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Abstract: This paper describes the design and implementation of a vision-guided, 5-Degree-of-Freedom
(5-DOF) robotic arm capable of autonomously classifying and sorting objects according to their color.
The system integrates a TCS3200 color sensor with an Arduino Uno R3 microcontroller, four MG996R
servo motors, and one SG90 micro-servo to achieve coordinated pick-and-place operations across four
designated sorting bins. Color detection is performed in real time by measuring the frequency outputs of
the TCS3200 corresponding to red, green, blue, and yellow filter responses. The detected color value is
mapped to a predefined bin location, and the arm executes a smooth trajectory to deposit the object
accordingly. Experimental trials conducted over 80 pick-and-sort cycles — 20 cycles per color —
demonstrate an overall sorting accuracy of 95% and a mean cycle time of 3.25 seconds. The proposed
architecture eliminates dependence on external computing hardware, offers a modular and extensible
platform, and is well suited to educational robotics laboratories, small-batch manufacturing lines, and
quality-control inspection stations.
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I. INTRODUCTION

Automated sorting is a fundamental requirement across a broad spectrum of industrial domains, including
pharmaceutical tablet inspection, recycling and waste management, food grading, and consumer electronics assembly.
Color represents one of the most readily accessible and discriminating features for categorizing objects without contact,
and embedded color-sensing technology has matured to a point where high-accuracy classification can be achieved
with compact, low-power hardware.
Conventional industrial sorting systems rely on conveyor-mounted vision systems interfaced with programmable logic
controllers (PLCs) and pneumatic actuators. While highly effective, such systems carry substantial capital and
maintenance costs that render them impractical for small-scale production environments, academic teaching
laboratories, or rapid prototyping scenarios. There is therefore a clear need for an affordable, reprogrammable, and
mechanically simple sorting platform that retains acceptable throughput and classification accuracy.
This paper presents a 5-DOF robotic arm equipped with a TCS3200 frequency-output color sensor. The arm identifies
the color of a stationary object placed at a fixed pick-up station and transports it to one of four target bins arranged
radially around the base. The entire sensing, classification, and actuation pipeline is managed by a single Arduino Uno
R3 microcontroller, thereby removing the need for a host PC or networked vision processor. Key contributions of the
proposed work are:

e A self-contained, embedded color classification scheme that operates without external image processing

hardware.
e A systematic calibration procedure for the TCS3200 sensor that accounts for ambient lighting variation and
object surface texture.
e A smooth, multi-segment servo trajectory that minimises oscillation during object transport and reduces the

risk of dropping payloads.
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e Quantitative performance benchmarking across four colors — red, green, blue, and yellow — covering 80
experimental trials.

1.1 Degrees of Freedom and Joint Architecture

The degrees of freedom (DOF) of a robotic manipulator quantify the number of independent parameters required to
completely specify its spatial configuration. A 5-DOF arm can reach any reachable point within its workspace and
impart a limited set of end-effector orientations, which is sufficient for planar pick-and-place tasks where only one
rotational axis of the tool frame needs to be controlled. The five joints employed in the proposed arm are as follows:
Base Rotation (Yaw) — a continuous 180° sweep that directs the arm toward any of the four sorting bins.

Shoulder Flexion/Extension (Pitch) — controls the vertical elevation of the upper arm link.

Elbow Flexion/Extension (Pitch) — adjusts the reach of the forearm link relative to the upper arm.

Wrist Pitch — sets the approach angle of the end-effector, ensuring vertical descent onto the object.

Gripper Actuator — a parallel-jaw gripper driven by a single SG90 servo for opening and closing.

1.2 Color Detection Principle

The TCS3200 programmable color light-to-frequency converter integrates a 8x8 array of photodiodes four equally
distributed sets filtered for red, green, blue, and clear (unfiltered) light onto a single CMOS die. An internal current-to-
frequency converter translates the photocurrent of the selected filter into a square wave whose frequency is directly
proportional to light intensity. By successively activating each filter bank and recording the resulting output frequency,
the microcontroller can construct a three-channel color vector that uniquely characterises most distinct hues under
stable illumination conditions.

II. LITERATURE REVIEW
The following table summarises representative prior work in color-based robotic sorting and related enabling
technologies, highlighting the specific gap that the current study addresses.

Reference Key Contribution Relevance to Proposed System
Gonzalez, R. C., & Woods, R. Foundational treatment of color | Provides the image processing
E. (2018) - Digital Image spaces (RGB, HSV, LAB), backbone used in real-time color
Processing (4th ed.) thresholding, and morphological segmentation within the proposed
operations for machine vision. sorting pipeline.

Craig, J. J. (2018) — Covers forward and inverse Underpins the kinematic modelling of
Introduction to  Robotics:  kinematics, Denavit-Hartenberg the 5-DOF arm's pick-and-place
Mechanics and Control (4th parameterisation, and trajectory trajectory calculations.

ed.)

Spong, M. W., Hutchinson, S.,
& Vidyasagar, M. (2020) -
Robot Modeling and Control
(3rded.)

Kumar, A., & Singh, V. (2022)

'Real-Time  Color-Based
Object Sorting Using Arduino
and OpenCV."' JERT, Vol. 10,
Issue 3.
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planning for serial manipulators.

Systematic treatment of robot
dynamics, feedback control, and
workspace analysis for multi-joint
manipulators.

Proposes a PC-tethered sorting
system using OpenCV for blob
detection and serial commands to
Arduino servos.
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Guides the PID servo control strategy
and workspace boundary analysis for
the sorting arm.

Directly comparable system; the
proposed design eliminates the PC
dependency by embedding color logic
on the microcontroller itself.
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Niku, S. B. (2019) - Comprehensive analysis of actuator Informs servo motor selection, gripper

Introduction to  Robotics: selection, gripper design, and sensor = end-effector geometry, and TCS3200
Analysis, Control, Applications integration for robotic manipulators.  color sensor placement strategy.
(3rd ed.)

Mohan, S., & Pillai, R. (2021) Demonstrates embedded TCS3200- Validates the sensor selection and
— 'Embedded Color Sensing for based sensing for conveyor belt calibration methodology adopted in
Automated Conveyor Sorting.! sorting with frequency-to-voltage = this work.

IJAREEIE, Vol. 10, Issue 7. conversion.

The reviewed literature reveals a consistent pattern: systems that achieve high classification accuracy typically depend
on a PC-hosted vision pipeline (Kumar and Singh, 2022), while fully embedded designs tend to sacrifice flexibility by
hard-coding threshold values without provision for recalibration (Mohan and Pillai, 2021). The proposed architecture
bridges this gap by embedding a structured calibration routine directly in the microcontroller firmware, thereby
supporting both high accuracy and field reconfigurability without requiring external computation.

III. PROBLEM STATEMENT
Industrial and laboratory environments routinely require the segregation of objects by color — examples include
separating medication capsules by formulation, routing printed circuit boards to appropriate assembly lines by batch
code, and diverting recycled plastics by polymer family. When performed manually, these operations are susceptible to
operator fatigue and inconsistency, leading to classification errors that degrade product quality and increase waste.
Although commercial machine vision sorters resolve these issues, their acquisition cost, installation complexity, and
vendor lock-in present significant barriers for small enterprises, research groups, and teaching institutions.
Low-cost robotic arms based on general-purpose microcontrollers address the cost barrier, but most documented
prototypes either lack any integrated sensing capability — relying instead on a connected laptop running image
processing software — or implement only rudimentary threshold-based detection that fails under typical ambient
lighting variability. Neither approach provides a standalone, field-deployable solution.
This paper directly addresses the gap by designing a robotic arm that performs the entire sensing-to-actuation workflow
without external computational resources, incorporates a repeatable in-situ calibration procedure, and achieves a cycle
time and accuracy suitable for light-duty production use.

IV. OBJECTIVES
The primary goal of this project is to develop a 5-DOF robotic arm that autonomously sorts objects into designated bins
based on real-time color classification, using only embedded hardware. The specific objectives are:
e To design and fabricate a five-joint robotic arm structure with sufficient workspace to serve four sorting bins
arranged within a 200 mm radius of the base.
e To integrate a TCS3200 color sensor at the wrist link such that it can acquire color readings with the end-
effector positioned 15 mm above the object.
e To develop a calibration algorithm that computes color classification thresholds from in-situ white and per-
color reference measurements.
e To implement a closed-loop servo control strategy using Arduino PWM outputs that achieves joint positioning
repeatability within +2°.
e To design bin-specific trajectory profiles that move the payload smoothly from the pick-up station to each
target bin within a mean cycle time below 4 seconds.
e To validate the system through 80 empirical sorting trials across four color classes, recording accuracy and

cycle time metrics.
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e To document a modular firmware architecture that facilitates extension to additional colors or replacement of
the sensor module without structural redesign.

V. EXISTING SYSTEMS
Current low-cost color-sorting robotic prototypes documented in the literature can be categorised into three broad
classes. The first class comprises PC-tethered systems in which a webcam and a host-side image processing library
such as OpenCV perform color classification, and the result is relayed via USB-serial to a microcontroller that drives
the actuators. These systems benefit from the full computational power of a desktop processor and support advanced
algorithms, but they are immobile and unsuitable for deployment away from a laboratory bench.
The second class comprises purely threshold-based embedded systems in which the microcontroller compares raw
sensor readings against fixed numerical bounds. These systems are compact and self-contained but degrade rapidly
when ambient light conditions differ from those present during firmware compilation, because the thresholds cannot be
updated without re-flashing the device.
The third class employs programmable logic controllers paired with industrial fiber-optic color sensors. While robust
and accurate, the hardware cost of even an entry-level PLC setup typically exceeds the budget available in an academic
project or a small manufacturing unit.
The proposed system occupies a niche currently unserved by any of these classes: it is fully self-contained like the
second class, supports field recalibration like the first class, and achieves accuracy comparable to both, at a component
cost below that of any PLC-based solution.

VI. PROPOSED SYSTEM
6.1 Hardware Architecture
The mechanical frame of the arm consists of laser-cut 3 mm acrylic links fastened with M3 brass standoffs, providing
adequate rigidity for payloads up to 50 g while keeping total arm mass below 400 g. Four MG996R digital servos (stall
torque 9.4 kg-cm at 4.8 V) drive the base, shoulder, elbow, and wrist joints, and a single SG90 micro-servo (stall torque
1.8 kg-cm) actuates the parallel-jaw gripper. All servos are powered from a dedicated 6 V / 3 A switched-mode supply
to prevent voltage sag on the Arduino's 5 V rail during simultaneous multi-joint motion.
The TCS3200 module is mounted on a 3D-printed bracket at the wrist link, oriented downward and positioned 15 mm
above the object surface when the arm is in the detection pose. A ring of four white LEDs built into the TCS3200
breakout board provides consistent near-field illumination, substantially reducing the sensitivity of readings to
overhead ambient light.
The Arduino Uno R3 microcontroller interfaces with the servos through five PWM-capable digital output pins and with
the TCS3200 through two filter-select lines (S2, S3) and one frequency-input pin (OUT). A 5 V single-channel relay
module drives an optional status LED bar, and a four-button tactile keypad allows the operator to initiate a calibration
cycle or to select manual joint-jog mode for maintenance purposes.

6.2 Firmware Design

The firmware is structured around four cooperating modules. The Sensor Module handles TCS3200 filter selection,
frequency measurement via the Arduino pulseln() function, and storage of calibrated threshold matrices in EEPROM.
The Calibration Module implements a two-step procedure: a white-reference normalisation pass followed by per-color
sweep in which the operator presents a reference sample of each target color for two seconds, during which the module
records 20 frequency readings and computes the mean and a +15% acceptance band. The Motion Module stores the
home pose, the detection pose, and four bin poses as arrays of five joint angles and interpolates intermediate waypoints
at 20 ms intervals to produce smooth, jerk-limited trajectories. The Main Loop Module sequences sensor acquisition,
color classification, bin selection, and motion execution, and logs the outcome of each cycle to the serial monitor for
post-test analysis.
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6.3 Color Classification Algorithm

After white-reference normalisation, the frequency readings for each active filter are converted to a percentage of the
white-reference reading. The resulting three-element normalised vector (R%, G%, B%) is compared to the stored
reference bands for each color class. A color is declared detected when its R%, G%, and B% values simultaneously fall
within all three corresponding acceptance bands. In the event that the normalised vector satisfies more than one color
class — a condition that arises primarily for spectrally similar colors such as yellow and orange — a minimum
Euclidean distance criterion selects the closest matching class. If no class is matched after two retries, the arm returns to
the home pose and issues a serial warning, leaving the object for operator inspection.

VII. EXPERIMENTAL RESULTS
Validation trials were conducted in a normally lit laboratory under fluorescent overhead illumination with an average
illuminance of approximately 500 lux at the pick-up station, representative of typical workshop conditions. Objects
were spherical acrylic balls of 25 mm diameter, uniformly painted in each of the four target colors. Twenty sorting
cycles were executed per color, for a total of 80 trials. Table 1 summarises the outcome.
Table 1. Sorting Performance by Color Class

Object Color Correct Sorts / 20 Trials = Sorting Accuracy (%) Avg. Cycle Time (s)
Red 19 95.0 32

Green 20 100.0 3.1

Blue 18 90.0 34

Yellow 19 95.0 33

Overall 76 /80 95.0 3.25

The single misclassification of a blue object (trial 14) was attributed to a contamination of the ball surface with a small
yellow paint smear that shifted the normalised B% reading outside the acceptance band. The three misclassifications of
red objects (trials 3, 11, and 17) occurred under transient shadow conditions caused by a passing trolley in the
laboratory aisle, temporarily reducing ambient illuminance by approximately 30%. These findings motivate a proposed
future extension incorporating adaptive illuminance compensation using the TCS3200's clear-channel reading as a real-
time gain reference.

Mean joint positioning error across all five axes, measured with a digital protractor over 50 repeated return-to-home
cycles, was 1.4° £ 0.6°, confirming that the servo control strategy meets the +2° repeatability requirement stated in the
objectives. Mean cycle time across all 80 trials was 3.25 seconds, comfortably within the 4-second target.

VIII. CONCLUSION

This paper has presented the design, implementation, and experimental validation of a vision-guided 5-DOF robotic
arm for autonomous color-based object sorting. The system achieves an overall sorting accuracy of 95% across four
color classes and a mean cycle time of 3.25 seconds, using only an Arduino Uno R3 microcontroller, four MG996R
servos, an SG90 gripper servo, and a TCS3200 color sensor — a total component cost below USD 45 at retail prices.
The embedded calibration routine distinguishes the proposed design from threshold-hardcoded predecessors by
enabling the operator to adapt the system to new object colors or changed lighting conditions within approximately 60
seconds, without any firmware modification.

The modular firmware architecture supports straightforward extension. Planned future enhancements include the
substitution of the TCS3200 with an OV7670 camera module to enable shape-and-texture-based sorting in addition to
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color classification, the addition of a Bluetooth serial interface for wireless parameter adjustment, and integration with
a short conveyor belt to support continuous-feed operation. The proposed platform thus constitutes a flexible and cost-
effective foundation for robotics education, small-batch quality inspection, and further research into embedded machine
vision for manipulation tasks.
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