect repeatability, meaning it can
be used for repetitive automated tasks with minimal
recalibration.
[ ]
he low CV value suggests stable mechanical
performance, making it suitable for precision
applications such as pick-and-place operations,
laboratory automation, and ingustrial assembly.

5.5.3 ANOVA Test on Response Time Across Different
Modes

Response time is crucial in determifiing how quickly the
robotic arm processes and executes commands. To evaluate
whether operation mode (manual vs. automatic) affects
response consistency, we conducted an Analysis of Variance
(ANOVA) test on the response timE data collected from
multiple trials.
Hypothesis for ANOVA Test:
[ ]
ull Hypothesis (Ho): There is no significant variation
in response time between manual and automatic
operation modes.
[ ]
Iternative Hypothesis (Hi): There is a significant
difference in response time between modes.
The ANOVA test was performed on recorded response times
in manual mode (150ms £+ 10ms) and automatic mode (120ms
+ 8ms).
The computed p-value from the ANOVA test was greater than
0.05, indicating no statistically significant difference in
response time across the two modes.
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p>0.05=Fail to reject HOp > 0.05 \quad \Right arrow \quad
\text {Fail to reject} H_Op>0.05=Fail to reject HO
Interpretation of ANOVA Test Results:
[ J
ystem reliability is confirmed, as both manual and
automatic modes exhibit similar response times.
[ J
he lack of significant variation suggests consistent
signal processing and execution speed, meaning the
system is highly predictable and stable in both user-
controlled and automated operations.
[}
atencies remain minimal, ensuring real-time control
capability, which is essential for applications
requiring quick adjustments and immediate
responsiveness.

5.5.4 Overall Statistical Significance and System
Validation

The statistical validation of the robotic arm’s performance

confirms that:
v The positional accuracy remains stable, with a low standard
deviation (¢ = 0.85mm), ensuring precise operation.

v Repeatability is well within acceptable limits, with a
coefficient of variation (CV = 42.5%), signifying minimal
deviation in repeated movements.
v Response times are highly consistent, as evidenced by the
ANOVA test results (p > 0.05), ensuring real-time operation
reliability.

Final Conclusion:

The 5-DOF Adaptive Robotic Arm demonstrates high
reliability, repeatability, and precision, making it an optimal
solution for industrial automation, research, and precision
handling tasks.

By validating its mechanical stability, motion accuracy, and
real-time response, the system proves to be a cost-effective and
high-performance alternative to expensive commercial robotic
arms.

Summary of Experimental Findings

The experimental evaluation of the 5-Axis Adaptive Robotic
Arm highlights its precision, adaptability, and operational
efficiency, making it a highly reliable system for various real-
world applications. Through rigorous testing and analysis, the
robotic arm has demonstrated consistent performance across
key evaluation metrics, including positional accuracy,
repeatability, grip adaptability, load capacity, and response
time.

5.6 High Positional Accuracy and Repeatability

One of the most critical aspects of robotic arm performance is
positional accuracy, which determines how precisely the arm
reaches a target position. The experimeﬁtal results confirm that
the robotic arm maintains an average positional deviation of
+2mm, making it suitable for applications requiring high
precision, such as industrial automatiorl, medical robotics, and
laboratory automation.

Additionally, the repeatability success rate of 90% indicates
that the arm can reliably return to a previously set position
across multiple trials. This consistency is vital for pick-and-
place operations, material handlinb, and assembly-line
automation, where errors in position can lead to defective
products or inefficiencies.

The combination of low deviation (£2mm) and high
repeatability (90%) ensures that the robotic arm can execute
tasks accurately without frequent recalibration, giving it an
edge over many low-cost robotic arms with higher deviation
margins (z5mm or more).

Key Insights:

v Maintains a deviation of £2mm, making it comparable to
mid-range industrial robotic arms.
v Achieves a 90% repeatability success rate, ensuring
stability across multiple operations.

v Minimizes cumulative error, preventing misalignment in
prolonged use.

5.6.1 Adaptive Grip System for Safe and Efficient
Handling

A major innovation in the 5-Axis Adaptive Robotic Arm is its
force-sensitive gripper, which dynamically adjusts grip
pressure to handle fragile and rigid objects safely. The grip
system, integrated with a force sensor, ensures that objects are
held securely without excessive force that could cause
damage.

The grip adjustment time of 120ms demonstrates rapid
response in adapting to different object types, making it
suitable for tasks involving variable material handling, such as
delicate glassware in laboratory automation, flexible
packaging in warehouses, or precision tools in manufacturing.
During testing, the force sensor effectively adjusted grip force
within 110-150ms, preventing damage to fragile objects such
as sponges and glass containers, while ensuring firm handling
of heavier items such as plastic and metal tools. This level of
adaptability is not typically available in lower-cost robotic
arms, which often rely on fixed-force grippers.

Key Insights:
v Dynamic grip adjustment within 120ms, ensuring real-time
adaptation to object fragility.

v Force sensor prevents excessive grip force, protecting
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delicate  objects like glass and soft materials.
v Improves handling versatility, allowing the robotic arm to
manage a wide range of object types without requiring manual
intervention.

5.6.2 Load Capacity and Thermal Efficiency

Load-bearing capability is a crucial factor in assessing a
robotic arm’s structural strength and motor efficiency. The 5-
DOF robotic arm successfully lifted up to 1.2kg,
demonstrating robust mechanical design and servo motor
efficiency.

Additionally, thermal efficiency was closely monitored, with
motor temperature increases remaining below 6°C, even under
maximum load conditions. This result suggests effective heat
dissipation and optimized power consumption, allowing for
prolonged operation without overheating issues.

Compared to other robotic arms in its category, which often
suffer from excessive servo heating beyond 10°C at similar
load conditions, the 5-DOF Adaptive Robotic Arm proves to
be more energy-efficient and thermally stable.

Key Insights:

Vv Supports up to 1.2kg load while maintaining balance and
smooth motion.
v Motor temperature increase remains below 6°C, ensuring
prolonged operational stability.
v Efficient heat dissipation enhances durability and prevents
performance degradation over time.

5.6.3 Fast and Reliable Response Time for Real-Time
Applications

The response time of a robotic arm is crucial for determining
how quickly it reacts to control inputs and executes tasks. Our
experiments measured the latency between command input
and execution, revealing:

[ ]

anual mode response time: 150ms (£10ms)

[ ]

utomatic mode response time: 120ms (x8ms)
These results confirm that the robotic arm operates with
minimal delay, ensuring real-time performance in both manual
and automated workflows. The ANOVA statistical test (p >
0.05) further validated that response times were consistent
across multiple trials, proving the system’s reliability and
predictability.
The faster response time in automatic mode is particularly
beneficial for pre-programmed industrial processes, where
speed and efficiency are critical. Meanwhile, the low latency
in manual mode ensures that users experience smooth and
immediate control, making the system user-friendly for
interactive applications such as teleoperation and remote
robotic control.

Key Insights:

v Fast response time (120-150ms), ensuring real-time
operation with minimal latency.
v Consistent performance in both manual and automatic
modes, validated by statistical analysis.
Vv Suitable for interactive and autonomous applications,
ensuring seamless execution of robotic tasks.

5.6.4 Comparative Advantage Over Traditional Robotic
Arms

Compared to existing 6-DOF and 4-DOF robotic arms, the 5-
DOF Adaptive Robotic Arm delivers a well-balanced trade-off
between cost, functionality, and adaptability.

Key Competitive Advantages:

v Comparable accuracy (x2mm) to traditional 6-DOF robotic
arms  while reducing complexity and cost.
v Higher load capacity (1.2kg) compared to low-cost 4-DOF
robotic arms, which typically max out at 800g.
v Advanced grip adaptability through force-sensing
technology, which 6-DOF systems often lack or implement at
a much higher cost.
Vv Lower power consumption and better thermal efficiency,
ensuring sustained operation without excessive overheating.
This combination of high accuracy, adaptability, and cost-
effectiveness makes the 5-DOF Adaptive Robotic Arm an
optimal choice for applications requiring precision and
affordability.

5.6.5 Final Summary of Experimental Findings

Based on rigorous experiments, statistical validation, and
comparative analysis, the 5-DOF Adaptive Robotic Arm has
proven to be a highly efficient and reliable robotic system.

¢ High Accuracy & Repeatability: Maintains +2mm
precision with 90% repeatability SUCCRSS, ensuring consistent
operation.

¢ Adaptive Grip System: Force gensor-based gripping
prevents object damage and ensures secure handling of varied
materials.

* Robust Load Capacity & Thermal Efficiency: Lifts up to
1.2kg with minimal heating (<6°C increase), enabling
sustained operation.

* Fast Response Time for Real-Time Applications: Manual
mode (150ms), Auto mode (120ms) ensures smooth execution.

* Superior Cost-to-Performance Ratio: Achieves 6-DOF
level precision at a lower cost, with sensor-based adaptability
lacking in many traditional designs.
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5.7 Test Results & Observations

5.7.1 Accuracy of Joint Movements

Obijective:

To evaluate the precision of each joint movement and measure
the deviation from the expected positions.

Test Procedure:

° The gripper was used to lift and move the
objects to predefined positions.
o Stability, servo performance, and vibrations

were recorded.

Results:

Servo

° The robotic arm Wa§ programmed to move Successfull | Strain
to predefined angles fc-)r- each joint. Load (g) |y Lifted? Observed |Pass/Fail
° Actual positions were recorded and
compared with the expected values. 250 Yes No Pass
° Deviation was calculated in degrees (°). 500 Yes No Pass
Results: Observations: Mlnpr
750 Yes Strain Pass
Expecte 1000 No High Strain Fail
d Angle Actual Deviatio Observations:
Joint ® Angle (°) n (°) Pass/Fail . The robotic arm handled up to 750g
Base smoothly.
Rotation 90 895 0.5 Pass ° At 1Kkg, the servos showed excessive strain,
causing overheating.
Ar_m ° Slight vibrations were observed when
Jointl 45 44.2 0.8 Pass moving the 750g load.
Arm Discussion:
Joint2 60 58.6 1.4 Pass ° The 7509 payload is the optimal limit for
Wrist safe operatign. _
Joint 30 8.7 13 Pass ° Usm_g stronger servo motors qr reinforced
structural design could help handle heavier loads.
Gripper
Rotation 15 145 0.5 Pass .
5.7.3 Response Time Test
. The angular deviation was within +2°, Obijective:
indicating high accuracy. To measure the time taken for the robotic arm to complete
) The servo response was smooth, with movements in manual and auto mode.
minimal overshooting. Test Procedure:
° Slight deviations were noted at higher ° A predefined movement sequence was
speeds, which may be due to servo inertia. executed in both modes.
Discussion: . Time taken for each mode was recorded.
° The robotic arm performs well within o Expected vs. actual times were compared.
acceptable precision limits.
° Fine-tuning PID control could improve Results:
response accuracy for rapid movements.
Expecte
5.7.2 Load Testing (Payload Capacity) d Time A.ctual Deviatio .
Mode (s) Time (s) n (%) Pass/Fail
Objective:
To determine the maximum weight the robotic arm can lift Manual 4.5 44 2.20%  Pass
without instability. Auto 4.5 4.7 4.40%  Pass
Test Procedure:
° The arm was tested with different weights
(250g, 5009, 750g, 1Kg). Observations:
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° Auto mode executed movements smoothly,
with a slightly higher delay due to processing time.
° Manual mode was slightly faster due to real-
time user input.

° Minor delays were noted in auto mode due
to processing and execution.

° Discussion:

° Auto mode performance was within
acceptable limits (Deviation <10%).

° Reducing code execution delays can

improve response time.

5.7.4 Grip Strength & Sensor Accuracy

Objective:

To evaluate the gripper’s ability to hold objects and apply the
correct force using the force sensor.

Test Procedure:

Object
Type
Soft
Sponge
Plastic
Bottle

Metal
Rod

° The force sensor was tested with light,
medium, and heavy objects.
° Readings were compared to expected force
values.

Results:

Expecte Measure

d Force dForce Deviatio

(N) (N) n (%) Pass/Fail
15 1.6 6.60%  Pass

2.5 2.4 4% Pass

5 4.8 4% Pass

Observations:

° The gripper applied correct pressure,
avoiding excessive force.
° The force sensor readings were accurate
with <7% deviation.
° Slight variations in force readings were
noted for soft objects.

Discussion:
° The force sensor ensures safe gripping
without damaging objects.
° Fine-tuning sensitivity for soft materials

may improve accuracy.

5.7.5 Manual vs Auto Mode Performance

Obijective:
To compare the efficiency and precision between manual and
auto mode.
Test Procedure:
° A sequence of five movements was
performed in both modes.
o Position deviation and execution time were
recorded.

Results :

Manual

Parameter Mode Auto Mode Deviation

Avg.
Position
Error (°) 1.2 15 0.3

Avg.
Execution
Time (s) 4.4 4.7 0.3

Observations:

° Manual mode had slightly better accuracy
(1.2° vs 1.5° error).
° Auto mode performed smoothly but had
minor time delay.
° Slight drift in servo position was noted in
auto mode.

Discussion:
° Auto mode is reliable, with small
improvements needed for timing and accuracy.
° Adding feedback control (PID tuning) can
enhance auto mode performance.

Conclusion:

The 5-DOF Adaptive Robotic Arm successfully balances
performance, cost, and adaptability, making it a versatile
solution for industrial, research, and automation applications.
Its high precision, dynamic grip control, and energy-efficient
operation make it a strong competitor to higher-end robotic
systems, providing an ideal platform for real-world
deployment.

6. Discussion

The experimental results of the 5-DOF Adaptive Robotic Arm
indicate that it is a highly precise and versatile system, capable
of executing tasks with +2mm positional accuracy and a
repeatability success rate of 90%. These findings highlight the
system's ability to perform accurate pick-and-place operations,
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material handling, and automation tasks while maintaining
thermal efficiency and reliable grip adaptability.

6.1 Interpretation of Results

The high positional accuracy and repeatability observed in the
trials confirm the effectiveness of the servo control algorithms
and mechanical design. The low standard deviation (¢ =
0.85mm) in accuracy measurements indicates that the robotic
arm consistently achieves its target positions with minimal
variation. This level of precision makes it suitable for semi-
industrial applications, laboratory automation, and controlled
environments where accuracy is essential.

The adaptive grip system demonstrated fast response times
(<120ms) and dynamic pressure adjustments, which prevented
damage to delicate objects while ensuring a firm hold on
heavier loads. This ability to adapt grip pressure in real-time
enhances the robotic arm's usability in handling fragile
materials, laboratory glassware, and manufacturing assembly
lines.

In terms of load-bearing performance, the robotic arm
successfully lifted weights up to 1.2kg with a stable success
rate of 80-100%. The servo motor temperature increase
remained below 6°C, proving that the system is thermally
efficient and capable of prolonged operation without
overheating. The response times of 120ms in automatic mode
and 150ms in manual mode confirm that the arm can function
in real-time applications without significant delays.

6.2 Limitations

Despite its strong performance, the robotic arm has certain
limitations that must be addressed:

Load Capacity Constraints: The maximum tested weight
capacity was 1.2kg, which, while sufficient for lightweight
industrial tasks, may not be adequate for applications requiring
heavier payload handling. The system could be further
optimized by integrating higher torque motors or additional
reinforcement in the structural frame.

Limited Degrees of Freedom: Compared to traditional 6-DOF
robotic arms, the 5-DOF system lacks an additional rotational
axis, which reduces flexibility in certain complex maneuvers.
This limitation makes tasks such as freeform welding or
intricate assembly operations more challenging.

Force Sensor Calibration: While the force sensor successfully
adjusted grip strength for various objects, there were slight
inconsistencies in how it adapted to different material textures.
Future iterations could implement machine learning-based
force prediction models to enhance adaptability.

Latency in Manual Mode: Although the 150ms response time
in manual mode is relatively fast, further improvements in
control interface optimization and signal processing could
enhance the responsiveness, making the system more intuitive
for human operators.

6.3 Suggested Improvements and Future Work

To enhance the performance, versatility, and adaptability of
the robotic arm, several improvements and future research
directions are recommended:

Increasing Load Capacity: The system could be upgraded with
stronger servo motors or actuators with improved torque
efficiency to support higher weight lifting capabilities while
maintaining stability.

Adding an Extra Degree of Freedom (6-DOF Upgrade):
Introducing an additional rotational joint would allow for
greater flexibility and range of motion, enabling more complex
and intricate robotic tasks.

Advanced Sensor Integration: Implementing additional vision
sensors, tactile sensors, and Al-based perception systems
would improve object recognition, path correction, and
autonomous decision-making in real-time applications.
Improved Grip Adaptability: Enhancing the force sensor
calibration and integrating Al-driven adaptive control
algorithms could make the gripper more efficient in handling
a wider variety of object materials and textures.

Real-Time Machine Learning-Based Position Correction: By
integrating adaptive control mechanisms and neural networks,
the robotic arm could dynamically learn from previous
positioning errors, further improving accuracy and
repeatability.

Wireless and 10T-Based Remote Control: Enabling WiFi or
Bluetooth connectivity for remote operation would increase
usability in smart factory automation and teleoperated robotic
applications.

7. Conclusion

The development and evaluation of the 5-Axis Adaptive
Robotic Arm have demonstrated its effectiveness in achieving
high precision, adaptability, and efficiency in operation. The
experimental results confirm that the system attains a
positional accuracy of £2mm and a repeatability success rate
of 90%, making it highly suitable for precision-based tasks
such as pick-and-place operations, industrial automation, and
laboratory applications. The adaptive force-sensitive gripping
mechanism, with a response time of 120ms, ensures that the
robotic arm can securely handle a variety of objects, from
delicate materials to rigid components, without causing
damage.

Additionally, the system’s ability to lift up to 1.2kg while
maintaining thermal stability (max temperature rise of 6°C)
highlights its operational reliability and energy efficiency. The
response time of 150ms in manual mode and 120ms in
automatic mode ensures that the arm functions with minimal
latency, enabling real-time performance across various
applications.

© 2025, IJSREM | www.ijsrem.com

DOI: 10.55041/IJSREM43972 |  Page 22


http://www.ijsrem.com/

e-Journal

AN . L . . :
,@;‘JSREM%Q International Journal of Scientific Research in Engineering and Management (IJSREM)
q xﬁF Volume: 09 Issue: 04 | April - 2025 ISSN: 2582-3930

SJIF Rating: 8.586

The significance of this work lies in bridging the gap between
cost-effectiveness and high-precision robotic solutions.
Compared to traditional 6-DOF robotic arms, the proposed 5-
DOF design maintains a balance between affordability,
precision, and functionality, making it accessible for
industrial, educational, and research applications. The sensor-
based adaptive gripping system adds a layer of intelligence to
the arm, enabling real-time object handling adjustments that
are not typically found in lower-cost robotic systems.
Looking ahead, future enhancements can further elevate the
capabilities of the robotic arm. Key areas of development
include increasing load capacity, enhancing positional
accuracy through closed-loop control systems, integrating
machine learning for intelligent decision-making, adding a
sixth degree of freedom for improved maneuverability, and
enabling wireless control for remote operation. These
improvements will expand the scope of applications for the
robotic arm, allowing it to be used in more complex industrial
automation processes, medical assistance, and advanced
research projects.

In conclusion, the 5-Axis Adaptive Robotic Arm successfully
delivers a balance of precision, adaptability, and affordability.
Its versatile design, sensor integration, and efficient control
mechanisms make it a practical solution for various real-world
applications, with the potential for significant advancements
in autonomous robotics and intelligent automation.
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