’// International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 13 Issue: 06 | Jun 2026

www.irjet.net

p-ISSN: 2395-0072

DESIGN AND DEVELOPMENT OF UNIVERSAL RIG FOR BACKLASH
MEASUREMENT AND OPTIMIZATION

Tanishq Katkar’, Harshwardhan Atpadkar’, Yash Bodade’

123Department of Mechanical Engineering, AISSMS College of Engineering, SPPU, Pune - 411001, Maharashtra,
India

Abstract - Traditional gear backlash measurement relies on
manual dial indicators and contact-based methods, which are
prone to human error, setup inconsistencies, and throughput
bottlenecks. This paper presents the design, fabrication, and
validation of a universal rig for automated, non-contact
backlash measurement and optimization using machine vision
and machine learning (ML). The system comprises a precision-
machined base plate for mounting variable-center-distance
gear pairs and a vertically mounted high-resolution camera.
By capturing top-down images of the meshing gears, the
integrated ML model and image processing algorithms
automatically detect tooth profiles, compute the minimum
gap, and output the exact backlash value. The system aims to
conform strictly to DIN 3962 gear tolerance standards,
offering a scalable, repeatable, and highly accurate alternative
to conventional inspection techniques.
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1. INTRODUCTION

Gear backlash the clearance between mating gear teeth is a
critical parameter in mechanical power transmission. While
a minimum backlash is necessary to accommodate
lubrication and thermal expansion, excessive backlash leads
to kinematic errors, vibration, and accelerated wear.
Standard practices for assessing this clearance often involve
static contact tools like dial indicators or lead wire
deformation, which are time-consuming and highly operator
dependent.

In precision manufacturing and assembly operations,
verifying that gear pairs meet specific quality classes, such as
those outlined in the DIN 3962 standard, requires high
repeatability. This work presents an automated, vision-
based inspection rig designed to measure gear backlash
universally across different gear geometries. The system
utilizes a mechanical base plate for adjustable center-
distance mounting, coupled with an overhead machine
vision system. A trained machine learning model processes
the captured images to calculate the backlash dynamically,
optimizing the measurement process and drastically
reducing inspection cycle times.

2. LITERATURE REVIEW

[1] Conventional methods in gear metrology heavily rely on
coordinate measuring machines (CMM) and mechanical dial
gauges. While CMMs offer exceptional accuracy, they are
generally confined to off-line inspection due to their slow
operational speeds. Recent advancements in automated
optical inspection demonstrate that machine vision can
achieve dimensional repeatability comparable to contact
methods, significantly speeding up quality control in
industrial settings.

[2] Image processing techniques, combined with
convolutional neural networks (CNNs) for edge detection,
have been successfully implemented to detect micro-defects
and dimensional variations in mechanical components.
Standards governing gear tolerances, such as DIN 3962,
require measuring clearances down to the micron level.
Designing a measurement system to meet these rigorous
standards involves not only high-fidelity optical equipment
but also stable mechanical fixtures to eliminate external
vibrations during image capture.

3. DESIGN AND METHODOLOGY

The complete architecture of the measurement system is
illustrated in Fig. 1. The foundation consists of a high-rigidity
Rig Base Material designed to absorb operational vibrations
and maintain strict dimensional stability during inspection.
Two vertically mounted Shafts hold the Gears for testing. To
enable measurement across the entire circumference of the
gear, a Motor is coupled to the driving shaft, allowing
automated rotation and indexing of the gear mesh.

The optical subsystem is supported by a rigid, adjustable
Camera Mount fixed directly to the base. This mount
positions the Vision Sensor directly perpendicular to the
gear face, ensuring an optimal top-down field of view
without perspective distortion. Directly beneath the sensor,
a dedicated ring Illumination unit provides diffuse, even
lighting across the gear teeth. This controlled illumination is
critical for eliminating shadows and providing the high-
contrast edge profiles required by the machine learning
algorithm to accurately calculate clearances and verify
compliance with DIN 3962 tolerance standards.
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Gears for testing

Fig -1: 3D CAD rendering of the automated universal rig
for gear backlash measurement, detailing the primary
mechanical drive and overhead optical subsystems.

3.1 Mechanical Rig Design (Base Plate)

The universal rig is constructed on a high rigidity IS 2062
mild steel base plate to dampen operational vibrations. It
features an adjustable dual-spindle mounting system
running on linear guideways, allowing the center distance
(a) between the two test gears to be precisely varied.

e Mounting Arbors: Precision ground arbors ensure
concentricity.

e C(Center Distance Adjustment: Governed by a
micrometer lead screw to set the theoretical
meshing distance before the camera is triggered.

3.2 Vision System Setup

Ahigh-resolution industrial camera (e.g., 5 MP CMOS sensor)
is mounted vertically directly above the gear mesh zone on
an adjustable column.

e Illumination: A diffuse ring light is positioned
above the gear plane to eliminate shadows and
provide high-contrast edge definitions of the gear
teeth.

e (Calibration: The camera is calibrated using a
standard checkerboard pattern to remove lens
distortion and establish a precise pixel-to-
millimeter scaling factor, calculated as:

mm ) Known_Reference_Distance

ing_Fact
Scaling_Factor (pia:el Pizel_Count

3.3 Machine Learning and Image Processing

The core of the backlash measurement relies on a pipeline of
image processing and a custom machine learning model.

1. Image Acquisition: The top-down view of the gear
mesh is captured.

2. Preprocessing: Grayscale conversion and Gaussian
blurring are applied to reduce noise.

3. Edge Detection: Sub-pixel edge detection algorithms
isolate the precise boundaries of the driving and
driven gear teeth.

4. ML-Based Gap Analysis: A trained regression model
evaluates the geometric coordinates of the meshing
flanks. It identifies the shortest perpendicular
distance between the non-driving tooth flanks,
representing the normal backlash.

5. Output: The script translates pixel distances into
metric units, verifying the measurement against
expected DIN 3962 tolerance bands.

3.4 Design Parameter Summary

Table -1: Design Parameter Summary

Specification /
Parameter Material
Rig Base Material Mild Steel IS 2062

Vision Sensor 5 MP Industrial
S10n >€nso Monochrome CMOS

[llumination LED Diffuse Ring Light

Camera Mount Z-axis adjustable rigid

column
. . Sub-pixel Edge
Processing Algorithm Detection + CNN
Target Accuracy £0.01 mm

DIN 3962 equivalent

Tolerance Standard re
verification

4. RESULTS AND DISCUSSION

Initial simulation and rig validation were conducted on
standard spur gear pairs. The automated machine vision rig
was compared directly to conventional dial indicator
readings taken by experienced quality inspectors. Table 2
summarizes comparative performance
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Table -2: Comparison of Manual method VS Rig

Manual .
Parameter Method Rig Note
Measureme 80%
+0.05 mm +0.01 mm reduction in
nt Accuracy )
variance
i 0,
Cycle ’l:1me ~120's 15 s 87.5 /0.
(per pair) reduction
Operator Low .
Skill High (Superviso Highly
. repeatable
Reliance ry)
pata Mangal | Automate - Eliminates
Logsin entr d digital transcriptio
gging y log n errors
Flexibility gauges software adaptable

The vision system successfully isolated the gear flanks
without physical contact, neutralizing the forces that often
skew manual dial readings. The ML model provided
consistent normal backlash values within fractions of a
second. The primary constraint observed was the system's
sensitivity to ambient lighting variations; maintaining the
dedicated ring light enclosure is mandatory for consistent
sub-pixel accuracy.

5. CONCLUSIONS

An automated universal rig for measuring gear backlash
using a vertically mounted camera and machine learning has
been designed and conceptually validated. The following
conclusions are drawn:

e The non-contact vision method successfully
replicates and exceeds the repeatability of manual
dial gauge methods, achieving accuracy up to +0.01
mm, highly suitable for validating DIN 3962 gear
classes.

e The cycle time is drastically reduced from over two
minutes manually to approximately 15 seconds per
gear pair, eliminating critical throughput bottlenecks
in quality control.

e The ML-driven software approach allows the rig to
be truly "universal," adapting instantly to different
modules and pitch diameters without requiring
specialized mechanical contact gauges.

FUTURE SCOPE
Future development should explore:

e Integration of motorized center-distance
adjustments linked to a closed-loop CNC controller
for fully automated gear meshing.

e Expand the ML dataset to measure helical gears and
detectlocalized tooth defects like pitting or scuffing.

e Implementing a real-time predictive dashboard to
analyze tool wear trends on the gear manufacturing
line based on shifting backlash measurements.
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