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Definition of Metrology

Derived from the Greek words 'metron’ (measure) and 'logos’ (study), metrology is defined by the
Bureau International des Poids et Mesures (BIPM) as 'the science of measurement, embracing both
experimental and theoretical determinations at any level of uncertainty in any field of science and

technology.’

Key Points:
@ Establishes the standard units of measurement and their physical realization (e.g., redefining the
meter in terms of the speed of light: 1 m = ¢ X 1/299792458 s).
@ Quantifies the uncertainty of measurements, ensuring that experimental results can be
comparison-ready.
@ Develops techniques for the transfer of accuracy from primary standards to everyday industrial
instruments.
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Why Do We Need Metrology?

Modern manufacturing relies on global supply chains where components manufactured in different
parts of the world must fit together perfectly (interchangeability). Without rigorous metrology, mass
production is impossible.

Key Points:

@ Ensures interchangeability: Standardized tolerances allow parts from different vendors to
assemble without custom fitting.

@ Reduces waste and scrap: Real-time dimensional control in machining (e.g., CNC closed-loop
feedback) prevents out-of-tolerance parts.

@ Guarantees process capability (C, and Cp): Statistical process control requires continuous,
accurate measurement to monitor tool wear and thermal drift.

@ Supports safety and regulatory compliance: Structural integrity, pressure limits, and aerospace
clearances require precise measurement validation.
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Branches of Metrology

METROLOGY
~
Scientific Industrial Legal
(SI, R&D) (Production) (Trade, Law)

Key Points:

@ Scientific Metrology: Focuses on the organization and development of measurement standards
and their maintenance (highest level of accuracy).

@ Industrial/Applied Metrology: Ensures the adequate functioning of measurement instruments
used in industry, production processes, and quality control.

@ Legal Metrology: Deals with the units of measurement, methods of measurement, and
measuring instruments in relation to statutory and regulatory requirements for trade, health,
safety, and environment.
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Scope of Engineering Metrology

Engineering metrology is specifically concerned with the measurement of dimensions, geometric
features, and surface properties. The primary objective is to verify compliance with design
specifications.

Key Points:

@ Linear Measurements: Vernier calipers, micrometer screw gauges, slip gauges, and laser
interferometers for distance and displacement.

@ Angular Measurements: Sine bars, clinometers, angle dekkors, and rotary encoders for precise
orientation and bevel control.

@ Geometric Dimensioning and Tolerancing (GD&T): Verifying form, orientation, location, and
runout using Coordinate Measuring Machines (CMMs).

@ Surface Texture Metrology: Profilometers assessing roughness parameter R,, waviness, and lay
to control friction, wear, and lubrication properties.
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The Traceability Pyramid

MI (NIST/NPL

Accredited Labs

Reference Standards

Working Standards

Shop Floor Instruments
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Accuracy, Precision, and Errors

Understanding the distinction between accuracy and precision is fundamental. Accuracy is the
closeness of agreement between a measured value and a true value. Precision is the closeness of
agreement between independent test results obtained under stipulated conditions.

Key Points:

@ Accuracy (Closeness to truth): Influenced by systematic errors (bias). Can be corrected by
calibration.

@ Precision (Repeatability/Reproducibility): Influenced by random errors. Quantified using

standard deviation: o =

—1 (6 — %)

@ Sensitivity: The ratio of the change in output magnitude (response) to the change in input
magnitude.

@ Resolution: The smallest change in a measured value that the instrument can detect.
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Modern rology in Industry 4.0

In modern factories, metrology is shifting from post-process inspection (detecting defects) to
in-process metrology (preventing defects through real-time feedback loops).

Key Points:

In-situ Metrology: Optical sensors and laser scanners integrated directly into CNC tool heads
and 3D printers for real-time dimension monitoring.

Automated Coordinate Metrology: CMMs operated by robotic arms, enabling 100% inspection
rate instead of batch sampling.

Digital Twins: Feeding metrology data back into CAD/CAM models to create digital
representations of the actual manufactured parts for lifecycle management.

Nano-metrology: Essential for semiconductor fabrication, measuring feature sizes in nanometers
using AFM (Atomic Force Microscopy) and SEM (Scanning Electron Microscopy).
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What is Metrology? Formal Definitions

Metrology is officially defined by the BIPM (Bureau International des Poids et Mesures) as 'the
science of measurement, embracing both experimental and theoretical determinations at any level of
uncertainty in any field of science and technology’.

Key Points:
@ Origin: Derived from Greek words 'metron’ (measure) and 'logos’ (study).

@ Three main subfields: Scientific metrology (realization of measurement standards), Industrial
metrology (adequacy of manufacturing instruments), and Legal metrology (statutory
requirements for trade).

@ Distinction: '"Measurement’ is the process of obtaining a value; 'Metrology’ is the scientific
framework and validation behind it.

GTU Course Presentation Measurements and Metrology



The Need for Metrology in Industry

Modern industrial manufacturing relies on interchangeable parts and global supply chains. Metrology
ensures that components made in different parts of the world fit together perfectly.

Key Points:

@ Interchangeability: Ensuring a shaft manufactured in location A fits a bearing manufactured in
location B within specified clearance or interference limits.

@ Quality Control (QC): Minimizing process variability (3¢ or 60 quality levels) and preventing
defective parts from moving down the assembly line.

@ Process Control: Monitoring tool wear and machine thermal drift in real-time, allowing
proactive adjustments prior to out-of-tolerance failures.

@ Economic Impact: Reducing scrap rates, rework costs, material waste, and customer warranty
claims.
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Scope: Three Pillars of Metrology

Metrology

Scientific Industrial Legal

Key Points:

@ Scientific Metrology: Organization and development of measurement standards and their
maintenance (e.g., definition of the Metre via speed of light).

@ Industrial Metrology: Calibration, maintenance, and quality control of measuring instruments in
manufacturing processes.

@ Legal Metrology: Statutory regulations governing units of measurements, measuring instruments
and methods of measurement for public interest, fair trade, and environmental health.
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Metrological Traceability & Hierarchy

Higher Accuracy Calibration Flow

Reference Standards

Working Instruments

Key Points:

@ Metrological Traceability: Property of a measurement result whereby the result can be related
to a reference through a documented unbroken chain of calibrations, each contributing to the
measurement uncertainty.

@ National Metrology Institutes (NMls): Bodies like NIST (USA) or NPL (UK/India) that
maintain primary national standards.

@ Calibration: The operation that establishes a relation between the quantity values with
measurement uncertainties provided by measurement standards and corresponding indications
with associated measurement uncertainties.
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Core Concepts: Accuracy vs. Precision

A fundamental part of metrology is understanding the performance of measuring instruments.
Accuracy is the closeness of agreement between a measured value and a true value, while precision is
the closeness of agreement between independent measurements under replicate conditions.

Key Points:

Accuracy (E): Quantified by measurement error E = x,, — x¢, where X, is the measured value
and x; is the true value.

Precision (Repeatability/Reproducibility): Expressed statistically using standard deviation
o=
Resolution: The smallest change in a quantity being measured that causes a perceptible change

in the corresponding indication.

True Value: An ideal value that would be obtained by a perfect measurement (unknowable in
practice, represented by reference standards).
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Economic & Legal Dimensions

Metrology has a massive economic impact. It is estimated that metrology and related calibration
activities account for 3% to 6% of a developed nation’s GDP.

Key Points:

Fair Trade: Ensuring that 1 kg of a commodity is exactly 1 kg globally, protecting both
consumers and producers.

Legal Metrology Regulations: Verification of taxi meters, water/gas meters, petrol pumps, and
medical devices (e.g., blood pressure monitors).

Standardization: Interoperability of parts across industries, governed by ISO (International
Organization for Standardization) and ANSI standards.

Compliance: Meeting strict ISO 9001 (Quality Management Systems) and I1SO/IEC 17025
(General requirements for the competence of testing and calibration laboratories) requirements.
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Future Scope & Advanced Metrology

As manufacturing scales down to the nanometer level and factories become smart (Industry 4.0), the
scope of metrology is expanding rapidly.

Key Points:
@ Nanometrology: Measurement of features in the nanometer range (10_9 m), essential for
semiconductor manufacturing and quantum computing.
@ In-situ / On-machine Metrology: Measuring the part while it is being machined, allowing
real-time feedback loops and zero-defect manufacturing.
@ Coordinate Metrology: Utilizing Coordinate Measuring Machines (CMMs) and optical 3D
scanners for complex geometric verification.

@ Digital Metrology & Metrology Cloud: Developing digital calibration certificates (DCCs) and
secure storage for traceability in distributed smart factories.
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Precision vs. Accuracy: Theoretical Foundations

In metrology, accuracy and precision are distinct statistical concepts. Accuracy represents the
closeness of agreement between a measured value and a true reference value. Precision represents the
closeness of agreement between independent test results obtained under stipulated conditions.

Key Points:
@ Accuracy is limited by systematic errors (bias, §), which cause a constant offset from the true
value: § = X — Xtrue-
@ Precision is limited by random errors (dispersion), quantified by the standard deviation:

1 i = X)%

@ A measurement system can be highly precise but inaccurate (due to uncorrected bias) or highly
accurate but imprecise (due to large scatter but centered mean).

g = N

@ Total measurement error is the sum of systematic error and random error: Eiora = €5 + €.
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Graphical Error Distribution and Statistical Bias

HighAccuracy, LowPrecision(HighVariance

Probability Density f(x)
e

HighAccuracy,

» x (Measured Value)

Key Points:

The red dashed line represents the true reference value (xiye) of the physical quantity.

The blue curve has a narrow spread and is centered on X, indicating high precision and high
accuracy.

The orange curve exhibits low variance but its mean is offset by bias 9, signifying high precision
but low accuracy.

The violet curve is centered on xiue but has a very wide spread, meaning low precision but high
average accuracy.
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Sensitivity: Definition and Mathematical Modeling

Sensitivity (S) is the ratio of the change in instrument output (dg,) to the change in physical input
(dqi). It represents the slope of the static calibration curve.

Key Points:

Mathematical definition: S = ‘jﬂT‘?. For a linear instrument, S is constant: g, = S - q; + C.
i

For a non-linear instrument, sensitivity varies with the input level: S(q;) = diq_[f(q,-)].
i
. . _ s dq;
Scale Factor (or Deflection Factor) is the mathematical inverse of sensitivity: K = % = %,
indicating the input change per scale division.

High sensitivity allows detection of minute input changes, but increases susceptibility to
environmental noise (e.g., thermal drift in strain gauges).
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Static Calibration Curve and Hysteresis Error

Output Response g,
A
IdealLinearResponse

DownscaleCalibration

ey

x (Hysteresis)

UpscaleCalibration

» Input Measurand g;

Key Points:
@ Hysteresis is the maximum difference in output readings for the same input value when
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Readability, Resolution, and Least Count

Readability is an observational metric defining the ease with which an operator can read the scale.
Resolution (or least count) is the smallest change in input signal that causes a detectable change in
the output.

Key Points:

Readability is improved by physical design: larger dials, vernier scales, optical magnification,
and anti-parallax mirrors behind pointers.
Resolution represents the lower limit of detection. For an n-bit digital ADC, the resolution is

AV = ;/nFERI where Visg is the Full-Scale Range.

Threshold (or Dead Zone) is the minimum input signal required to overcome static friction or
inertia to initiate a non-zero output.

High readability does not guarantee high accuracy; a digital display may show 6 digits (high
readability) but have 2% accuracy.
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Calibration Methodologies and Standards Hierarc

Calibration is the experimental characterization of an instrument’s performance by comparing it with
standard instruments of known higher accuracy.

Key Points:
@ Direct Calibration: The instrument is checked directly against a primary standard (e.g.,
calibrating a micrometer using grade K slip gauges).
@ Indirect Calibration: Uses a secondary reference standard via an intermediate transfer system,
typical in force and pressure metrology.
@ Metrological Hierarchy: International Standards (BIPM) — National Reference Standards
(NIST, NPL) — Transfer/Secondary Standards — Working Standards.

@ Traceability is the documentable, unbroken chain of calibrations linking a working instrument
back to the fundamental Sl units.
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Industrial Metrology Best Practices & Uncertainty

Modern manufacturing relies on strict adherence to international standards like ISO 17025 to ensure
measurement uniformity and product quality.

Key Points:
@ Implement scheduled calibration intervals based on drift rate, environmental exposure, and
frequency of use.
@ Perform Gage R&R (Repeatability & Reproducibility) studies to isolate instrument variance
from operator variance.
@ Express measurements with expanded uncertainty: Y =y + U, where U = k - uc (using
coverage factor k = 2 for a 95% confidence interval).

@ Ensure controlled environmental conditions (typically 20°C & 1°C and < 50% relative
humidity) during precision metrology operations.

GTU Course Presentation D103000151: Measurements and Metrology



Precision vs. Accuracy: Definitions & Mathematical Models

Accuracy refers to the degree of agreement of a measured value with the true value. Precision refers
to the degree of agreement among repeated measurements under specified conditions.
Mathematically, error E = X, — X;, where X, is the measured value and X; is the true value.

—_x)2

20
T

Precision is quantified by standard deviation o =

Key Points:

@ Accuracy is affected by systematic errors (bias), which shift the mean of the measurements
away from the true value.

@ Precision is affected by random errors, which cause scatter around the mean value.

@ A measurement system can be: (1) High accuracy, low precision, (2) Low accuracy, high
precision, (3) High accuracy, high precision, (4) Low accuracy, low precision.

@ In industrial quality control, high precision is crucial for repeatability and reproducibility (R&R
studies).
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Precision and Accuracy Visualized (Target Analogy)

High Accuracy, High Precision Low Accuracy, High Precision

Key Points:

@ The bullseye represents the true value X;, while the black dots represent individual
measurements X;.

High accuracy, high precision: Measurements are tightly clustered around the bullseye.
Low accuracy, high precmon Measurements are tightly clustered but offset from.the bullseye,
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Sensitivity: Mathematical Definition and Static Sensitivity

Sensitivity (S) is the ratio of the change in output magnitude (response Af,) to the change in input

— dbo

magnitude (measurand A6;). Mathematically: S = 5z2. For a linear instrument, sensitivity is

= do;

constant: S = %. For non-linear instruments, sensitivity varies with the input level.
I

Key Points:

Static sensitivity is represented as the slope of the calibration curve (Output vs. Input).
High sensitivity is desirable, but it often increases susceptibility to environmental noise.

Sensitivity drift occurs due to changes in ambient conditions (e.g., temperature changes altering
resistance in a strain gauge setup).

Example: In a thermoelectric thermometer, sensitivity is the Seebeck coefficient (S = dV/ /dT
expressed in puV/°C).
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Readability and Resolution

Readability is the ease with which an instrument scale can be read. It is qualitative, depending on
the scale design, pointer thickness, and spacing of graduations. Resolution is the smallest change in
the measurand that can be detected and indicated by the instrument. For a digital display, resolution
is the value of the least significant digit.

Key Points:
@ Scale interval is the value of the distance between two consecutive scale marks.
@ Parallax error negatively impacts readability of analog instruments; it can be minimized using a
mirror line behind the pointer.
@ Resolution limit: An instrument cannot detect changes smaller than its resolution, which
establishes the lower limit of measurement uncertainty.
@ In digital instruments, high resolution does not guarantee high accuracy. A 6.5-digit multimeter

might resolve microvolts but have an accuracy of only +0.05%.
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Calibration and Metrological Traceability

Calibration is the set of operations that establish, under specified conditions, the relationship between
values indicated by a measuring instrument and the corresponding values realized by standards.
Traceability is the property of a measurement result whereby it can be related to a reference through
a documented unbroken chain of calibrations, each contributing to the measurement uncertainty.

Key Points:
@ Standard hierarchy: (1) Primary/National Standards (e.g., NIST, NPL), (2) Secondary
Standards (calibrated against primary), (3) Working Standards (used in industrial labs).

@ A calibration certificate must report the measured values, the reference standard values, and the
expanded uncertainty (U = k - uc with coverage factor k = 2 for 95% confidence).

@ Types of calibration: Static calibration (constant input) and Dynamic calibration (time-varying
inputs).
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The Calibration Curve & Associated Errors
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Industrial Calibration Procedure: Dial Indicator

To calibrate a dial indicator, a comparison method is used against a set of Grade 0 Slip Gauges
(gauge blocks). The procedure requires a clean, temperature-controlled metrology lab kept at
20°C £ 0.5°C and relative humidity below 50%.

Key Points:

@ Step 1: Mount the dial indicator securely on a rigid comparator stand over a Grade 00 granite
surface plate.

@ Step 2: Clean the slip gauge measuring faces and the indicator plunger tip using
analytical-grade petroleum ether.

@ Step 3: Zero the indicator. Wring appropriate slip gauges to measure at 10-12 points across the
full scale of the indicator, taking readings in both ascending and descending directions.

@ Step 4: Record deviations, calculate repeatability, check for hysteresis, and plot the error curve
to issue a calibration report.
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Classification of Standards

Standards are hierarchical physical realizations of measurement units used to calibrate measuring
instruments. They are classified into four grades:

1. Primary Standards (kept at national standards labs, e.g., NIST, NPL) 2. Secondary Standards
(sent to national labs for calibration at intervals) 3. Tertiary Standards (reference standards used in
industrial calibration labs) 4. Working Standards (everyday shop floor measuring equipment)

Key Points:

@ Primary standards: Realized with highest precision; absolute accuracy, not used for direct
verification.

@ Secondary standards: Compare directly to primary standards and serve as reference for
industrial calibration.

@ Tertiary standards: Standard laboratory gauges used to calibrate the everyday working
standards.

@ Working standards: Calipers, micrometers, and shop-floor slip gauges used directly in
manufacturing inspection.
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Line Standards: The International Prototype Meter

A
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Graduat.ionMar
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Key Points:
@ Line Standard: The distance between two engraved lines on a highly polished surface defines
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End Standards: Physics & Engineering of Slip Gauges

End Standards define distance as the physical gap between two flat, parallel, highly polished surfaces.
Slip gauges are the most common industrial end standards.

Key Attributes of Slip Gauge Materials: - High wear resistance (typically high-carbon chromium steel
or tungsten carbide) - High dimensional stability over time - Coefficient of thermal expansion

(a = 11.5 x 107%/°C)

Key Points:

@ Precision Grades: Grade K (Calibration/Reference), Grade 0 (Inspection), Grade 1 & 2
(Workshop).

@ Flatness and parallelism tolerances are strictly maintained within £0.05m to £0.2pum.

@ Subject to contact errors and elastic deformation (Hertzian contact pressure) during tactile
measurement.

@ Thermal correction: AL = L - (gauge - A Tgauge — Qpart - ATpart)-
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Slip Gauge Wringing Phenomenon

UpperSlipGaugeA

Wrindg Film (Liquid/Air Layer &~ 0.01um to 0.045/iMm

LowerSlipGaugeB

Key Points:

?cu/arForce

@ Wringing: The process of joining two flat surfaces by sliding and pressing them together to

expel air.

@ Wringing forces result from molecular attraction (adhesion), surface tension of thin oil/moisture

films, and atmospheric pressure.

@ Proper wringing sequence: Clean with petroleum ether, apply thin oil layer, slide perpendicularly

under pressure, rotate.

@ Wringing error refers to the thickness of the interface film, typically under 0.025pm, which is

corrected during calibration.
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Wavelength Standards and Quantum Definition

Physical standards are subject to wear, drift, and destruction. Wavelength standards use natural
atomic frequencies to establish an indestructible reference.

- 1960 Definition: Meter defined as 1, 650, 763.73 wavelengths of orange-red radiation of Krypton-86
(®Kr). - 1983 Definition (Current): Meter defined as path length travelled by light in vacuum in
1/299, 792, 458 seconds.

Key Points:
@ Modern systems use lodine-stabilized Helium-Neon (He-Ne) lasers at A =~ 632.991398 nm.
@ This definition links length directly to the standard of time (Cesium atomic clocks) with speed
of light c fixed.

—11

@ Relative uncertainty of length realization is reduced to 1 x 10~ ", eliminating material drift.

@ Interferometry (e.g., Michelson) translates the optical phase differences directly into physical
length measurements.
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Comparison: Line vs. End vs. Wavelength Standards

A comparative analysis of measurement standards across key metrological parameters:

- Line Standards: Graduated scales, rapid measurement, vulnerable to parallax and low magnification
alignment. - End Standards: Physical face contacts, high precision, zero parallax, prone to wear and
deformation. - Wavelength Standards: Natural physical constant, absolute precision, non-contact,
high setup complexity and cost.

Key Points:

@ Parallax: Line standards suffer from parallax; End and Wavelength standards have no parallax
error.

@ Wear: End standards suffer from mechanical wear; Line standards and Wavelength standards
are immune to contact wear.

@ Alignment: End standards must align with measuring force; Line standards require high
magnification microscopes.

@ Temperature response: Wavelength standards require ambient refractive index corrections;
Line/End require CTE compensation.
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Industrial Calibration & Verification Mathematics

In high-precision metrology, slip gauges are calibrated using laser interferometers. The length L is

determined by:

L=N-3+f-3

Where N is the integer number of half-wavelengths, f is the fractional fringe fraction, and X is the
corrected wavelength.

Key Points:

@ Refractive index correction (n): Wavelength in air A = Xg/n is corrected using Edlén’s
Equation.

@ Edlén’s equation factors in dry air pressure (P), air temperature (T), and partial pressure of
water vapor.

@ Abbe's Alignment Principle: The axis of measurement must be collinear with the axis of the
scale to avoid first-order errors.

@ Thermal stability: Cleanrooms are strictly maintained at 20°C to minimize thermal expansion
drift during calibration.
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Vernier Calliper: Principle and Least Count

The Vernier principle utilizes two scales of slightly different graduations to determine fractional parts
of the main scale division. The difference between one Main Scale Division (MSD) and one Vernier
Scale Division (VSD) defines the instrument’s Least Count (LC).

Key Points:
@ Least Count formula: LC =1 MSD — 1 VSD. If n divisions on the vernier scale equal (n — 1)
divisions on the main scale, then LC = 1 MSD.
@ For a standard metric calliper, 1 MSD = 1 mm and 50 VSD = 49 mm, yielding a least count of
LC:lmm—% mm = 0.02 mm.
@ Measurement reading process:
Total Reading = Main Scale Reading (MSR) + (Vernier Scale Division (VSD) x LC).

@ Constructed with external measuring jaws, internal measuring jaws, and a sliding depth gauge
rod.
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Vernier Scale Alignment Diagram

9
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Key Points:

@ Visualizing a vernier scale where 10 divisions span exactly 9 main scale divisions (9 mm).

@ Each Vernier division is 0.9 mm, giving LC = 1.0 mm — 0.9 mm = 0.1 mm.
@ Dashed red lines highlight perfect alignment at 0 and at the 10th vernier division when the jaws
are fully closed.
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Micrometer: Screw and Nut Principle

The micrometer operates on the principle of converting rotational motion of a high-precision screw
thread into linear translation along a single axis. Rotation of the thimble advances the spindle
relative to the internal nut in the barrel.

Key Points:

Pitch of Spindle Screw
ber of Divisions on Thimble *

@ Least Count formula: LC =

@ Typically, metric micrometers have a pitch of 0.5 mm and a thimble with 50 graduations,
resulting in LC = &5mm — 0.01 mm.

@ Zero Error: Occurs when the thimble zero does not line up with the barrel datum line when the
measuring faces are in contact. Corrected by subtracting positive error or adding negative error.

@ Ratchet Stop: A spring-loaded clutch mechanism that ensures a constant, standardized
measuring force is applied to the workpiece, minimizing human error.
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Micrometer Sleeve and Thimble Scales

Thimble

20

Key Points:

@ Sleeve displays primary millimeter marks on top and half-millimeter (0.5 mm) marks on the
bottom.

@ The thimble scale has 50 subdivisions rotating around the datum line of the sleeve.

@ Reading shown: 3.5 mm (on sleeve) +0.20 mm (20th line on thimble matches datum line)
=3.70 mm.
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Dial Indicators: Magnification Mechanism

A Dial Gauge or Indicator is a mechanical comparator that converts small linear movements of a
plunger into a large angular rotation of an index pointer. Magnification is achieved through a
high-precision gear-and-pinion train.

Key Points:

@ The linear motion of the plunger is transmitted to a rack, which meshes with a pinion that
drives a compound gear train to amplify rotation.

@ Backlash elimination: A hairspring is integrated within the gear train to maintain tension and
eliminate gear play during reversing cycles.

@ Primary applications: Measuring dimensional variations from a standard, inspecting component
geometry like circular runout, parallelism, and flatness.

@ Resolution ranges from 0.01 mm down to 0.001 mm (micron-level accuracy).
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Slip Gauges (Gauge Blocks): Len

Slip Gauges are end-standards of high-grade steel, carbide, or ceramic with flat, parallel surfaces.
They are the primary standards of linear dimension check in toolrooms.

Key Points:

@ Wringing: The process of joining two slip gauges by sliding and twisting them together. The
union is held by molecular adhesion forces and a thin boundary film of oil.

@ Slip Gauges are classified into Grades: Grade 00 (Reference standard), Grade 0 (Calibration),
Grade | (Toolroom inspection), and Grade Il (Workshop use).

@ Wringing build-up technique: Choose blocks starting from the rightmost decimal point to
minimize the total number of blocks in the stack, preventing error accumulation.

@ Must be stabilized at the standard reference temperature (20°C) to avoid thermal expansion
errors.
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Abbe’s Principle & Metrology Error Analysis

High-precision metrology requires minimizing errors by complying with fundamental geometric design
rules.

Key Points:

@ Abbe's Principle: 'The scale of a measuring instrument must be collinear with the line of
measurement.’

@ The micrometer complies with Abbe’s principle (axis of scale matches spindle), whereas the
Vernier calliper violates it (scale is offset, creating first-order errors from jaw flexing).

@ Cosine Error: Occurs when the axis of measurement is misaligned at an angle 6 from the true
measurement direction, yielding Lmeasured = Ltrue cOS(8).

@ Parallax Error: Apparent shift of a pointer relative to a scale when viewed from an angle;
mitigated by digital encoders or mirrored dials.
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Vernier Calliper: Principle and Least Count

The Vernier principle allows accurate linear measurements by exploiting the difference between two
slightly different scales: the Main Scale (MS) and the Vernier Scale (VS). If N divisions on the
Vernier scale equal N — 1 divisions on the main scale, the Least Count (LC) is defined as

LC=1MSD—1VSD=1MSD x (1 - 31 = & MmsD.

Key Points:

@ Standard metric callipers have a Main Scale division (MSD) of 1 mm and a Vernier scale with
50 divisions spanning 49 mm.

@ Least Count computation: LC =1 mm — % mm = 0.02 mm = 20 um.

@ Industrial Vernier callipers feature internal measuring jaws, external measuring jaws, and a
depth measuring blade.

@ Sources of error include Abbe’s error (non-coaxial measurement), parallax error, jaw wear, and
excessive measuring force.

GTU Course Presentation D103000151: Measurements and Metrology



Schematic Diagram of a Vernier Calliper Scale

Coincidence Point
0 1 2 3 4 5 6 7 8 9 10
|HH|HH|HH|HH|HH|1H |HH|HH|HH|HH| Main Scale (mm)

|
RN LA LA A L

B 10 15 20 25

Vernier Scale (0.02 mm LC)

Key Points:
@ The TikZ diagram shows the alignment between the Main Scale and Vernier Scale.
@ The zero line of the Vernier scale aligns with the start of the measurement.
@ The coincidence point represents the fractional division that perfectly aligns with a main scale
division.

@ Total Reading = Main Scale Reading (MSR) + (Coincidence Vernier Division X Least Count).
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The Micrometer: Screw Thread Principle

The micrometer utilizes the amplification of linear displacement via a precision screw thread. One full
rotation of the thimble moves the spindle axially by the pitch (p) of the screw thread. The Least
Count is given by: LC = % = £ . For a standard micrometer, p = 0.5 mm and

N = 50, yielding LC = % = 0.01 mm = 10 um.
Key Points:

@ Key components: U-shaped steel frame, anvil, spindle, lock nut, sleeve (barrel) with datum line,
thimble, and ratchet stop.

@ The ratchet stop is crucial as it limits the measuring force to a constant value (5 N to 10 N) to
prevent deformation of workpiece and instrument.

@ Anvil and spindle measuring faces are typically tipped with tungsten carbide to resist wear.

@ Zero error must be calibrated: if zero of thimble does not align with datum line when faces
touch, it is either positive or negative zero error.
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Micrometer Sleeve and Thimble Scale Schematic

Thimble (Circular Scale)
Steevetihain-Seate}
1 2 3 4 | ——
I A R T =
15
| | | | [ —
—

Key Points:
@ Sleeve (barrel) shows linear divisions in millimeters (upper) and half-millimeters (lower).

@ Thimble scale shows the fractional circular divisions (typically 50 divisions around the
circumference).

@ The reading shown in the schematic is: Main Scale Reading = 5.0 mm + Circular Scale
Reading = 15 x 0.01 mm = 0.15 mm, giving a Total Reading of 5.15 mm.

@ Parallax error is reduced by making the thimble bevel edge as thin and close to the sleeve as
possible.
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Dial Indicators (Dial Test Gauges)

Dial indicators are comparator-type instruments that convert small linear displacements of a plunger
into large angular displacements of a pointer. The amplification is achieved through a high-precision

gear train (rack and pinion mechanism). The magnification ratio M is defined as the ratio of pointer

. -Dp-N, . . . . .
tip movement to plunger movement: M = ﬂp# where D, is pointer tip sweep diameter, N, is

gear speed-up ratio, and p, is rack pitch.

Key Points:
@ Used as comparators to determine deviation of a part size from a master standard (e.g., slip
gauges).
@ Commonly used to inspect runout, flatness, parallelism, and roundness of cylindrical parts.

A hairspring is wound on a pinion in the gear train to provide anti-backlash torque, eliminating
play between gear teeth.

@ Standard dial indicators have a resolution (least count) of either 0.01 mm or 0.001 mm (micron
dial gauge).
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Slip Gauges (Johannson Gauges): Primary Length Standards

Slip gauges are rectangular blocks of hardened steel, carbide, or ceramic with ultra-precise, flat,
parallel surfaces. They are used as secondary standards of length. The process of combining them to
build a specific dimension is called 'wringing’. Wringing occurs due to molecular attraction and the
surface tension of a thin film of oil/moisture (typically 0.025 ;zm thick) between the highly polished
surfaces: Liotal = »_ Lj + (n — 1) - tu, where t,, is the wringing film thickness.

Key Points:

@ Slip gauges are graded by accuracy: Grade 2 (workshop), Grade 1 (inspection), Grade 0
(reference/calibration), and Grade 00 (calibration master).

@ Thermal expansion coefficient: Slip gauges must be stabilized at 20°C (standard reference
temperature) to avoid thermal errors: AL =L -« - AT.

@ Wringing technique: Slide one gauge perpendicularly over another with light pressure, then
rotate until they align.

@ To minimize the number of gauges in a stack (reducing cumulative error), select gauges by
starting from the last decimal place of the target dimension.
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Industrial Metrology: Dimension Building and Selection Procedure

To construct a specific dimension (e.g., 58.975 mm) from a standard M112 slip gauge set, we
systematically eliminate the decimal digits from right to left to minimize the total number of blocks
in the stack: 1. Target: 58.975 mm 2. Subtract 1st slip gauge (1.005 mm) — Remaining:

57.970 mm 3. Subtract 2nd slip gauge (1.47 mm) — Remaining: 56.50 mm 4. Subtract 3rd slip
gauge (6.50 mm) — Remaining: 50.00 mm 5. Subtract 4th slip gauge (50.00 mm) — Remaining:
0.00 mm.

Key Points:
@ Standard M112 slip gauge sets consist of 112 pieces ranging from 1.0005 mm to 100 mm.

@ Always use protector slips (1 mm or 2 mm made of tungsten carbide) at both ends of the stack
to protect the measuring faces of the slip gauges from wear.

@ Stack calculation should always use the minimum number of gauges (typically < 4 or 5) to
minimize cumulative wringing film thickness and surface error.

@ After use, slip gauges must be cleaned immediately with petrol or carbon tetrachloride, wiped
dry, and coated with petroleum jelly (vaseline) to prevent corrosion.
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Vernier Height Gauge: Anatomy and Construction

Vernig Rlkse

Beam / Main Scale

— Measurement Tip

Base
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Vernier Height Gauge: Procedures and Calculations

Metrological Zero-Setting & Measurements: Before starting, the scriber is brought down to touch the
surface plate to verify the zero reading.

Least Count Formula: LC =1 MSD — 1 VSD LC = 1.00 mm — % mm = 0.02 mm

Corrected Measurement: Hiye = Hread — Ezero Where Esero is the zero error with its algebraic sign.

Key Points:

@ Ensure both the surface plate and the base of the height gauge are free from dust, oil, and
metallic burrs.

@ For checking zero error, clean the surface plate and the scriber contact face, then gently bring
them into contact.

@ For layout scribing, set the slider to the target dimension, lock it, and slide the base across the
surface plate to scribe the line on the workpiece.

@ Use a dial indicator attachment instead of a scriber for comparison measurements against gauge
blocks to eliminate contact feel errors.
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Depth Gauge: Principles and Measurement

A Vernier Depth Gauge is designed to measure the depth of holes, slots, and steps relative to a
reference surface.

Depth Measurement Equation: D = Mg + (Vg X LC) where D is the depth, Mg is the main scale
reading, Vg is the vernier division, and LC is the least count.

Flatness and Contact Force Control: - Reference Base Flatness Tolerance: < 5 um - The measuring
force should be just sufficient to make contact without lifting the base.

Key Points:
@ Features a flat base (or stock) perpendicular to a sliding graduated beam, opposite to a height
gauge where the base is fixed and the beam is vertical.
@ The base must bridge the cavity opening completely and remain flat against the reference
surface without rocking.
@ Graduations on the beam increase from the tip towards the upper end, meaning readings
increase as the beam slides deeper.

@ Depth micrometers provide higher precision (0.01 mm resolution) but have a shorter spindle
travel (typically 25 mm steps), whereas vernier depth gauges cover up to 300 mm continuously.
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Combination Set: Components and Assembly

Square Head

IIllllllllllllllsllc;ttleldlg

Protractor Head

Center Head

Key Points:
@ The combination set consists of a slotted steel rule (blade) and three interchangeable heads:
Square, Center, and Protractor.
@ The slotted steel rule has a central groove along its length, allowing the heads to slide and lock
at any position using a drawbolt.
@ The square head is used for checking and laying out 90° and 45° angles, and includes a spirit
level and marking scriber.

@ The center head features a V-groove at 90° and is used for locating the center of cylindrical
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Square Head and Center Head Applications

Square Head Applications: - Checking perpendicularity (90°) and mitres (45°) of machined
components. - Leveling surfaces using the built-in bubble spirit level. - Drawing parallel layout lines
by sliding the head along a reference edge.

Center Head Applications: - Locating the centers of round bars and shafts. - By placing the cylinder
in the V-shape, the rule blade bisects the V-angle and represents the diametral line: y = m - x -
Scribing two intersecting diametral lines locates the center point.

Key Points:

@ The accuracy of square head checks is highly dependent on the straightness of the workpiece
edge and the cleanliness of the faces.

@ The spirit level on the square head has a typical bubble sensitivity of 0.05 mm/m per division.

@ Center head operations must ensure the V-groove jaws are held firmly and symmetrically
against the cylinder outer diameter.

@ The center head V-groove is ground precisely so that the bisecting edge of the scale rule passes
exactly through the vertex of the V.
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Protractor Head: Angular Measurement

The protractor head is used for layout and direct measurement of angles up to 180° with a typical
resolution of 1° or 30’.
Angular Conversion Formulas: - Degrees to Radians: 0raq = 0deg X 155 - Arc Minutes to Degrees:

1" = (g)° - Angular Error Propagation over length L: § = L - sin(A6) = L - Af (for small angles)

Key Points:

Features a rotating turret dial with two-way graduations (0° to 180°) for versatility.

A built-in spirit level on the turret allows measuring angles of inclination relative to the gravity
vector (horizontal datum).

Ensure the locking knob is loosened before rotating the turret to prevent wear on the internal
vernier scale mechanism.

Calibration involves checking the protractor head against standard angle gauge blocks or using a
sine bar.
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Metrological Errors & Preventive Maintenance

Error Mitigation Strategies: 1. Parallax Error: Avoid off-angle viewing of the vernier scale. Reading
error Ax is given by: Ax = g - tan ¢ where g is the air gap between scale plates and ¢ is the viewing
angle. 2. Abbe's Principle: Height gauges violate Abbe’s principle because the scale is offset from
the line of measurement. The tilt error e is: e = d - sin 6 where d is the offset distance and 6 is the
angular tilt of the beam.

Key Points:

@ Thermal expansion error: Keep the instruments away from direct sunlight and heat sources;
handle them by insulated parts.

@ Beam wear: The sliding fit of the vernier head on the beam must be checked periodically to
prevent play and rocking.

@ Base wear: The flat underside of height gauges can wear unevenly, leading to tilts. Check
flatness using optical flats or surface comparators.

@ Maintenance: Apply a thin film of light machine oil after use, store in protective cases, and
never store scribers in contact with surfaces.
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Vernier Height Gauge: Anatomy & Working Principle

Base
GTU Course Presentation

4 sem

Slider block

Scriber

I - 3 my N
D103000151: Measurements and Metrology

July 27, 2026



Vernier Height Gauge: Calculations and Errors

Least Count (LC) of a Vernier Height Gauge is calculated using the standard formula:
LC =1 MSD — 1 VSD For a standard metric scale with 49 Main Scale Divisions (MSD) matching 50
Vernier Scale Divisions (VSD) where 1 MSD =1 mm: LC =1 mm — % mm = 0.02 mm

Key Points:

@ Practical Zero-Setting: Place the scriber tip on the reference surface plate. Loosen the slider
lock, align the vernier zero with the main scale zero, and set the zero-offset or calibrate if digital.

@ Scribers: Straight scribers are used for marking layouts. Offset scribers allow reading down to
the surface plate surface (z = 0) without inserting negative compensation.

@ Parallax Error Correction: Ensure the line of sight is perpendicular to the scale graduation plane.
Use magnifier attachments or opt for digital encoders to eliminate human interpolation error.

@ Thermal Effects: Always hold the height gauge by its thermally insulated column handle or base
to prevent body heat from causing linear expansion (AL = LaAT).
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Vernier Depth Gauge: Working Principle

A Vernier Depth Gauge is designed to measure the depth of holes, slots, recesses, and distances from
a flat reference surface to a lower level. Unlike height gauges, the base of the depth gauge rests on
the upper reference surface of the workpiece, while the graduated stem (narrow beam) is projected
downwards into the cavity.

Key Points:

@ Base/Reference Flange: Lapped flat surface that spans across the opening of the hole or slot to
establish the datum plane.

@ Graduated Rod/Beam: Moves axially through the base. It is equipped with a small hook or flat
face at the bottom tip.

@ Reading Directions: Unlike standard verniers, the scale on a depth gauge runs downwards (zero
starts at the base face and increases towards the tip).

@ Pressure Control: Moderate, uniform downward force must be applied to the beam tip to make
contact with the bottom surface, preventing elastic deformation of the reference base.
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Vernier Depth Gauge: Measurement Setup
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The Combination Set: Multi-purpose Instrument

A combination set is a versatile measuring instrument consisting of a heavy-duty steel rule (blade)
with grooved channels, on which three interchangeable heads can slide and lock: 1. Protractor Head
2. Square Head 3. Center Head

Key Points:

@ The Blade (Steel Rule): Tempered steel rule with precise graduations on both faces. Features a
longitudinal groove along its length for clamping the heads.

@ Square Head: Features a 90° and 45° measuring face. Often contains a small spirit level and a
steel scriber housed in its body.

@ Protractor Head: Consists of a turret graduated from 0° to 180° in both directions, enabling
measurement and layout of arbitrary angles.

@ Center Head: Has two arms forming a 90° V-shape. The blade bisects this angle, allowing
direct location of centers on cylindrical parts.

@ Precision: While highly versatile, it is primarily a layout and semi-precision instrument, typical
accuracy is +0.5° for angles and +0.5 mm for lengths.
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Combination Set: Sub-assembly Mechanics

Each head in a combination set serves distinct metrological functions: - **Center Head Geometry**:
The bisector of the 90° V-groove lies exactly on the measuring edge of the rule: y = x tan(45°).
Thus, scribing two lines at different angles on a cylinder face yields their intersection at the center. -
**Square Head Alignment**: Uses the 90° face for checking squareness and the 45° face for mitered
layouts. - **Protractor Head Turret**: Rotating scale with vernier options for high-resolution angular
inspection.

Key Points:

@ Center Head application: Positioning on a shaft of radius R. The contact points are tangent to
the 90° V, aligning the blade exactly along the diameter.

@ Spirit Level integration: Square and protractor heads contain levels to allow leveling of
workpieces relative to gravity.

@ Maintenance: Slides must be kept free of grit. Over-tightening the clamping nuts can damage
the groove or cause misalignment.

@ Layout efficiency: Allows direct transferring of dimensions and angles without changing tools,
minimizing cumulative error.
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Metrological Best Practices & Summary

Selecting the correct instrument is crucial for precision manufacturing and quality control: - Height
Gauge: High-precision coordinate measurement on surface plates. - Depth Gauge: Confined spaces,
recesses, blind holes. - Combination Set: Fast, versatile layouts, angle measurements, and
center-finding.

Key Points:
@ Calibration standard: Use Grade 0 gauge blocks on a Grade A surface plate to verify
height/depth gauges.
@ Environmental control: Metrology labs must maintain standard conditions (e.g., 20°C
temperature and 50% relative humidity).

@ Abbe's Principle: Height and depth gauges satisfy/deviate from Abbe’s principle differently.
Ensure the line of measurement is collinear with the line of scale to minimize cosine error.

@ Storage: Clean surfaces with lint-free cloth, apply a thin layer of anti-corrosion oil, and store in
protective cases.
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The Sine Bar: Working Principle

= h Slip Gauges

Surface Plate

Key Points:

@ The sine bar is a precision angular measuring instrument based on the trigonometric sine
principle.

@ It consists of a high-carbon, high-chromium, corrosion-resistant steel bar with two cylinders
(rollers) of equal diameter attached at its ends.

@ The center-to-center distance L between the rollers is highly precise (commonly 100 mm, 200
mm, or 300 mm).
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Sine Bar: Limits and Sources of Error

Understanding the practical limitations of using a sine bar.

Key Points:

The accuracy of sine bars decreases rapidly for angles greater than 45° due to the nature of the

sine function (4¢ = 15).

At large angles, a small change in height dh causes a disproportionately large angular error d6,
making the system highly sensitive to slip gauge calibration errors.

Sources of error include: errors in roller center-to-center distance L, inequality of roller
diameters, lack of parallelism between roller axes, and flatness errors of the surface plate.

Practical measurement limit: Typically restricted to angles between 0° and 45°. For angles
> 45°, a sine table or alternative methods should be used.

Clamping and setup stability: Any misalignment or slip of the component during inspection
introduces significant cosine errors.
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Universal Bevel Protractor

Direct angular measurement instrument with Vernier scale resolution.

Key Points:

The Universal Bevel Protractor is a direct-reading angular measuring instrument capable of
measuring angles to an accuracy of 5 minutes (5" or 1/12°).

It consists of a base (stock), a main scale dial graduated in degrees (0° to 360°), a Vernier
scale, an adjustable blade, and a clamping screw.

Vernier scale principle: 12 divisions on the Vernier scale occupy the same space as 23 divisions
on the main scale. Hence, 1 Vernier division = 23/12° = 1°55.

Least count (LC) derivation:
LC = 2 x Main Scale Division — 1 x Vernier Scale Division = 2° — 1°55’ = 5’.

Practical applications: Checking V-block angles, bevel gears, tapers, and machine tool guideway
angles during fabrication.
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Angle Gauges: Principles and Combinations

Standard angular blocks used for checking and calibrating angles by wringing.

Key Points:

@ Developed by Dr. C. O. Tomlinson in 1939, angle gauges are wedge-shaped blocks of hardened
steel with highly polished, flat measuring faces.

@ Unlike slip gauges (which can only be added), angle gauges can be added or subtracted
depending on their orientation (wringing direction).

@ Standard 12-piece set values: Degrees (1°,3°,9°,27°,41°), Minutes (1’,3’,9’,27’), and
Seconds (3",9",27").

@ Wringing addition: Placing the plus ends together adds the angles (61 + 62). Wringing
subtraction: Placing the plus and minus ends together subtracts the angles (61 — 65).

@ Example: To construct 26°59’30"": Use 27° in the positive direction, wrung with 27’/ and 3"’
in the negative direction: 27° — 27" — 3" = 26°59’30"".
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Optical Principle of the Autocollimator
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Displacement: d = 210

Key Points:
@ The autocollimator is an optical instrument that combines a collimator and a telescope into a
single system to measure small angular tilts.

@ Operating Principle: A point source of light is placed at the focal point of a collimating lens,
projecting a parallel beam of light.

@ The parallel beam strikes a reflecting mirror. If the mirror is perfectly perpendicular to the
beam, the light reflects back along its original path and focuses at the source point.

@ If the mirror is tilted by an angle 6, the reflected beam is deflected by 26 and enters the lens at
an angle.
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Metrology Applications of Autocollimators

Industrial applications for high-precision angular alignment and flatness testing.

Key Points:

@ Measurement of straightness of machine tool guideways using the 'Leica’ or grid method (lever
base with reflector moved in steps).

@ Flatness testing of surface plates (Moody's Method): Checking angular deviations along
generator lines to map the 3D surface topography.

@ Calibration of rotary tables, indexing heads, and polygons by comparing readings against
standard angle gauges.

@ Checking parallelism of dual surfaces (e.g., micrometer anvils) using a double-sided mirror or
optical flats.

@ High sensitivity: Modern electronic autocollimators achieve a resolution of 0.01 arcseconds
(0.01”") and are widely used in cleanrooms and calibration labs.
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Comparative Analysis of Angular Instruments

Summary of range, resolution, and best-use cases for metrology equipment.

Key Points:

Sine Bar: Best for range 0° — 45°, resolution up to 1’’ (dependent on slip gauges), manual
setup, prone to alignment errors.

Bevel Protractor: Full range 0° — 360°, resolution 5" (300”"), robust, portable, suitable for
general workshop inspection.

Angle Gauges: Discrete reference steps, extremely high accuracy (0.5”"), used for calibration of
other devices, requires wringing skills.

Autocollimator: Small range (typically 10 to 60 arcminutes), extreme resolution (0.1"" to
0.01""), non-contact, ideal for straightness/flatness.

Selection Criteria: Choose based on required precision, contact vs. non-contact constraints,
range of the angle, and speed of measurement.
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Universal Bevel Protractor

A direct-reading angular measuring instrument utilizing a vernier scale to achieve high precision.

Key Points:

@ Working Principle: Measures the angle between two working surfaces (stock and blade) directly
by rotating the blade relative to the stock dial.

@ Vernier Least Count derivation: LC =1 MSD — 1 VSD. Main scale divisions are in degrees
(1°). 12 vernier divisions equal 23 main scale divisions (23°). Therefore,
1 VSD = 23°/12 = 1°55’. Least Count = 2° — 1°55’ = 5’ (minutes of arc).

@ Components: Stock (reference base), clamping screw, main dial, vernier scale, adjustable blade
with 45° and 60° bevelled ends, and acute angle attachment for small angles.

@ Application Procedure: Place stock on the reference surface, adjust blade to contact the
angular surface of the workpiece, clamp dial, and read main scale and vernier coincidence.
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Trigonometric Principles of the Sine Bar

Slip Gauges (h)

tTos
Surface Plate

Key Points:

@ Trigonometric Principle: The setup forms a right-angled triangle where the sine bar is the
hypotenuse (L) and the slip gauge height is the opposite side (h).

@ Fundamental Equation: sinf = where 0 is the angle of the workplece taper h is the height
N . =
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Practical Sine Bar Metrology Procedures

Step-by-step industrial procedure for inspecting taper angles of a workpiece.

Key Points:

Preparation: Thoroughly clean the surface plate, sine bar rollers, and slip gauges using
petroleum ether to remove dust, oil, and anti-corrosive grease.

Wringing Gauges: Calculate the approximate height h = Lsin 6 using the nominal component
angle. Wring the required slip gauges together to build height h.

Setting up Workpiece: Place one roller on the surface plate and the other on the slip gauge
stack. Place the workpiece on the upper clean surface of the sine bar.

Verification: Mount a dial indicator on a comparator stand. Traverse the indicator plunger
along the top surface of the workpiece. If the dial reading remains constant (zero deflection),
the angle is correct.

Correction: If deflection is observed, adjust the slip gauge height by Ah = Ay - f (where Ay is
deviation over length x) and repeat until dial deflection is zero.
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Angle Gauges

Designed by Tomlinson in 1939, angle gauges are metal blocks with highly polished, flat surfaces
wedge-shaped to precise angles, used as reference standards.

Key Points:
@ Set Composition: Standard sets consist of 12 or 13 blocks. A typical 13-piece set includes:
Degrees (1, 3,9, 27, 41), Minutes (1,3,9,27) or (1, 3,9, 27,41), and Seconds (3,9, 27) or
(6, 18,30). These can be wrung in combination to build any angle.

@ Addition and Subtraction: Unlike slip gauges which can only be added, angle gauges can be
wrung to add or subtract angles depending on the orientation of the wedge directions.

@ Wringing Principle: Aligning the '+’ marked ends in the same direction adds the angles (A + B).

Reversing the block (180° rotation) so '+ aligns with '-' subtracts the angles (A — B).

@ Calibration Example: To build an angle of 33°9’15"": Wring 27° + 9° — 3° = 33°, then 9’
block, and 18" — 3" or nearest seconds blocks depending on the set resolution.
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Angle Gauge Wringing Schematic

Gauge A (30°) Gauge A (30°)

Addition: 64 + 05 = 39° Subtraction: 04 — 05 = 21°

Key Points:

@ Geometric Visualisation: The schematic shows how reversing the wedge taper orientation allows
mathematical subtraction of angular values.

@ Marking System: Every angle gauge is stamped with its nominal angle value and a directional
indicator (or '+’ sign) at the thick end to avoid alignment mistakes.

@ Wringing Quality: Surfaces must be free from oil films thicker than a few micro-inches;
otherwise, a 'wringing error’ is introduced, skewing the compound angle accuracy.

@ Metrological accuracy: Enables building angles up to 360° in steps of 3'" or 6’" with an
uncertainty of less than 1 arcsecond.
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The Autocollimator

An optical instrument that combines a collimator and a telescope to measure extremely small angular
tilts of a reflective surface.

Key Points:

@ Working Principle: Projects a beam of collimated (parallel) light onto a target plane mirror.
The reflected beam is collected by the same lens and focused onto an eyepiece graticule or
electronic photodetector.

@ Optical Formula: If the target mirror tilts by an angle 0 (in radians), the reflected ray tilts by
20. The displacement of the image on the focal plane is given by: d = 26 - f, where f is the
focal length of the objective lens.

@ Sensitivity and Range: Because f is large, small changes in 0 lead to measurable displacements
d. Typical resolution is 0.1 to 0.5 arcseconds, with a range of a few minutes of arc.

@ Applications: Calibration of rotary tables, measuring straightness of machine tool slideways,
flatness of surface plates, and checking squareness of spindle axes.
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Slideway Straightness using Autocollimato

Practical implementation of the autocollimator for leveling and profiling mechanical guideways.

Key Points:

@ Setup: The autocollimator is fixed at one end of the bed. A carriage carrying a reflector mirror
is moved along the bed at predefined intervals (pitch length L).

@ Measuring Slopes: Angular deviations 6; are recorded at each step. The linear vertical deviation
over step length L is calculated as Ah; = Lsin0; = L6, (since 6; is very small).

@ Cumulative Profile: Summing up individual vertical deviations yields the straightness profile
relative to the starting point: H, = >.7 | Ah;.

@ Sources of Error: Atmospheric turbulence, temperature gradients along the light path, poor
surface reflectivity, and elastic deformation of the reflector carriage carriage.
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Industrial Applications of Metrology

Metrology is critical for quality control, process control, and assembly interchangeability in modern
manufacturing.

Key Points:
@ Dimensional Metrology: Ensures components conform to design tolerances (e.g., ISO 2768 for
general tolerances).

@ In-Process vs Post-Process Inspection: In-process checks use sensors (like laser scanners) for
real-time feedback loop control; post-process uses Coordinate Measuring Machines (CMM) for
final quality assurance.

@ Interchangeability: Enables selective or random assembly of components without custom fitting,
reducing production cycle times.

@ Form and Surface Metrology: Measurement of roundness, cylindricity, and surface roughness
(R, R;) critical for tribological performance of engine components.
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Classification of Measurement Errors

An error is defined as the deviation of the measured value (V) from the true value (V;):
E=V,—- V.

Key Points:

@ Systematic (Determinate) Errors: Constantly bias measurements in one direction. Sources
include calibration drift, environmental variation (e.g., thermal expansion), and observer bias.

@ Random (Indeterminate) Errors: Unpredictable variations due to microscopic variations in
environment, friction, or electronic noise. Follow normal (Gaussian) distribution in large
samples.

@ Gross Errors / Blunders: Caused by human mistakes, misreading scales, or incorrect data
recording. Eliminated by strict procedural adherence and redundant measurements.
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Systematic vs. Random Error Analogy

°
°
°
High Bias, Low Precision Low Bias, Low Precision
(Systematic Error) (Random Error)

Key Points:
@ Bias (Systematic) shifts the mean of the measurement distribution away from the true value.
@ Precision (Random) describes the spread or standard deviation of the repeated measurements.

@ Calibration corrects for systematic errors, while averaging repeated readings reduces random
uncertainty.
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Statistical Analysis of Random Errors

Random errors are treated using probability theory. Assuming a normal distribution of N

measurements:
Key Points:
@ Arithmetic Mean: X = % Z,N:l Xi, representing the best estimate of the true value.
@ Sample Standard Deviation: s = / z= — X)?, indicating the precision of the process.
@ Standard Error of the Mean: az = ﬁ showing that random error in the mean decreases with
more trials.
@ Confidence Interval: The range X & 2s covers approximately 95.4% of all possible values under

a Gaussian curve.
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Environmental and Physical Sources of Error

Physical factors on the shop floor can severely degrade measurement accuracy if uncompensated.

Key Points:

Thermal Expansion: Standard reference temperature is 20°C (I1SO 1). Correction is
AL = Loa AT, where « is the coefficient of thermal expansion.

Cosine Error: Occurs when the axis of measurement is misaligned with the axis of dimension by
angle 0. Measured value L,, = Lcos 6, leading to an underestimate.

Parallax Error: Apparent shift in position of scale line relative to pointer when viewed from an
angle. Mitigated by using anti-parallax mirrors or digital readouts.

Elastic Deformation: Caused by stylus contact force. Quantified by Hertzian contact mechanics
equations for sphere-on-flat geometries.
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Metrological Traceability & Calibration

SI Yhits / BIPM

National Mgtrology Institutes (e.g., WIST, NPL)

orking Standards (Shop Floor Gauges

{—— saseasu| Auieppun —»
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Error Propagation and Uncertainty Analysis

When a result Y is calculated from independent measurements X, Xa, ..., X, via function
F(Xt, Xay vy Xa):

Key Points:
@ Sensitivity Coefficients: ¢; = %, representing how Y changes with respect to small changes in
!
X;.
2
@ Combined Standard Uncertainty: uc(y) = 7 (% u(x,-)) under the assumption of no
i
correlation.

@ Expanded Uncertainty: U = k - uc(y), where k is the coverage factor (typically k = 2 for a 95%
confidence level).

@ GUM Framework: The 'Guide to the Expression of Uncertainty in Measurement’ standardizes
this evaluation process globally.
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Fundamentals of Limit Systems

Due to inherent variability in manufacturing (tool wear, thermal expansion, machine vibrations), parts
cannot be produced to exact nominal dimensions. A system of limits defines the permissible variation.

Key Points:
@ Nominal/Basic Size: Theoretical target size from which limits are calculated.
@ Limits of Size: Maximum and minimum permissible sizes of a manufactured part.

@ Tolerance: The difference between the maximum and minimum limits of size:
Tolerance = Lyax — Lmin-

@ Tolerance represents the allowable manufacturing error and is always an absolute positive value
without a sign.

GTU Course Presentation D103000: Measurements and Metrol;



Tolerance Methods: Unilateral vs. Bilateral

Unilateral Zone +0.0
Basi«{ Size
Key Points:

@ Unilateral Tolerance: Variation is allowed in only one direction from the basic size (e.g.,
40.0015-32 or 40.00=5 33 mm).

Bilateral Zone -83Zero Line (Basic Size)

@ Bilateral Tolerance: Variation is allowed in both directions from the basic size (e.g.,
40.00 £ 0.02 or 40.0074% mm).

@ Application: Unilateral is preferred for mating parts (e.g. holes and shafts) as it simplifies tool
sizing.

@ Bilateral is commonly applied in general machining or CNC operations where variation is
expected symmetrically.
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The Concept of Allowance

Allowance is the intentional, prescribed difference between the Maximum Material Conditions (MMC)
of mating parts to achieve a specific class of fit.

Key Points:

Maximum Material Condition (MMC): Size of the part when it contains the maximum amount
of material. For a Hole, this is the Minimum Limit. For a Shaft, this is the Maximum Limit.

Allowance Formula: Allowance = Holeyyc — Shaftymc = Min Hole Size — Max Shaft Size.

Positive Allowance: Indicates a clearance fit (representing the minimum clearance between
parts).

Negative Allowance: Indicates an interference fit (representing the maximum interference during
assembly).

Allowance represents a design requirement to achieve function, whereas tolerance is a
manufacturing constraint.
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Classification of Fits

A fit is the degree of tightness or looseness between two mating parts when assembled. Fits are
classified into three types depending on the relative positions of the tolerance zones.

Key Points:
@ Clearance Fit: The shaft is always smaller than the hole. Tolerance zones do not overlap. Used
for relative motion (e.g., shafts in journal bearings).

@ Interference Fit: The shaft is always larger than the hole. Tolerance zones do not overlap. Used
for rigid/semi-permanent assembly (e.g., shrink-fit gears on shafts).

@ Transition Fit: The tolerance zones overlap. The assembly can result in either clearance or
interference depending on the actual sizes of the manufactured parts (e.g., dowel pins in
indexing plates).
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Tolerance Zones and Fits

Interference Shaft

XMin Interference

Transition Shaft .
————————— Zero Line

Clearance Shaft

Key Points:

@ Hole Basis System: The hole size is kept constant (H) and different shaft sizes are selected to
get the desired fit.

@ Shaft Basis System: The shaft size is kept constant (h) and different hole sizes are chosen.
@ Clearance: Shaft tolerance zone is completely below the Hole tolerance zone.

@ Interference: Shaft tolerance zone is completely above the Hole tolerance zone.
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The ISO 286 Limit and Fit System

The 1SO 286 system defines standard tolerances and fundamental deviations for shafts and holes to
enable universal interchangeability of parts.

Key Points:

@ Standard Tolerance Grades (IT): 20 grades are defined (ITO1, ITO, IT1 to IT18) representing
the magnitude of the tolerance zone.

@ Standard Tolerance Unit (i): Calculated as i = 0.45D'/% 4 0.001D (microns), where D is the
geometric mean size of the range step in mm.

@ Fundamental Deviation: Defines the position of the tolerance zone relative to the zero line.
Represented by letters: A to ZC for holes (capital), a to zc for shafts (lowercase).

@ Hole Basis (H) has a fundamental deviation of 0 (lower deviation = 0). Shaft Basis (h) has a
fundamental deviation of O (upper deviation = 0).
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Metrology Calculations & Design Example

Determine the limits of size and type of fit for a $40 H7/g6 assembly.

Key Points:

@ Nominal size 40 mm falls in the ISO size step range 30 — 50 mm. Geometric mean

D = /30 x 50 = 38.73 mm.
@ Tolerance unit i = 0.45D'/3 4 0.001D = 1.56 pm.

@ For IT7 (H7): Tolerance = 16/ = 25 um. Since 'H’ lower deviation is 0, Hole limits = 40.000
to 40.025 mm.

@ For IT6 (gb): Tolerance = 10i = 16 um. Fundamental deviation for 'g’ shaft = —9 um. Shaft
limits = 39.991 to 39.975 mm.

@ Fit Metrics: Max Clearance = 40.025 — 39.975 = 0.050 mm. Min Clearance (Allowance) =
40.000 — 39.991 = 0.009 mm. Fit type: Clearance Fit.
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The Concept of Tolerance

Tolerance is the total permissible variation in a dimension. It is mathematically expressed as:
Tolerance = ULS — LLS, where ULS is the Upper Limit of Size and LLS is the Lower Limit of Size.
Tolerance is always a positive, non-zero value.

Key Points:
@ Nominal Size: The size of a part specified in the engineering drawing.
@ Basic Size: The size from which limits of size are derived by application of deviations.
@ Actual Size: The measured size of the manufactured part.

@ Deviations: The algebraic difference between a size and the corresponding basic size. Upper
Deviation (ES for holes, es for shafts) and Lower Deviation (E/ for holes, e/ for shafts).
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Limits, Deviations, and Tolerance

Tolerance Hole

______ - - - — Zero Line (Basic Size)
esI

eil
Tolerance Shaft

Key Points:
@ Zero Line represents the Basic Size of the mating parts.
@ Upper Deviation (ES, es) is the difference between the maximum limit of size and basic size.
@ Lower Deviation (El, ei) is the difference between the minimum limit of size and basic size.

@ Tolerance Zone is the region bounded by the upper and lower limits of the component.
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Types of Fits: Clearance, Transition, and Interference

A fit is the relationship between mating parts (hole and shaft) regarding the clearance or interference
they exhibit upon assembly. Fits are categorized into three distinct classes.

Key Points:

@ Clearance Fit: The tolerance zone of the hole is entirely above the tolerance zone of the shaft.
There is always a positive clearance. Minimum Clearance = LLSpoe — ULSspait > 0. E.g.,
journal bearings.

@ Interference Fit: The tolerance zone of the hole is entirely below the tolerance zone of the
shaft. The shaft is larger than the hole. Minimum Interference = LLSgpop — ULSpoie > 0. E.g.,
shrink fits.

@ Transition Fit: The tolerance zones of the hole and shaft overlap. It may result in clearance or
interference depending on the actual sizes of the mating parts. E.g., dowel pins.
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Graphic Representation of Fits

Shaft

Interf. ¢

-------- gl_ea_r.i__________________________ Zero Line

Key Points:
@ Clearance Fit: The shaft is always smaller than the hole, ensuring relative movement.
@ Transition Fit: Overlapping tolerance zones allow for precise positioning without high assembly
force.

@ Interference Fit: The shaft is always larger than the hole, requiring force or temperature
differential for assembly.
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System of Fits: Hole-Basis vs. Shaft-Basis

To systematically achieve the required fits, modern manufacturing standards utilize either a hole-basis
system or a shaft-basis system to minimize the variety of gauges and cutting tools required.

Key Points:
@ Hole-Basis System: The basic size of the hole is taken as the lower limit of the hole, meaning
Lower Deviation El = 0. Designated by letter 'H'. It is the standard industrial choice since hole
sizing tools (reamers, drills) are fixed in size, while shafts are easily turned to any size.

@ Shaft-Basis System: The basic size of the shaft is taken as the upper limit of the shaft,
meaning Upper Deviation es = 0. Designated by letter 'h’. Useful when standard
outer-diameter shafts are used without subsequent machining.

@ 1SO 286 Standard: Defines 28 fundamental deviations (A to ZC for holes; a to zc for shafts)
and 20 standard tolerance grades (ITO1, ITO, IT1 to IT18) to formulate any standard fit.
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Allowance vs. Tolerance: Critical Distinction

While often used interchangeably by laymen, Allowance and Tolerance are fundamentally different
concepts in metrology. Allowance is intentional, while Tolerance is a necessity dictated by
manufacturing limits.

Key Points:

@ Allowance: The intentional difference in sizes of mating parts at their Maximum Material
Condition (MMC). It represents the tightest fit and dictates the function of the assembly.

@ Formula: Allowance = LLSpoie — ULSspare (for clearance fits) or ULSpole — LLSghase (for
interference fits). It can be positive (clearance) or negative (interference).

@ Tolerance: Permissible variation of a single part size. It can be Unilateral (40.001&33) or
Bilateral (40.00%%1). It is always a positive value.

@ Practical rule: Setting unnecessarily tight tolerances exponentially increases production cost due
to the need for advanced processes like grinding or lapping.
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Metrology Inspection: Limit Gauges & Taylor's Principle

Measuring actual sizes of every part using calipers or micrometers is slow and expensive. Mass
production inspection relies on limit gauges to verify if a part falls within its tolerance zones.

Key Points:

@ Taylor's Principle of Gauge Design: A 'GO’ gauge must check the Maximum Material Condition
(MMQC) of as many dimensions as possible simultaneously. A 'NO-GO’ gauge must check the
Least Material Condition (LMC) of a single dimension at a time.

@ GO Plug Gauge: Checks the lower limit of a hole (MMC). It must easily enter the hole under its
own weight.

@ NO-GO Plug Gauge: Checks the upper limit of a hole (LMC). It must not enter the hole.

@ Gauge Tolerance and Wear Allowance: Gauges are themselves manufactured with a tolerance
(typically 10% of work tolerance) and are given a wear allowance on the GO side to extend
service life.
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Introduction to Straightness Metrology

Straightness deviation is the variation of a line profile from a geometrically perfect straight reference
line. Formally, a line is straight if all its points lie within a tolerance zone bounded by two parallel
straight lines of distance t.

Key Points:

@ Standard Definition: Applies to line elements on a surface or the axis of a cylinder (e.g.,
straightness of a lathe bed or guide rails).

@ Direct Comparison Methods: Straight edge method (using feeler gauges or light gap test) and
toolmaker's microscope.

@ Indirect Angular Methods: Use of Spirit Level or Autocollimator to measure angular deviations
0; at step intervals L.

@ Cumulative Linear Dev Calculation: Local height change is Ah; = L - 0; (for small angles in
radians). Cumulative height is y, = >0, L - 6;.

@ Reference Lines: Raw profile values are mathematically corrected using either the endpoint
method or the Least Squares Line (LSL) method.
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Autocollimator Setup for Straightness

\
Autgcollimator Projector/Rec[*/er_ _________ -Mi-rvg Reflector Carriage
| : Base length L :
Surface under test
Key Points:

@ Optoelectronic Principle: The collimated beam from the projector is reflected back to the focal

plane, shifting the image on a photo-sensor due to reflector tilt.

Reflector Carriage Base (L): Shorter base lengths provide higher spatial resolution but
accumulate more tilt error over long runs.

Angular Dev to Linear height: 1 arcsec = 4.85 x 107° rad. The linear height change at each
step is calculated as Ah = Lsin 6.

Environmental Error Sources: Thermal air currents (beam drift), vibration, and base wear of the
reflector carriage.

Least Squares Adjustment: Subtracts the linear trend from the profile: y.qj = y; — (m - x; + ¢)
where m is the slope of the LSL.
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Flatness Metrology and Grid Methods

Flatness extends straightness into two dimensions. A surface is flat when all its points are contained
between two parallel planes separated by the flatness tolerance t.

Key Points:

@ Grid Metrology (Union Jack): Flatness is evaluated by measuring the straightness of eight lines
(perimeter, diagonals, and medians).

@ Diagonal Adjustment: The diagonals AC and BD must intersect at the center. Diagonal
profiles are mathematically leveled to align at this intersection point.

@ Three-Point Reference Plane: Typically, three corners (e.g., A, B, D) are set to zero elevation
to define the primary reference plane.

@ Hydrostatic Leveling: For large surface plates, communicating vessels with electronic
micrometer heads measure relative height changes.

@ Calculation: The flatness error is the difference between the maximum and minimum adjusted
height values across all grid nodes: t = hmax — hmin-
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Interferometry and Optical Flats

Optical interferometry uses monochromatic light to measure flatness deviations in terms of the light's
wavelength .

Key Points:

Optical Flat: A high-precision reference glass or quartz disc with a surface flat to within A/10
or A/20.

Fringe Generation: Placed close to the test surface under monochromatic light (e.g.,
Helium-Neon laser, A = 632.8 nm or Sodium light, A = 589.3 nm).

Air Wedge Principle: Interference occurs in the air gap. Dark fringes occur where the gap
thickness d = n - 3 (destructive interference).

Quantifying Deviation: Flatness deviation e is calculated using fringe curvature x and fringe

i e — X LA
spacing w as: e = % - 5.

Topological Interpretation: Straight, parallel, equally spaced fringes mean flat but inclined.
Curved fringes indicate concave, convex, or spherical surfaces.
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Roundness Measurement: V-Block Method

Dial Indicator
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Precision Roundness Reference Circles

For high-precision roundness, a spindle-based system (Talyrond) measures radial deviations and fits
them to standardized mathematical reference circles.

Key Points:
@ Least Squares Circle (LSC): A reference circle fit such that the sum of the squares of radial
deviations from it is minimized: Y (r; — RLsC)2 — min.

@ Minimum Zone Circle (MZC): Two concentric circles enclosing the profile with minimum radial
separation. Out-of-roundness is the difference: Ar = Rout — Rin.

@ Minimum Circumscribed Circle (MCC): The smallest circle enclosing the profile. Also called the
ring-gauge fit; used for external shafts.

@ Maximum Inscribed Circle (MIC): The largest circle enclosed by the profile. Also called the
plug-gauge fit; used for internal holes.

@ Filtering: High-pass and low-pass filtering are applied to separate surface roughness and
waviness from the primary roundness (circularity) profile.
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Measurement of Squareness (Perpendicularity)

Squareness (perpendicularity) is the condition of a surface or axis being at 90° to a reference datum
plane. It is evaluated using optical or mechanical methods.

Key Points:

Try-Square and Indicator Method: Measures the deviation of a vertical surface relative to a
horizontal datum plane using a precision cylinder square.

Optical Square (Pentaprism): Deflects an incoming autocollimator beam by exactly 90°
regardless of minor prism alignment errors.

Reversal Method: A self-calibration technique that eliminates errors of the square. Readings are
taken at 0° and 180° positions.

Reversal Calculation: With readings Ry = 0 + e and R, = —0 + e (where 0 is squareness error,
e is square tilt), the error is 6 = @.

CMM Evaluation: The CMM takes coordinate points on both surfaces, fits planes using least
squares, and calculates the angle between their normal vectors.
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Principles of Straightness Measurement

According to ISO 1101, straightness is a geometric tolerance representing the limit of deviation of a
line from a perfectly straight datum. The tolerance zone is bounded by two parallel straight lines
separated by distance t.

Key Points:

@ Straightness error is defined as the maximum deviation of the actual profile from a reference
datum line.

@ Primary measurement methods: Direct comparison (using a reference straight edge or taut
wire) or angular deviation methods (using spirit levels or autocollimators).

@ Spirit Level Method: Measures angular deviations 6 at successive steps of length L. The height
deviation is computed as Ah = Lsin 0 ~ L0 (with 0 in radians).

@ Autocollimator Method: Utilizes optical projection of a collimated beam of light onto a reflector
carriage; measures the angular displacement of the reflected ray.

@ Reference Lines: Measured raw values are aligned to a reference datum using either the
Minimum Zone method (ISO standard) or the Least Squares line method.
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Autocollimator Setup for Straightness

Outgoing BeamMi

Auto-collimator D<:’

Reflected Beam (26)

- Surface under test
eflector Carriage (L)

Key Points:

The autocollimator project parallel rays onto the mirror mounted on the reflector carriage.
The carriage is traversed in steps equal to its foot spacing (L) along the surface under test.

Angle changes 6; (in arcseconds) at each position are recorded from the micrometric eyepiece or
digital sensor.

Linear height deviations: x; = L - tan(0;) =~ L - 6; (where 6; is converted to radians:
1 arcsec = 4.848 x 10~° rad).

The cumulative profile is plotted, and the straightness error is computed using the difference
between maximum and minimum deviations from the reference line.
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Flatness Tolerances and Assessment

Flatness is the three-dimensional equivalent of straightness. Under ISO 1101, all points of the actual
surface must lie between two parallel planes separated by the tolerance value t.

Key Points:

Flatness error assessment is critical for surface plates, engine blocks, machine tool slides, and
optical elements.

Primary measurement methods: Surface plate comparison (using a comparator dial indicator),
Liquid level system, Grid / Union Jack method, and Optical interferometry.

Optical Flats: Work on the principle of wave interference. Using a monochromatic light source
(e.g., Helium-Neon laser with wavelength A = 0.6328 1um), flatness error is computed from the
number of interference fringes (N).

The height variation between two adjacent dark fringes is A/2. The total flatness deviation is
calculated as Az = N - (\/2).

Interpretation: Straight, parallel, and equidistant fringes represent a perfectly flat surface;
curved fringes represent convex or concave deviations.

GTU Course Presentation Measurements and Metrology



Grid Method (Union Jack) for Flatness

. Generators:

S : < Perimeter (AB, BC, CD, DA)

HE-oorvrreeieiannan *?.; ..................... G Diagonals (AC' BD)

. : N Centerlines (EG, HF)

Key Points:
@ The test surface is divided into a grid of generator lines consisting of perimeter edges,
diagonals, and centerlines.
@ Straightness profiles along each generator are measured using an autocollimator or electronic
level.
@ Adjustment of reference planes: Since the lines are measured independently, they must-be
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Roundness and Out-of-Roundness Error

Circularity (Roundness) requires that the perimeter of any cross-section of a cylindrical surface
perpendicular to its axis must lie within a tolerance zone bounded by two concentric circles.

Key Points:

@ Out-of-roundness (circularity deviation) is caused by spindle runout, tool wear, clamping
distortions, or machine vibrations.

@ Assessments are based on four reference circles: Minimum Zone Circle (MZC), Least Squares
Circle (LSC), Maximum Inscribed Circle (MIC) for holes, and Minimum Circumscribed Circle
(MCC) for shafts.

@ Measurement techniques: Diametral measurement (does not detect lobed shapes like a
Reuleaux triangle), V-block method (three-point assessment), and Rotary datum method
(spindle/table rotation).

@ The V-block method measures the variation in dial indicator reading AV as the part rotates.
For a 3-lobed part in a 60° V-block, out-of-roundness f = AV /(1 + 1/sin(a/2)). For
a=60° f=AV/3.

@ Why 2-point measurement fails: A Reuleaux triangle has a constant diameter but is not round,
resulting in a constant reading on a simple micrometer.

GTU Course Presentation : Measurements and Metrology July 27, 2026



Rotary Datum Methods and Polar Plots

High-precision roundness measurement uses a rotary table or rotating stylus spindle with an
air-bearing spindle (radial runout j 0.02 pm).

Key Points:

The part is centered and leveled on the spindle using adjustment knobs to eliminate eccentricity
and tilt errors.

As the spindle rotates, a high-resolution inductive transducer records the radial deviation r(0)
as a function of rotation angle 6.

The data is plotted on a polar chart to visualize the lobing characteristics and compute the LSC
center coordinate (xc, yc):

2 N 2 N :
Xe = g 2oimq ficosli,  ye= § D= rising;

The LSC radius is R = % Z,N:1 ri. The out-of-roundness is then calculated as the difference
between the maximum and minimum radial deviations from the LSC: Ar = fmax — fmin-
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Measurement of Squareness and Perpendicularity

Squareness represents the condition of a surface, axis, or line being at 90° relative to a datum plane
or axis, with the tolerance zone defined by two parallel planes.

Key Points:

Squareness error is expressed as a linear deviation over a specified control length rather than an
angular value (e.g., mm per 100mm).

Inspection using a Try Square and Dial Indicator: A precision cylinder square is placed on a
surface plate alongside the component.

Method with Autocollimator: An autocollimator is set up horizontally. An optical square
(pentaprism) is used to deflect the beam by exactly 90° onto the vertical surface of the
specimen.

By traversing the reflector mirror vertically along the specimen, the deviation in alignment
shows the perpendicularity error.

Self-calibration (Reversal method): Eliminates the internal error of the comparator or cylinder
square by rotating the specimen 180° and averaging the readings.
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Introduction & Working Principle of CMM

A Coordinate Measuring Machine (CMM) is an advanced metrological instrument designed to
measure the physical characteristics of an object by detecting discrete coordinates on its surface.

Key Points:
@ Replaces traditional manual inspection methods (micrometers, height gauges) with automated
3D data acquisition.

@ Measures coordinates (X, Y, Z) relative to a reference coordinate system, reconstructing
complex features via software.

@ The measurement process uses a physical contact probe (tactile stylus) or non-contact sensors
(laser scanner, optical camera).

@ Features are mathematically calculated by fitting measured points using algorithms such as
Least Squares (LS) or Minimum Zone (MZ).
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Structural Configuration: Bridge-Type CMM

Br is)
Carriage
Z
Y-
Column f-Ram Y
X
l Probe Tip
Granite Base
Key Points:

@ Bridge-type configuration provides high rigidity, mechanical stability, and minimized geometric

o
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CMM Probes and Triggering Mechanisms

Probes are the primary sensing elements responsible for detecting physical contact with the workpiece
and triggering coordinate storage.

Key Points:
o Classified into contact (touch-trigger, analog scanning) and non-contact (laser triangulation,
vision sensors).
@ Touch-trigger probes detect the instant of contact, storing the machine scale readings
(X,Y,2).
@ Pre-travel variation (lobing effect) occurs due to different trigger forces based on contact
direction.

@ Analog scanning probes maintain continuous contact with the surface, enabling high-density
data capture for form analysis.
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Kinematic Mechanism of Touch-Trigger Probe
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Geometric Fitting and Metrology Software

Metrology software converts coordinate point clouds into geometric features by solving optimization
models.

Key Points:
@ Least Squares (LS) method minimizes the sum of squared deviations:
Eis = 3" ,(ri — R)?> — min.
@ Minimum Zone (MZ) method minimizes the absolute peak-to-valley range, matching ISO 1101
tolerances.
@ Alignment (Part Coordinate System) uses the 3-2-1 principle: plane (3 points), line (2 points),
and point (1 point).

@ Ensures all 6 degrees of freedom (DOF: 3 translation, 3 rotation) are constrained before
dimension calculation.
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Error Sources in CMM Measurements

Measurement uncertainty in CMM s influenced by various mechanical, thermal, and probing errors.

Key Points:

@ 21 Parametric Errors: 3 linear, 6 straightness, 6 angular (pitch, roll, yaw), and 3 squareness
errors.

@ Thermal deviation: Compensation is computed as AL = L - « - AT (maintained at
20°C 4 0.5°C).

@ Probe assembly errors: Dynamic stylus bending, stylus tip out-of-roundness, and deceleration
forces.

@ Volumetric length measurement uncertainty is expressed as Eype = A+ L/K pm (L in mm).
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Calibration and Performance Verification

CMM performance verification is standardized by the ISO 10360-2 guidelines.

Key Points:

@ Involves measuring five calibrated gauge blocks or step gauges in seven different spatial
directions.

@ Each gauge length is measured three times (total of 105 measurements) to evaluate length
measurement errors.

@ Probing error (Pwpe) is verified using a calibrated ruby sphere measured at 25 distributed points.

@ Traceability is maintained through calibration standards including step gauges, ball plates, and
laser interferometers.
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Fundamental Working Principle of CMM

A Coordinate Measuring Machine (CMM) is an advanced metrology system designed to measure the
physical geometrical characteristics of an object. The basic principle involves determining the
coordinates of individual points on the workpiece surface relative to a reference coordinate system
using a probe.

Key Points:

@ Measures spatial coordinates (X, Y, Z) of surface points using high-accuracy linear encoders or
optical scales.

@ The 3D point cloud data is processed by metrology software to compute geometric dimensions,
form errors, orientation, and position tolerances.

@ Linear position measurement equation: X = N - P + AXeor, Wwhere N is count, P is grating
pitch, and AXcor accounts for thermal expansion and geometric errors.
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Structural Configuration: Moving Bridge CMM

X- bhm
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Key Points:

@ Granite Base: Provides high structural stability, vibration damping, and minimal thermal
expansion.
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Machine Coordinate System vs. Part Coordinate System

To perform accurate measurements, a CMM distinguishes between two main coordinate systems.
The Machine Coordinate System (MCS) is fixed to the physical axes of the machine, while the Part
Coordinate System (PCS) is aligned with the datums of the workpiece.

Key Points:

@ **Machine Coordinate System (MCS):** The physical, orthogonal 3-axis (X, Y, Z) frame
determined by the machine’s scales and guideways.

@ **Part Coordinate System (PCS):** Created relative to the workpiece's primary, secondary, and
tertiary datums using alignment routines.

@ **Mathematical Alignment (3-2-1 Principle):** 3 points define the primary datum plane (locks
translation in 1 axis and rotation in 2 axes), 2 points define the secondary axis line (locks
remaining rotation and another translation), and 1 point defines the tertiary datum point (locks
the final translation).
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CMM Probing Systems: Contact and Non-Contact

The probing system is the sensor that detects points on the workpiece surface. The choice of probe
determines the measurement speed, accuracy, and versatility of the coordinate measuring machine.

Key Points:

@ **Touch-Trigger Probes:** Electromechanical sensors that generate a trigger signal upon
contact (e.g., kinematic resistive design using three ruby spheres resting on pairs of cylinders).
Standard uncertainty can be under 0.5 pm.

@ **Analog Scanning Probes:** Maintain continuous contact while moving along the surface,
acquiring hundreds of coordinate points per second for high-definition contour profiling.

@ **Non-Contact Probes:** Utilize laser triangulation, structured light, or optical sensors for
high-speed point cloud acquisition of soft, delicate, or complex freeform surfaces.
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Probe Qualification and Calibration Principle

Stylus stem

Stylus Ball (dball
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Sources of Measurement Error in CMM

A CMM is subject to various systematic and random errors. The ISO 10360 standard governs the
verification and performance evaluation of CMMs.

Key Points:
@ **Geometric Errors (21 Parametric Errors):** Comprises 3 translation, 3 rotation (roll, pitch,
yaw) errors per axis, and 3 squareness errors between axes.
@ **Thermal Errors:** Corrected using coefficient of thermal expansion (CTE) compensation:
AL=1L a-(T —20°C), where  is the CTE.
@ **Dynamic Errors:** Elastic deformation of the CMM structure due to inertial forces during
high-acceleration scanning.

@ **Probing Errors:** Stylus bending deflection and pre-travel variation during contact sensing,
causing directional measurement offsets.

GTU Course Presentation Measurements and Metrology



Industrial Applications and GD&T Verification

CMM is the cornerstone of modern quality control in manufacturing, enabling rapid verification of
complex geometries against CAD models and Geometric Dimensioning and Tolerancing (GD&T)
specifications.

Key Points:

@ **GD&T Analysis:** Precise evaluation of form tolerances (flatness, roundness, cylindricity)
and orientation/location tolerances (position, perpendicularity, runout).

@ **Reverse Engineering:** Generating CAD models from high-density point clouds obtained via
laser scanning probes.

@ **Aerospace & Automotive:** Critical inspection of engine blocks, turbine blades, and
body-in-white structures.

@ **Closed-Loop Quality Control:** Feeding coordinate measurement results back to CNC
machinery for automated tool offset adjustments.
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Introduction to Surface Finish

Surface finish (surface texture or topography) refers to the local deviations of a real surface from its
ideal, nominal form. It directly governs the functional performance and longevity of engineering
components.

Key Points:
@ Functional performance: Governs key tribological behaviors such as the coefficient of friction,
wear rates, lubrication retention, and load-bearing capacity.

@ Manufacturing footprint: Every process (turning, grinding, EDM) leaves characteristic
micro-irregularities that serve as a finger-print of the production method.

@ Stress concentration: Rough surfaces contain micro-valleys that act as stress raisers,
significantly reducing fatigue life and accelerating crack initiation.

@ Metrology objective: Quantifying these features allows engineers to establish limits for assembly
fit, sealing efficiency, and aesthetic quality.
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Surface Profile Components: Roughness and Waviness

z (Profile Height)

W,, (Waviness Width)

(Roughness Height)

***** t Height){ - - - - e = = - Mean Line

W x (Evaluation Length)

Key Points:

@ Primary Texture (Roughness): High-frequency, short-wavelength deviations produced by cutting
edge geometry, chip formation, and tool feed.

@ Secondary Texture (Waviness): Medium-frequency, longer-wavelength deviations caused by
machine chatter, vibration, deflection, or heat treatment warping.

@ Error of Form: Long-wavelength macro-geometrical errors arising from guideway inaccuracies or
structural sagging (not part of roughness/waviness).

@ Superposition: The raw measured profile is a composite signal of roughness and waviness
superimposed on the nominal geometric shape.
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Surface Texture Terminology (ISO 4287)

Industrial metrology standards like ISO 4287 define standard reference frames, lengths, and features
to ensure measurement consistency across different systems.

Key Points:

Real Surface: The physical boundary that separates the mechanical body from its surrounding
environment.

Nominal Surface: The theoretically perfect surface profile designed in CAD drawings, free from
errors.

Measured Profile: The digital or analog representation of the real profile recorded by the
measuring stylus sensor.

Sampling Length (/): The reference length in the direction of the profile used to identify and
isolate the irregularities under evaluation.

Evaluation Length (L): The total length over which the profile is analyzed; it typically contains
five consecutive sampling lengths (L = 5/).
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Industrial Lay Symbols (ISO 1302)

Parallel Lay (=) Perpendicular Lay (L)
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Numerical Characterization: R, and R,

Surface roughness parameters translate complex profile shapes into singular numerical values for
standardized design specifications and quality control.

Key Points:

@ Avrithmetical Mean Deviation (R,): The average of the absolute values of the profile height
- P _1rL
deviations from the mean line: R, = ¢ [ ly(x)|dx.
@ Discrete Digital Form: Modern instruments compute this summation digitally over n sampled
coordinate points: R, = % 2 il

@ Limitations of R;: It is an averaging parameter and cannot distinguish between a surface with
sharp peaks and one with deep scratches.

@ Maximum Profile Height (R;): Formerly the ten-point average; modern ISO standard defines R,
as the sum of the maximum peak height and maximum valley depth within a sampling length.
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Statistical Parameters: R,, R, and Ry,

Advanced parameters utilize statistical moments of the height distribution curve to characterize
functionality, wear potential, and lubrication characteristics.

Key Points:
@ Root Mean Square Roughness (Ry): Represents the standard deviation of profile heights:

Ry =1/1% fOL y2(x)dx (more sensitive to extreme peaks/valleys).
@ Profile Skewness (Rs): Measures the asymmetry of the height distribution:
L
Ru= [ 1y v (aax].

@ Functional Meaning of Skewness: Negative skewness (Rs < 0) indicates plateau surfaces with
deep valleys (excellent for oil retention); positive skewness (Rg > 0) implies abrasive peaks.

@ Kurtosis (Ry,): Quantifies the sharpness of the distribution curve: Ry, = # [% UL y4(x)dx].
q

Values > 3 indicate spiky surfaces; < 3 indicate flat valleys.
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Measurement Instruments and Cut-off Filters

Accurate physical acquisition of surface profile data requires understanding instrument mechanics and
electronic signal filtering.

Key Points:
@ Stylus Profilometer: A contact instrument where a diamond tip (radius 2 um to 10 um)
translates across the surface, generating vertical electrical signals.
@ Cut-off Wavelength (\.): An electronic or digital filter boundary that removes waviness
wavelengths, retaining only high-frequency roughness data.
@ Standard Cut-offs: standard filtering values defined by ISO standards include 0.08 mm,
0.25 mm, 0.8 mm, 2.5 mm, and 8.0 mm.

@ Non-Contact Optical Methods: Confocal microscopy, coherence scanning interferometry, and
focus variation are utilized for non-destructive 3D areal surface metrology (ISO 25178).
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The Real Nature of Engineering Surfaces

Every machining process leaves characteristic markings on a surface. Even the most highly polished
metal surface is not perfectly flat when viewed under magnification.

Key Points:
@ Factors affecting surface texture: Workpiece material metallurgy, tool geometry, cutting speed,
feed rate, vibration (chatter), and coolant usage.
@ Functional consequences of surface finish: Friction coefficient, rate of wear, lubrication
retention, fatigue strength, and corrosion resistance.

@ Economic trade-offs: High-quality surface finishes require precision grinding, lapping, or honing,
exponentially increasing manufacturing costs.
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Structure of Surface Texture

ANNNNNANNNANANANANANANANN  Roughness (Primary Texture)

/\/\/\/ Waviness (Secondary Texture)

Error of Form

Actual Measured Profile

Key Points:
@ Roughness (Primary Texture): High-frequency, short-wavelength irregularities caused by tool
cutting edges and chip formation.
@ Waviness (Secondary Texture): Medium-frequency, longer-wavelength irregularities caused by
machine deflection, vibration, chatter, or heat treatment.
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Surface Texture Terminology
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Key Points:

@ Sampling Length (L): The length of the profile selected for evaluation, filtering out waviness
wavelengths.

@ Mean Line (Reference Line): Centerline dividing the profile such that areas enclosed by peaks
above it equal areas enclosed by valleys below it.

@ Peak & Valley: Local maxima and minima of the measured profile deviation.

@ Roughness Height (R;): Peak-to-valley height, which is the vertical distance between the
highest peak and lowest valley within the sampling length.
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Additional Terminology: Lay, Flaws, and Cutoff

Key industrial parameters defined by ISO 25178 and ASME B46.1 standards.

Key Points:
@ Lay: The predominant direction of the surface pattern, usually determined by the machining
method (e.g., parallel, perpendicular, cross, circular, radial).
@ Flaws: Random, unintentional surface irregularities like cracks, scratches, blowholes, or
inclusions, which are excluded from standard roughness calculations.
@ Roughness Width Cutoff (Ac): The electrical filter wavelength setting in metrology instruments
that separates roughness from waviness.

@ Evaluation Length (L,): The total length over which roughness is assessed, typically consisting
of 5 consecutive sampling lengths (L, =5 X L).

GTU Course Presentation D103000151: Measurements and Metrology



Mathematical Evaluation of Roughness

Formulas for quantifying surface roughness from a digital or analog profile y(x) over sampling length
L.

Key Points:
@ Center Line Average (Ra) Arithmetic mean deviation of the absolute values of profile heights:
Ro =1 Jy ly(oldx = 1 o7y lyil-
@ Root Mean Square (Ry): The geometric average height deviation, highly sensitive to large

peaks/valleys: Ry = \/ fL x)dx =~ \/ SR

@ Ten-Point Height (R,): Average distance between the five highest peaks and five lowest valleys:
R — (Yp1+yp2t---+yps) = (rw1tyva+t--+yys)
z = 3 .

@ Relation: For standard sinusoidal profiles, R, ~ 1.11R,. However, R, does not describe surface
shape (spiky vs. rounded).
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Methods of Measurement: M-System & E-System

Reference systems used in metrology instruments to establish the datum line for roughness
assessment.

Key Points:
@ Mean Line System (M-System): Uses a least-squares mean line or filtered mean line as the
datum. Areas of profile above and below the line are mathematically balanced.
@ Envelope System (E-System): Uses the locus of centers of spheres of radius R rolled along the
profile as the datum (generating a dynamic contact envelope).
@ Filtering in M-System: Modern digital instruments use 2D Gaussian filters (standardized by ISO
11562) to separate roughness and waviness without phase shift.

@ Why M-System Dominates: The M-System is highly suitable for digital computation and is the
foundation for almost all international standards.
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Stylus Instruments & Metrology Practice

Practical operation of contact stylus profilometers (e.g., Talysurf, Mitutoyo Surftest) in
manufacturing quality control.

Key Points:

@ Operation Principle: A diamond stylus (typically 2 um to 5 um tip radius) is drawn across the
surface at a constant speed (v).

@ Transduction: Stylus vertical displacement is converted to an electrical signal using inductive
(LVDT) or piezoelectric transducers.

@ Calibration and Traceability: Instruments are calibrated using certified precision reference
specimens with known sinusoidal or triangular groove profiles.

@ Measurement Precautions: Stylus tip wear, excessive skid force (causing scratching), alignment
errors, and environmental vibration can introduce measurement bias.

GTU Course Presentation Measurements and Metrology



Surface Texture and Sampling Lengths

Manufacturing processes leave micro-irregularities on surfaces. Quantitative characterization requires
filtering out low-frequency waviness using predefined cutoff and evaluation lengths.

Key Points:

@ Surface Roughness (Primary Texture): High-frequency irregularities left by tool feed marks,
grinding wheels, or cutting edges.

@ Waviness (Secondary Texture): Low-frequency irregularities caused by machine vibration, tool
chatter, or thermal deformation.

@ Sampling Length (/.): The reference length in the direction of the profile used for identifying
and separating roughness from waviness.

@ Evaluation Length (/,): The total length over which the roughness is evaluated, typically
containing 5 consecutive sampling lengths (/, =5 X I.).
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Arithmetical Mean Roughness (R,)

The R, parameter (also known as CLA or AA) is the arithmetic average of the absolute values of the
profile deviations from the mean line within the evaluation length.

Key Points:

@ Definition: It is the most widely used surface finish parameter globally for quality control in
manufacturing.

@ Mathematical Integral: R, = % fOL |y(x)|dx where L is the evaluation length.

@ Discrete Summation: R, &~ 1 57" | |y;| where y; is the vertical deviation of the profile from the
mean line.

@ Limitation: R, averages all peaks and valleys, meaning it cannot distinguish between a surface
with a few deep scratches and a surface with many small irregularities.
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Graphical Representation of Ra

y (Deviation)
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» x (Length)

Key Points:

The graph shows deviation y; measured relative to the Least Squares Center Line (Mean Line).

The mathematical integration takes the absolute values of the ordinate deviations, mapping
valleys as positive values.

Nyquist Sampling: High stylus speed or low sampling rate may miss critical peaks/valleys,
skewing the R, calculation.

Ideally suited for random, homogeneous surfaces such as sand-blasted or fine-ground steel.
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Root Mean Square Roughness (Rq)

The R, parameter (also denoted as RMS) is the root mean square average of the profile heights over
the evaluation length, making it highly sensitive to extreme profile variations.

Key Points:
@ Definition: RMS value of the profile height deviations from the mean line.

© Mathematical Integral: Ry = /1 fOL y2(x)dx
@ Discrete Summation: Rq &~ {/% 37 | y2

@ Sensitivity to Outliers: Squaring the heights heavily penalizes large peaks and deep valleys. For
random surface profiles, R, is typically 1.1 to 1.25 times larger than R,.
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Ten-Point Peak-to-Valley Height (R;)
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Key Points:

@ ISO 10-Point Definition: Defined as the average distance between the 5 highest peaks (y,;) and
the 5 deepest valleys (y,;) within a single sampling length.

@ Sensitivity: Unlike R, and Ry, R; is entirely determined by extreme points and is susceptlble to
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Comparison of Ra, Rq, and Rz Parameters

Selecting the correct surface parameter is vital. Using only R, can mask critical surface anomalies.
Combining parameters provides a more complete assessment of surface topography.

Key Points:
@ R, vs. Ry Ry is more sensitive to outliers. A single high peak or deep scratch shifts R,
significantly more than R,.

@ R, vs. R;: R, directly monitors extreme heights. Two surfaces can have identical R; = 1.0 um,
but surface A can have R, = 3.5 um (even profile) and surface B can have R, = 8.0 um (deep
scratches).

@ Tribological Behavior: High R, surfaces cause accelerated initial wear (scuffing) in sliding joints,
even if the R, is within specifications.

@ Standard Ratios: For typical machined surfaces, R, = 4R, to 5R,, and R; =~ 1.25R,.
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Instrumentation and Practical Measurement Guidelines

Accurate surface assessment requires proper instrumentation setup and adherence to 1ISO/ANSI
standards during profiling.

Key Points:
@ Stylus Profilometer: Uses a diamond tip (typically 2 to 10 pum radius) traced across the surface
with a tiny contact force (approx. 0.7 mN).
@ Cut-off Length (/.): Selecting the correct filter cut-off (typically 0.08, 0.25, 0.8, 2.5, or 8.0 mm)
is critical to separate waviness (high-pass filter) from roughness.
@ Calibration: Check the instrument regularly using standard reference specimens (glass or nickel)
with known, calibrated R, values.

@ Orientation: Trace perpendicular to the lay (the dominant pattern of surface roughness left by
the tool) to capture maximum height variations.
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Understanding Surface Texture

Surface topography is divided into roughness (primary texture), waviness (secondary texture), and

form

errors.

Key Points:

Roughness includes high-frequency irregularities caused by tool cutting edges, feed rates, and
tear-outs.

Waviness is a medium-frequency periodic error caused by spindle deflection, vibrations, or heat
treatment.

Sampling length (L) is the cut-off length used to filter out waviness and isolate roughness.

Evaluation length (L,) is the total length over which roughness is assessed, usually containing
five sampling lengths.
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Surface Profile Anatomy and Reference Lines
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Key Points:

@ The Mean Line divides the profile such that the sum of squared deviations is minimized, or
simply foL y(x)dx = 0.

@ Sampling length limits the instrument’s transmission characteristics (typically using high-pass
filters).

@ Stylus instruments convert mechanical vertical movement into electrical signals relative to the
mean line.
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Ra: Arithmetic Mean Roughness

R, is the arithmetic average of the absolute values of the profile height deviations from the mean line
over the evaluation length.

Key Points:
® Mathematical definition (Continuous): R, = + fOL ly(x)|dx
® Mathematical definition (Discrete): R, = & SN |yl
@ Most widely used surface finish parameter globally due to historical ease of analog computation.
@ It acts as a stable average, making it insensitive to occasional high peaks or deep scratches.
@ It does not provide information about the shape of peaks/valleys, spatial distribution, or unit
density.
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Rqg: Root Mean Square Roughness

R, is the root mean square parameter, defined as the geometric average of the deviations from the
mean line.

Key Points:

@ Mathematical definition (Continuous): R, = 4/ fo 2(x)dx

@ Mathematical definition (Discrete): Rq = =,/3 N E, 1 y

@ Rq is statistically significant as it represents the standard deviation (o) of the surface height
distribution.

@ Due to squaring, it gives higher weight to larger deviations, making it more sensitive to outliers
than Ra.

@ Predominantly specified in optical manufacturing, thin-film electronics, and semiconductor
applications.
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Visualizing Ra vs Rq Deviations
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Key Points:

@ Each discrete ordinate deviation (y;) is measured perpendicular to the mean reference line.

@ For a set of heights y; = {0.8, —0.8,1.2, —0.5,0.5, —1.2}, the arithmetic sum is much smaller
than the sum of squares.
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Rz: Maximum Height of Profile

R, represents the peak-to-valley height within a sampling length, highlighting the extreme local
variations of the profile.

Key Points:
@ In modern ISO standards, R; is the sum of the maximum profile peak height (R,) and the
maximum profile valley depth (R,) within a single sampling length: R, = R, + R,.
@ It was historically defined as the ten-point height (average of 5 highest peaks and 5 lowest
valleys), but this was replaced to simplify automatic digital calculation.

@ Extremely sensitive to scratches, dirt, and measurement noise due to reliance on single
maximum and minimum values.

@ Crucial for components subjected to high dynamic stress (to prevent fatigue crack initiation) or
sealing surfaces.
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Metrological Execution & Parameter Selection

Selecting the correct metrological parameter depends on the functional performance requirements of
the manufactured part.

Key Points:
@ Stylus tips (typically 2um or 5um radius) act as mechanical low-pass filters.

@ Standard sampling lengths (0.08 mm, 0.25 mm, 0.8 mm, 2.5 mm, and 8.0 mm) must be
selected based on manufacturing process guidelines.

@ Use R, for general process monitoring (e.g., turning, grinding verification) and general friction
behavior.

@ Use R, for fatigue life prediction, sealing integrity, and aesthetic surfaces where local defects are
unacceptable.

@ 1SO 21920-2 provides the contemporary international standards for surface texture metrology.
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rking Principle of Stylus Profilometers

A contact-type instrument that measures surface texture by dragging a sharp stylus across the
surface.

Key Points:

@ The stylus maintains contact with the surface under a very light static force (typically 0.1 to 10
mN).

@ As the stylus moves horizontally (traverse length L), vertical displacements (z(x)) are detected
by a transducer.

@ The electrical signal is amplified, filtered, and digitized to construct the 2D surface profile.

@ Common transducers include: Linear Variable Differential Transformers (LVDT), piezoelectric
crystals, and optical interferometers.
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Schematic Diagram of a Stylus Profilometer
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Key Points:
@ Stylus: Diamond tip with radius r = 2 to 10 um to trace fine micro-geometry.

@ Skid/Shoe: Acts as a mechanical high-pass filter, riding over waviness to establish a reference
datum.
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Metrological Parameters: Ra, Rq, and Rz

Mathematical definitions of surface roughness parameters according to 1ISO 4287.

Key Points:
@ Arithmetic Mean Deviation (R,): The average absolute deviation of the profile from the mean
line over the evaluation length L: R, = } fOL |z(x)|dx.
@ Root Mean Square Roughness (Ry): The standard deviation of the profile heights:
L
Ry =1/1 [y 22(x)dx.

@ Ten-Point Height (R,): Average distance between the 5 highest peaks and 5 deepest valleys
5 38 .
within the sampling length: R, = w.
@ Mean Line: Reference line positioned such that the sum of areas above it equals the sum of
areas below it.

GTU Course Presentation D103000151: Measurements and Metrology



Transducer Types and Signal Conversion

Transducers convert the minute physical displacement of the stylus into measurable electrical energy.

Key Points:
@ Inductive/LVDT: Uses differential mutual inductance of coils as an iron core moves. Offers high
linearity (< 0.1%) and range up to 1 mm.
@ Piezoelectric: A piezo crystal generates charge under dynamic force. Suitable for high-frequency
profiling but limited in static measurements due to charge leakage.

@ Optical (Laser Interferometer): The stylus back acts as a moving mirror in a Michelson
interferometer. Offers sub-nanometer resolution (0.1 nm).

@ Capacitive: Measures capacitance change between the stylus arm and a fixed plate. Excellent
stability for micro-ranges.
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Filtering & Cut-off Length (\¢)
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Key Points:

@ Cut-off Length (Ac): The wavelength boundary used to separate surface roughness from
waviness.

@ High-Pass Filtering: Wavelengths smaller than A\, are classified as roughness
(micro-irregularities).

@ Low-Pass Filtering: Wavelengths larger than A are classified as waviness (macro-irregularities).

@ Standard cut-off values: 0.08 mm, 0.25 mm, 0.8 mm (most common), 2.5 mm, and 8.0 mm per
ISO standards.
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Measurement Setup & Calibration

Best practices and standards for conducting surface roughness tests in industrial inspection.

Key Points:

@ Calibration: Performed using standard reference specimens (typically glass grids or metal blocks
with known R, values).

@ Stylus Tip Wear: The diamond tip rounds off over time due to wear, acting as a mechanical
filter and underestimating R, values.

@ Contact Force: Must be optimized. Excessive force (> 10 mN) scratches soft specimens
(plastic/aluminum); insufficient force leads to stylus bounce.

@ Environmental Factors: Vibration isolation tables and temperature-controlled rooms are
necessary for sub-micron accuracy.
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Pros & Cons of Stylus Profilometry

Comparing stylus-based contact profiling against optical non-contact techniques.

Key Points:

@ Advantages: Direct physical measurement, accepted globally as the standard reference method,
unaffected by surface reflectivity/color.

@ Disadvantages: Destructive potential (stylus can scratch soft films), slow speed due to serial
point-by-point mechanical scanning.

@ Resolution Limits: Horizontal resolution is limited by the physical stylus tip radius (r > 2 um),
which cannot enter deep narrow valleys.

@ Alternatives: Non-contact techniques like White Light Interferometry (WLI) and Confocal
Microscopy offer 3D areal measurements (S,).
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Introduction to Stylus Instruments

Stylus instruments are the industrial standard for surface texture evaluation.

Key Points:

@ Stylus-type profilometers measure surface roughness by tracing a physical diamond-tipped probe
across the workpiece.

@ Vertical displacements of the stylus are detected and converted into electrical signals by a
high-resolution transducer.

@ The primary components include the traverse unit (motorized drive), stylus probe assembly,
pick-up (transducer), and processing unit.

@ Measurements can be contact-based with a reference datum (skidless) or using the workpiece
itself as a reference (skid-type).
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Stylus Profilometer Schematic
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Points:
The stylus diamond tip traces the micro-irregularities of the surface.
The pivot arm mechanical linkage transfers vertical displacement to the transducer core.

The skid acts as a physical high-pass filter, reducing the effect of surface waviness and
macro-geometry errors.

LVDT or optical pickup detects relative motion between the stylus and the skid/reference
datum.
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Stylus Tip Geometry and Limitations

Physical geometry of the stylus imposes limitations on measurement fidelity.

Key Points:

@ Stylus tips are typically made of diamond, with a standard cone angle of 60° or 90° and a
spherical tip radius (r¢) of 2 um, 5 pum, or 10 um.

@ Mechanical filtering effect: Due to its finite radius, the stylus tip cannot fully penetrate narrow
valleys, underestimating valley depths.

@ The maximum measurable surface slope O is restricted by the stylus cone angle a:
Omax = 90° — /2.

@ High localized contact pressure (up to 1.5 GPa) can cause elastic/plastic deformation on soft
materials, altering the true profile.
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Transducers for Vertical Displacement

Four main transducer types are employed to convert mechanical stylus motion into electrical signals.

Key Points:

Linear Variable Differential Transformer (LVDT): Stylus movement shifts a magnetic core within
secondary coils, generating an AC voltage output proportional to displacement.

Piezoelectric Transducers: Generate electrical charge in response to dynamic forces; suitable for
fast profiling but suffer from drift in static measurements.

Optical Interferometric: Utilizes a miniature mirror on the stylus arm inside a Michelson
interferometer, achieving sub-nanometer vertical resolution.

Capacitive Pickups: Detect small variations in capacitance between a moving electrode on the
stylus arm and a fixed reference electrode.
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Transmission Bandwidth & Gaussian Filtering

Transmission Ratio
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Points:

The standard filter is the Gaussian filter (ISO 16610-21), replacing the legacy 2RC filter to
eliminate phase-shift distortion.

The cut-off wavelength Ac (typically 0.8 mm) defines the boundary between roughness and
waviness.

The short-wave cut-off A filters out high-frequency noise and the effects of mechanical tip
radius.

The transmission band between As and A. represents the isolated surface roughness profile.
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Calibration and Traceability Standards

Metrological accuracy requires regular calibration using standard reference specimens.

Key Points:

@ Vertical Calibration: Calibration using certified depth/step height standards (Type A) with
flat-bottomed grooves traceable to optical interferometry.

@ Horizontal/Lateral Calibration: Calibrated using grid plates or lateral line spacing standards to
check motorized traverse velocity (v) and data sampling rate.

@ Profile Calibration (Type C): Specimens with sinusoidal profiles are used to calibrate the overall
dynamic response of the pickup system.

@ Residual Instrument Noise: Measured by tracing the stylus over an optical flat reference
(Ra < 0.005 pxm) to determine the noise floor.
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Stylus vs. Optical Metrology Systems

Choosing the appropriate instrument requires balancing surface properties, speed, and accuracy
requirements.

Key Points:

@ Contact vs. Non-Contact: Stylus instruments risk scratching fragile polymers or soft metals;
optical systems (WLI, Confocal) are non-destructive.

@ Speed and Area: Stylus is slow (point-by-point line scans); optical systems capture large
area-based 3D topography (S,) in seconds.

@ Slope Limitations: Optical systems fail on highly reflective steep slopes due to scattered light;
stylus measurement is limited only by tip geometry.

@ Resolution: Optical systems are diffraction-limited laterally (= 250 nm); stylus lateral resolution
is limited by tip radius (2-10 pm).

@ Vertical Resolution: Both stylus and optical interferometers can achieve sub-nanometer vertical
resolution (< 0.1 nm) under stable environments.
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Spur Gear Nomenclature and Core Parameters

Spur gears transmit power between parallel shafts. Precision alignment and operation rely on strict
compliance with nominal gear geometry. The fundamental parameters include:

1. Module (m): The ratio of pitch diameter to the number of teeth: m = & (expressed in mm). 2.
Circular Pitch (p): The distance along the pitch circle between corresponding points of adjacent
teeth: p=7mm = "Wd. 3. Base Pitch (py): Circular pitch of the base circle: p, = p cos ¢, where ¢ is
the pressure angle.

Key Points:
@ Module is the primary design metric in metric gear standards.
@ Circular pitch dictates tooth spacing and must be identical for mating gears.

@ Errors in pitch cause noise, vibration, and premature wear.
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Measurement of Tooth Thickness: Chordal Method

Tooth thickness is defined as the width of the tooth along the pitch circle. Since we cannot measure
along an arc directly with a caliper, we measure the chordal thickness (W) at a depth called the
chordal addendum (d.).

Key Equations for Measurement: * Chordal Thickness: W = N - m - sin (%) * Chordal

Addendum: d. = a + N—2’" (1 — cos (%)), where a is the addendum (a = m for standard gears).

Key Points:

@ A Gear Tooth Vernier Caliper features two scales: a vertical dial/tongue for setting the depth
(dc) and a horizontal scale for measuring width (W).

@ Setting depth d. ensures the caliper jaws contact the tooth exactly at the pitch circle points.

@ Limitations: Small errors in d. lead to incorrect measurements of W.
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Diagram: Gear Tooth Vernier Caliper Principle
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Key Points:
@ The diagram shows the geometric relation between circular arcs and linear chords.

@ Chordal thickness W is the straight line connecting pitch points on opposite sides of the tooth
profile.

@ Chordal addendum d, is the radial distance from the tip to the chord.
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Measurement of Pitch Errors

Pitch error affects kinematic transmission accuracy. Three main pitch errors are checked: 1. Single
Pitch Error: Deviation of actual pitch distance from nominal pitch between adjacent teeth. 2.
Consecutive Pitch Error: Difference between two consecutive actual pitch measurements. 3.
Accumulated Pitch Error: Maximum deviation between any two teeth over a sector or the whole gear

(total index error).
Measurement Methods: * Pitch Measuring Instruments (Interferometric/Comparator-based): Uses

two probes (fixed and measuring) placed in contact with adjacent teeth.

Key Points:
@ Individual pitch error can cause velocity variations (accel/decel) during tooth engagement.

@ Accumulated error is critical for indexing mechanisms and precision positioning systems.

@ Modern inspection uses CMM (Coordinate Measuring Machines) for automatic tooth-by-tooth
pitch tracking.
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Measurement of Gear Runout

Runout represents the eccentricity of the pitch circle relative to the gear's axis of rotation. It can be
radial (eccentricity) or axial (wobble).

Industrial Metrology Procedure for Radial Runout: 1. Mount the gear on a high-precision mandrel
and support between dead centers. 2. Place a standard cylindrical roller (or pin) of suitable size into
the tooth space. 3. Adjust a dial indicator probe to contact the highest point of the roller. 4. Rotate
the gear, move the roller to successive spaces, and record dial readings. 5. The maximum variation in
indicator readings around the circumference gives the radial runout.

Key Points:

@ The pin size must be selected such that it contacts the tooth profiles exactly at the pitch circle
level.

@ Runout leads to cyclic transmission errors, noise, and vibration once per revolution.

@ Permissible runout values are specified by ISO or AGMA gear quality grades.
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Diagram: Radial Runout Measurement Setup
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Composite Error Measurement: Parkson Gear Tester

While individual element measurements (pitch, profile, runout) are necessary, functional gear testing
checks the composite effect of all errors under simulated running conditions.

Parkson Gear Tester Operation: * The gear under test is mounted on a sliding carriage and held in
tight mesh with a master gear of known high accuracy under spring pressure. * As the gears rotate
together, any composite errors (variations in center distance) cause the carriage to move. * A dial
indicator or electronic recorder captures these movements over a full revolution. * The resulting chart

reveals: Tooth-to-Tooth Composite Error (due to profile/pitch errors) and Total Composite Error
(dominated by runout).

Key Points:
@ Composite testing is rapid, making it ideal for high-volume production quality control.
@ |t evaluates gears under functional conditions, predicting actual performance in assembly.

@ Master gears are typically manufactured to extremely tight tolerances (DIN Quality 3 to 5).
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Key Spur Gear Parameters

Fundamental parameters defining spur gear geometry.

Key Points:

@ Module (m): The ratio of the pitch circle diameter (d) in mm to the number of teeth (N).
Defined as m = d/N. It is the primary metric for gear tooth sizing.

@ Circular Pitch (p): The distance measured along the pitch circle arc from a point on one tooth
to the corresponding point on the adjacent tooth: p = 7m = wd/N.

@ Diametral Pitch (P4): The number of teeth per inch of pitch diameter, used in imperial units:
Py = N/dinch = 7/p.

@ Pressure Angle («): The angle between the line of action and the common tangent to the pitch
circles, typically standard at 20° or 14.5°.
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Chordal Thickness Measurement

Calculation of chordal addendum and chordal thickness using a gear tooth caliper.

Key Points:

Tooth thickness is defined as the width of the tooth along the pitch circle.

Gear Tooth Caliper (Vernier) measures the chordal thickness (W) at a specific depth called the
chordal addendum (d).

Chordal Thickness: W = N - m - sin (%).
Chordal Addendum: d = m + % (1 — cos (%))

Limitation: It measures the chord, not the arc, and relies on the outside diameter of the gear
which may introduce manufacturing errors into the reading.

GTU Course Presentation D103000151: Measurements and Metrology



Constant Chord Method
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Practical Methods for Module and Pitch Error

Industrial procedures for determining gear pitch variation and estimating unknown module.

Key Points:

@ Estimation of Module (m): Calculated by measuring the outside diameter (d,) and counting
teeth (N): m = d, /(N + 2) (for standard addendum gears).

@ Pitch Variation Measurement: Step-by-step or comparator method using two probes (one fixed,
one moving connected to a dial indicator).

@ Adjacent Pitch Error: The difference between any two consecutive circular pitches. Measured
on the pitch circle using index tables or specialized gear testers.

@ Cumulative Pitch Error: The algebraic sum of consecutive pitch errors, indicating the overall
tracking/indexing accuracy of the gear.
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Gear Runout & Eccentricity Metrology

Runout definition, detection methods, and significance in gear assemblies.

Key Points:

Definition: Radial runout is the maximum variation of the distance of the tooth space (or tooth
tip) from the axis of rotation.

Cause: Runout is primarily caused by eccentricity between the pitch circle axis and the physical
bore/shaft axis of the gear.

Measurement Method: The gear is mounted on a mandrel between centers. A probe (sphere or
cylinder of specific size matching the pitch circle) is placed in the tooth space.

A dial indicator records the maximum and minimum radial positions as the gear is rotated tooth
by tooth. The difference is the total radial runout.

Acceptance Criteria: Specified by AGMA or ISO standards; excessive runout causes high
vibration, transmission error, and localized wear.
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Base Tangent (Span) Measurement

The Wildhaber-Novikov method for measuring distance over a span of k teeth using a disc
micrometer.

Key Points:

@ Span Measurement (W): Measures the distance over k teeth along a line tangent to the base
cylinder: W = mcos o [m(k — 0.5) + Ninv(a)].

@ Here, inv(a) = tan @ — « is the involute function (with « in radians).
@ Number of teeth to span (k): Calculated as k = round (% +0.5) for standard gears.

@ Key Advantage: Jaws of the micrometer contact the teeth on the involute profile tangent to the
base circle, rendering the measurement independent of outside diameter errors and placement
height.
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Introduction to Gear Tooth Thickness

Gear tooth thickness is the length of the arc of the pitch circle between opposite faces of a gear
tooth. Direct measurement of arc length is impractical, so metrologists measure chordal thickness
(W,) and chordal addendum (d.).

Key Points:

@ Chordal thickness (W,) is the shortest distance between the two points of contact at the pitch
circle.

@ Chordal addendum (d.) is the radial distance from the top land of the tooth to the chord
connecting the contact points.

@ Measurements are performed using a specialized Gear Tooth Vernier Caliper, which features two
independent slides (vertical and horizontal).

@ Accurate determination of tooth thickness is essential to establish proper backlash and prevent
gear binding or premature wear.
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Mathematical Formulation of Chordal Thickness

To configure a Gear Tooth Vernier Caliper, the vertical slide must be set to the chordal addendum
(dc) so that the horizontal jaws contact the tooth profile exactly on the pitch circle, measuring
chordal thickness (W).

Key Points:
@ Let N be the number of teeth, m be the module, and R be the pitch circle radius (R = 2m).

i

@ The angle subtended by half the tooth thickness at the center is 6 = % (or J radians).
@ Chordal thickness equation: W, = 2R sin (%) = N msin (%).

@ Chordal addendum equation: d. = m + % [1 — cos (%)]
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Schematic of Chordal Thickness Measurement
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Limitations of Chordal Thickness Method

While straightforward, the Gear Tooth Vernier method suffers from systematic limitations that affect
its suitability for high-precision inspection.

Key Points:

@ Measurement accuracy is highly dependent on the accuracy of the gear blank’s outside diameter
(addendum circle). Any dimensional error in the blank diameter translates directly into an error
in the vertical setting (d.), causing the caliper jaws to contact the tooth at the wrong depth.

@ The caliper jaws contact the tooth along a line, but in practice, they may touch the corners of
the jaw faces, leading to localized contact errors and rapid tool wear.

@ It measures each tooth individually and cannot easily detect pitch variation, profile errors, or
cumulative pitch errors across the entire gear.

@ For small module gears (m < 1 mm), the thinness of the teeth makes it extremely difficult to
align the caliper without damaging the tooth profiles.
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Introduction to the Base Tangent Method

The Base Tangent Method (Wildhaber-System) measures the distance (W) across several teeth (S)
along a line tangent to the base circle. Because the tangent to the base circle is normal to the
involute profiles at all contact points, this measurement is independent of the outside diameter.

Key Points:

@ A disc micrometer or flange micrometer is used, where the flat measuring faces represent two
parallel planes tangent to the involute profiles.

@ The measurement is insensitive to errors in the outside diameter or runout of the gear blank.

@ The base tangent length (W) corresponds to the distance between the two parallel planes
contacting the opposite involute profiles of the spanned teeth.

@ This method is highly precise, repeatable, and widely adopted for in-line quality control of spur
and helical gears.
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Base Tangent Measurement Principle

Base Cingle (Rp)

W= Base Tangent Length

- ~

Key Points:

The two parallel vertical blocks represent the anvils of a disc micrometer contacting the teeth.

The measurement line is exactly tangent to the base circle, ensuring it is perpendicular to the
tooth profiles at the points of contact.

The measured value (W) remains constant even if the micrometer is shifted slightly up or down
along the profiles.

Contact must occur strictly on the active involute profile; if the span S is too large or too small,
contact will occur on the corner or the root.
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Base Tangent Equations and Calculations

The base tangent length (W) over S teeth is calculated using the module (m), pressure angle (),
total number of teeth (), and number of spanned teeth (S).

Key Points:
@ Base tangent length formula: W = mcos(«) [ (S — 0.5) + Ninv(a)], where « is the pressure
angle in radians.
@ Involute function definition: inv(a) = tan(a) — a (where « is in radians).
@ The number of teeth to be spanned (S) is calculated as: S &~ N% + 0.5, which is rounded to
the nearest integer.

@ By measuring the base tangent length, we can directly determine the tooth thickness at the
base circle and compare it against design tolerances.
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Screw Thread Geometry & Key Definitions

Understanding the fundamental terminology of screw thread metrology is critical for precise
inspections.

Key Points:
@ Pitch (p): The distance measured parallel to the axis of the thread between corresponding
points on adjacent thread forms in the same axial plane.

@ Lead (/): The distance a screw thread advances axially in one complete turn (360°). For
single-start threads, | = p; for multi-start threads, | = n X p, where n is the number of starts.

@ Effective (Pitch) Diameter (E or d»): The diameter of an imaginary coaxial cylinder (pitch
cylinder) which intersects the thread flanks such that the width of the thread ridge and width of
the thread groove are equal to half the pitch (p/2).
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Pitch Measurement: Toolmaker's Microscope & Cardiff Machine

Pitch errors alter the load distribution along the thread length and must be measured using
specialized instruments.

Key Points:

@ Toolmaker's Microscope: Uses optical profiling. The thread profile is aligned with a crosshair in
the eyepiece, and axial displacement is measured using micrometers or digital encoders.

@ Pitch Measuring Machine (Cardiff type): Measures the axial displacement of a stylus which
drops sequentially into the thread grooves. A highly sensitive indicator or interferometer records
the positions.

@ Mathematical Relation: Pitch error is calculated as Ap = pmeasured — Pnominal- Total cumulative
pitch error determines the quality grade of the thread.

@ Lead error in multi-start threads is verified by measuring pitch on individual starts and
confirming the lead index angle.
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Effective Diameter: Two-Wire Method Geometry

————————————— Pitch Line
P (Contact Point)
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Effective Diameter: Three-Wire M

The standard and most accurate method for external thread inspection in calibration laboratories.

Key Points:

Three-Wire Method: Employs three precision wires of identical diameter: two wires on one side
in adjacent grooves, and one wire on the opposite side.

Eliminates Alignment Errors: Ensures the micrometer faces are parallel to the thread axis,
eliminating the alignment errors inherent in the two-wire method.

Equation for 60° Metric Thread: E = M — 3d + 0.86603p, where M is the dimension
measured over the three wires.

Best Size Wire (dopt): The wire diameter that contacts the thread exactly at the pitch line. For
a thread of angle 0: do,r = § sec(6/2). For metric threads (60°), dop: = 0.57735p.
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Effective Diameter: Best Size Wire Derivation
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Measurement of Lead & Pitch Errors

Lead error vs. pitch error, their functional consequences, and measuring techniques.

Key Points:

Lead vs. Pitch: Lead is the distance advanced axially in one turn. In a perfect thread, lead
equals n X p. Lead error directly causes axial misalignment and uneven load distribution.

Types of Pitch Errors: (1) Progressive Error (linear variation due to lead screw inaccuracies),
(2) Periodic Error (cyclic variation due to gear eccentricities), (3) Erratic Error (random spacing
errors).

Lead Testing Machines: Employs a precision carriage driven by a master lead screw. A stylus
tracks the thread groove, and any deviation in axial movement relative to rotation is measured
by an encoder or laser interferometer.

Functional Influence: Pitch and lead errors reduce the flank contact area, resulting in point
loading, high friction, and premature thread stripping under load.
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Practical Metrology: Limits of Accuracy and Temperature

Compensation

Best practices for maintaining traceability and precision in thread metrology.

Key Points:
@ Elastic Deformation: Contact force from the micrometer anvil deforms the wires and the thread
flanks. Correction is applied using the formula: C. = —0.0001 x P?/3 mm (approximate

correction for steel).

@ Thermal Expansion: Measurements must be conducted at the standard reference temperature
of 20°C. Temperature variations create expansion errors: AL = L - AT - (o — ), where ay,
and «; are coefficients of thermal expansion.

@ Calibration of Wires: Wires must be periodically calibrated against gauge blocks. Ovality and
taper of wires should not exceed 0.5 um.

@ Standards: Reference standards ISO 1502 for general ISO metric screw threads gauges and
ANSI/ASME B1.2 for unified screw threads.
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Introduction to Thread Metrology & Effective Diameter

Screw threads are critical mechanical elements requiring precise dimensional control. The effective
(pitch) diameter is the most important parameter to measure, as it determines the fit and strength of
the assembly.

Key Points:
o Effective diameter (pitch diameter) is the diameter of an imaginary co-axial cylinder where the
thread width and space width are equal.
@ Errors in pitch and thread angle affect the virtual effective diameter, potentially causing
interference during assembly.

@ Wire methods (two-wire and three-wire) are the primary standards for non-destructive, highly
accurate measurement of effective diameter.
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Principle of the Two-Wire Method

/U pper Anvil

Lower Anvi

Key Points:

@ Wires of identical and known diameter d are placed in the thread igrooves on opposite sides:
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Mathematical Formulation: Two-Wire Method

For a symmetric V-thread (like ISO Metric or Unified), the distance over the wires M is related to the
effective diameter E, wire diameter d, thread angle 6, and pitch p.

Key Points:
@ The standard formula for distance over wires is: M = E + d(1 +csc &) — £ cot §

@ For ISO Metric threads, where the thread angle 6 = 60° (so 6/2 = 30°), the formula simplifies
to: M = E + 3d — 0.86603p

@ Rearranging for effective diameter yields: E = M — 3d + 0.86603p

@ This equation assumes zero lead angle error; for high helix angles, a correction term must be
applied.
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The Three-Wire Method Setup

A Uppe/r Anvil

——————————————————————— M-=- === == === Axis

Lower Anvil

Key Points:
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Mathematical Formulation: Three-Wire Method

The three-wire method uses the same fundamental geometric relation as the two-wire method, but
eliminates measurement alignment errors.

Key Points:

@ The distance over wires M is measured. The effective diameter E is computed as:
E=M-—d(l+cscf)+ Lcotd

@ For standard Unified (UN) and ISO Metric threads (6 = 60°), the formula is:
E =M — 3d + 0.86603p

@ For Whitworth threads (8 = 55°), the formula becomes: E = M — 3.1657d + 0.9605p

@ Measurements are typically performed at a standardized contact force (e.g., 2.5 N to 10 N
depending on pitch) to minimize elastic deformation of the wires and thread flanks.
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Concept of 'Best Size' Wire

To minimize the sensitivity of the measurement to errors in the thread flank angle (), wires should
contact the thread profile exactly at the pitch line.

Key Points:
@ The wire that makes contact exactly at the pitch line is known as the 'Best Size" wire.
@ For a thread angle 0, the best wire diameter dyest is given by: dhest = gsecg
@ For ISO Metric and Unified threads (6 = 60°), this simplifies to: dyest = 0.57735 X p
°

Using the best size wire ensures that any error in the thread flank angle has zero first-order
effect on the measured effective diameter.
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Industrial Metrology & Sources of Error

Achieving high accuracy in thread calibration requires understanding and compensating for several
systematic and random errors.

Key Points:
@ Elastic deformation: Contact pressure from the micrometer anvil deforms the wire and thread.
This is corrected using the standard 'P-value’ or empirical deformation corrections.
@ Temperature effects: All measurements must be standardized to 20°C; thermal expansion
differences between wires and the gauge must be minimized.
@ Lead and helix angle correction: For threads with high helix angles, the standard formula is
modified to account for the oblique contact of the wire in the helix.

@ Wire calibration: The wire diameter must be calibrated to within £0.5 pm to maintain
gauge-level accuracy.
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Fundamentals of Limit Gauging

Limit gauging is a method of checking dimensions of a part using gauges that represent the
maximum and minimum limits of the component size, without measuring the actual numerical value.

Key Points:

@ GO gauge: Designed to insert into or fit over the component. It checks the Maximum Material
Condition (MMC) of the feature, which corresponds to the lower limit of a hole or the upper
limit of a shaft.

@ NO-GO gauge: Designed to not insert or fit. It checks the Least Material Condition (LMC) of
the feature, representing the upper limit of a hole or the lower limit of a shaft.

@ Eliminates time-consuming micrometric measurements in high-volume production lines.

@ Provides a non-destructive, rapid, binary quality decision (Pass/Fail) that can be operated by
semi-skilled inspection personnel.
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Taylor's Principle of Gauge Design

Proposed by William Taylor in 1905, this principle governs the design of limit gauges to guarantee
the assembly of mating parts without checking incorrect geometries.

Key Points:
@ GO gauge principle: A GO gauge must check the Maximum Material Condition (MMC) of all
features of the mating elements simultaneously (e.g., diameter, roundness, and straightness).

@ NO-GO gauge principle: A NO-GO gauge should check the Least Material Condition (LMC) of
only one feature or dimension at a time.

@ This ensures that form errors (such as lobing or bowing) are detected, preventing the acceptance
of parts that cannot be assembled even if their individual local diameters are within limits.

@ For example, a GO plug gauge for a hole must be full cylindrical, while a NO-GO plug gauge is
designed to contact only two points to check a single cross-sectional diameter.
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GO & NO-GO Plug Gauge Schematic

Dpin GO (Longer) Knurled Handle NO-GO Dmax

Double-ended Plug Gauge for Hole Inspection

Key Points:

@ The GO plug gauge corresponds to the minimum limit of the hole (Dpmin, MMC). It is longer to
verify alignment and straightness of the hole axis.

@ The NO-GO plug gauge corresponds to the maximum limit of the hole (Dpax, LMC). It is
shorter to prevent false rejections due to local roundness errors.

@ If the GO plug enters the hole and the NO-GO plug does not enter, the hole is within the
specified dimensional limits.

GTU Course Presentation D103000151: Measurements and Metrology July 27, 2026



Gauge Tolerance and Wear Allowance Allocation

NO-GO Tol

Hole Tolerance Zone

(Work Tolerance)

GO Tol Drmax

Wear Allowance

N ____-= “ - Basic Size

Key Points:
@ Gauge Tolerance (g) is traditionally set to 10% of the Work Tolerance (/T): g = 0.10 x IT.

@ Wear Allowance (w) is applied when the work tolerance exceeds 0.1 mm, calculated as
w = 0.05 X IT or a fixed value of 10% of the gauge tolerance.

@ Wear allowance is applied only to the GO gauge because it rubs against the workpiece during
assembly. No wear allowance is needed for the NO-GO gauge.

@ Allocation schemes vary between British Standard (BS 969) and the ISO system regarding
unilateral or bilateral allocation of gauge tolerances relative to the work limits.
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Types of Limit Gauges

Different styles of gauges are designed depending on whether they inspect internal features (holes) or
external features (shafts).

Key Points:
@ Plug Gauges: Used to check cylindrical holes. Available as single-ended, double-ended,
progressive (both GO/NO-GO steps on one end), and taper plug gauges.
@ Ring Gauges: Used to check external shafts. Typically separate GO and NO-GO rings since they
cannot be easily combined on a single handle.
@ Snap Gauges (Gap Gauges): Used for checking external dimensions (shafts, thicknesses).
Double-ended or progressive (C-shaped frame with GO and NO-GO anvils).

@ Thread Gauges: Thread plug and thread ring gauges check the pitch diameter, major/minor
diameters, and lead of internal and external threads.
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Gauge Material Selection & Metrological Require

Gauges must maintain dimensional stability, high wear resistance, and corrosion resistance over
thousands of inspection cycles.

Key Points:
@ High-Carbon Alloy Steels: Typically hardened to 60-64 HRC and stabilized by sub-zero
treatment to prevent aging-induced dimensional changes.
@ Tungsten Carbide: Extremely hard, offering up to 10-20 times the wear resistance of steel,
though brittle and expensive.

@ Hard Chrome Plating: Applied to steel gauges to restore worn dimensions and provide excellent
corrosion resistance and low coefficient of friction.

@ Ceramic (Zirconia): Non-magnetic, corrosion-free, and very high wear resistance, but
susceptible to chipping on impact.
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Summary & Inspection Best Practices

Limit gauging remains a cornerstone of high-speed manufacturing inspection, providing a simple,
robust, and cost-effective quality check.

Key Points:

@ Calibration Cycle: Gauges must be calibrated regularly using slip gauges (gauge blocks) or
comparator instruments to monitor wear.

@ Environmental control: Verification should be carried out at standard temperature of 20°C to
avoid thermal expansion errors.

@ Limitations: Gauges do not provide numerical deviation data (cannot be used for Statistical
Process Control / SPC charts directly).

@ Always clean both workpiece and gauge before testing to prevent false readings and abrasive
wear.
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Fundamentals of Limit Gauging

In mass production, measuring the exact dimensions of every part using vernier calipers or
micrometers is highly inefficient. Limit gauging offers a rapid method of inspection where a
component is checked to see if its size lies within the maximum and minimum limits of size. The
gauges used do not measure actual dimensions, but rather indicate whether the part is acceptable

(GO) or rejected (NO-GO).

Key Points:
@ Used for checking cylindrical holes, shafts, screw threads, keyways, and splines.

@ GO Gauge: Designed to check the Maximum Material Limit (MML). For a hole, MML is the
minimum diameter (Dpin). For a shaft, MML is the maximum diameter (dmax)-

@ NO-GO Gauge: Designed to check the Minimum Material Limit (LML). For a hole, LML is the
maximum diameter (Dpax). For a shaft, LML is the minimum diameter (dpmin).

@ Inspection Criterion: The GO gauge must enter/fit the part easily under normal checking
pressure, while the NO-GO gauge must not enter/fit.
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Taylor's Principle of Limit Gauging

Formulated by William Taylor in 1905, Taylor's Principle states that the GO gauge should check the
combined elements of size and form (maximum material condition) in a single operation, while the
NO-GO gauge should check only one element of size (minimum material condition) at a time.

Key Points:

@ GO gauge is a full-form gauge (e.g., a long plug or full ring) to check size and geometric
alignment simultaneously.

@ A full-form GO gauge ensures that the mating parts will assemble without interference under
worst-case dimensions.

@ NO-GO gauge is designed to check a single dimension (e.g., pin gauge or point contact snap
gauge) to prevent local thinning or local out-of-tolerance conditions.

@ A full NO-GO gauge could get stuck on a single out-of-round spot, falsely accepting a part with
major local undersized zones.
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Double-Ended Plug Gauge Configuration

Dpmin (MML) Drmax (LML)

GO NO-GO

Longer Member Shorter Member

Key Points:

@ The GO member is physically longer than the NO-GO member to check straightness and axial
alignment over the full depth of the hole.

@ NO-GO member is shorter because it only checks a local cross-section limit, which does not
require checking axial alignment.

@ Color coding (green for GO, red for NO-GO) and physical length differences prevent operator
error on high-speed assembly lines.

@ Knurled handle provides thermal isolation to prevent body heat from expanding the precision
gauge elements.

GTU Course Presentation D103000151: Measurements and Metrology July 27, 2026



Shaft Inspection: Ring and Snap Gauges

To inspect external cylindrical surfaces (shafts), ring gauges and snap gauges are used. A ring gauge
checks the entire circumference, while a snap gauge checks specific diameters across the shaft length.
According to Taylor’s Principle, a GO ring gauge is a full-form ring that checks the outer diameter
and straightness, whereas a NO-GO ring or snap gauge is designed with point contact to check local
dimensions.

Key Points:

@ GO Ring Gauge: Checks the maximum shaft diameter (dpax) representing the Maximum
Material Limit.

@ NO-GO Ring/Snap Gauge: Checks the minimum shaft diameter (dmin) representing the
Minimum Material Limit.

@ Snap Gauges (C-gauges) are often adjustable or double-sided, allowing rapid pass/fail
inspection without removing the work from the machine.

@ C-type snap gauges feature a GO anvil at the front opening and a NO-GO anvil set deeper
within the gauge frame.
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Gauge Tolerance and Wear Allowance

Gauges cannot be manufactured to absolute nominal dimensions. They must be allocated a
manufacturing tolerance (Gauge Maker’s Tolerance) and, for GO gauges, a Wear Allowance to
account for frictional wear during repeated insertions. In the ISO system, the gauge maker’s
tolerance is typically set to 10% of the work tolerance (/T), and the wear allowance is 10% of the
work tolerance, applied inside the work tolerance zone.

Key Points:
@ Workpiece Tolerance (IT) = Dpax — Dmin (for hole) or dmax — dmin (for shaft).
@ Gauge Tolerance (g) = 0.10 x /T (standard allocation rule of 10%).

@ Wear Allowance (w) = 0.10 x IT (applied only to the GO gauge because it rubs against the
component during entry).

@ No wear allowance is applied to the NO-GO gauge as it is not intended to enter or rub against
the workpiece.

@ Applying tolerances inside the workpiece zone guarantees that no out-of-tolerance parts are
accepted, though it slightly reduces the manufacturing window.
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Gauge Maker's Tolerance Zone Diagram

NO-GO Gauge T}

g)

Hole Tolerance Zone (IT)
Dimax (LML)
GO| Gauge Tol (g)

Wear Allowance (w)

Dumin (MML)I
g - - = = Zero Line (Basic Size)

Key Points:

The diagram illustrates the unilateral tolerance system where gauge tolerances lie entirely
within the workpiece tolerance zone.

GO gauge zone starts at Dp, plus the wear allowance (w), and extends upwards by the gauge
tolerance (g).

NO-GO gauge zone starts at Dp,ax and extends downwards (towards basic size) by the gauge
tolerance (g).

This distribution ensures absolute safety in assembly: every part passed by the gauge is
guaranteed to be within the design limits.
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Practical Inspection & Gauge Calibration

Using GO and NO-GO gauges requires adhering to specific metrological protocols to avoid errors.
Because gauges are subject to mechanical wear and thermal expansion, proper handling, cleaning,
and regular calibration against reference slip gauges (gauge blocks) are mandatory in an industrial
quality control environment.

Key Points:

@ Temperature Control: Calibration must be conducted at the standard reference temperature of
20°C (68°F) to eliminate thermal expansion errors.

@ Operator Force: The GO gauge must pass through the component under its own weight or light
finger pressure (approx. 1-2 N). Forcing the gauge can lead to elastic deformation of the part or
gauge, resulting in false acceptance.

@ Calibration Interval: Gauges are calibrated periodically using high-precision comparator
instruments or master gauge blocks to verify that wear has not exceeded the limit (Dpn for
plug, dmax for ring).

@ Material Choice: Gauges are manufactured from hardened tool steel, tungsten carbide, or
chrome-plated steel to maximize wear resistance and dimensional stability.
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Taylor's Principle of Gauge Design

Taylor's Principle states that the GO gauge should check the maximum material limit of as many
dimensions as possible, while the NO-GO gauge should check the minimum material limit of only one
dimension at a time.

Key Points:

Maximum Material Condition (MMC) defines the limit where the component contains the
maximum volume of steel: minimum hole size (Dpmj,) or maximum shaft size (dmax)-

Least Material Condition (LMC) defines the limit where the component contains the minimum
volume of steel: maximum hole size (Dpax) or minimum shaft size (dmin).

A GO plug gauge checks the minimum limit of a hole (MMC), ensuring accessibility, and is
designed to check length and alignment simultaneously.

A NO-GO plug gauge checks the maximum limit of a hole (LMC) and should not enter the
hole; it is designed to check a single dimension to prevent local errors from passing.
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Double-Ended Plug Gauges

DI03000151
HANDLE

Va mY

GO (Dmin) DGO (Dpmkx)

> —>
Longer Shorter

A

Key Points:

@ A double-ended plug gauge consists of a handle with a GO member at one end and a NO-GO
member at the other.

@ The GO member is designed to the lower limit of the hole (D) and must easily enter the full
length of the hole under its own weight.

@ The NO-GO member is designed to the upper limit of the hole (Dpax) and must not enter the
hole (or at most enter only the chamfer).

@ To distinguish them easily, the GO member is physically longer than the NO-GO member
because it must check the entire length of the bore, whereas the NO-GO only checks the
entrance.

GTU Course Presentation D103000151: Measurements and Metrology July 27, 2026



Ring Gauges for Shaft Metrology

Ring gauges are external limit gauges used to check the outer diameter of shafts. Unlike plug gauges,
they are typically separate single-purpose rings (one GO ring and one NO-GO ring) to maintain
balance and ease of handling.

Key Points:

@ The GO ring gauge is designed to check the Maximum Material Condition of the shaft, which
corresponds to the high limit of the shaft diameter (dmax).

@ The NO-GO ring gauge checks the Least Material Condition (LMC), corresponding to the lower
limit of the shaft diameter (dmin), and must not pass over the shaft.

@ Ring gauges are usually knurled on the outer periphery to ensure a secure grip during manual
inspection.

@ To facilitate visual identification, the NO-GO ring gauge often features an annular groove cut
around its outer cylindrical surface.
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Snap Gauges for External Dimensions

€NOGCO{dp ) = — 'GO'(G"m:xE - -
ntry

Snap Frame
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Thread Gauges: Plug and Ring

Thread gauges are specialized limit gauges used to check screw threads. Unlike plain plug or ring
gauges, thread gauges must inspect complex helical geometries including major diameter, minor
diameter, pitch diameter, and flank angle.

Key Points:

@ Thread Plug Gauges check internal threads (nuts). The GO thread plug gauge has a full thread
profile of maximum length to check the virtual pitch diameter (MMC).

@ The NO-GO thread plug gauge has a truncated thread profile with only a few turns to check
pitch diameter at LMC without interference from other parameters.

@ Thread Ring Gauges check external threads (screws). Similar to plug gauges, the GO ring
gauge has a full profile, whereas the NO-GO ring gauge has truncated thread profiles.

@ Thread caliper or snap gauges are also used in high-volume production lines to speed up the
inspection of external screw threads.
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Gauge Tolerance and Wear Allowance

Since gauges are mass-produced tools, they cannot be manufactured to absolute sizes and must have
their own tolerances. Furthermore, GO gauges experience constant friction and wear, necessitating a
wear allowance.

Key Points:
@ Gauge Tolerance (usually denoted as 10% of the work tolerance) is applied to both GO and
NO-GO limits to allow manufacturing variation in the gauge itself.

@ Wear Allowance (typically 10% of the gauge tolerance or 5% to 10% of work tolerance) is
applied ONLY to the GO gauge because it rubs against the workpiece during inspection.

@ No wear allowance is allocated to the NO-GO gauge because it is not supposed to enter or pass
over the workpiece and thus experiences negligible wear.

@ The placement of gauge tolerance zones is governed by international standards such as BS 969
or ISO systems, aligning them inside or outside the work tolerance limits depending on safety
margins.
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Industrial Selection & Summary

Selecting the correct gauge type is critical for maintaining manufacturing throughput and quality
control. Limit gauges do not measure the actual size but quickly classify parts as acceptable or
rejected (attribute inspection).

Key Points:
@ Plug gauges are optimal for checking cylinders, splines, and keyways in internal holes.

@ Ring gauges provide the most accurate check for roundness and shaft limits, but snap gauges
are preferred for speed on production lines.

@ Thread gauges are mandatory for verifying the assembly capability of fastening components
before shipment.

@ Frequent calibration against master gauge blocks (slip gauges) is required to monitor wear and
prevent false acceptances (Type Il errors).
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Concept of Interchangeability

Interchangeability refers to the capability of choosing any one component at random from a large
batch of similar parts and assembling it with another mating part, chosen at random, to achieve the
desired functional fit without any fitting, adjustment, or replacement.

Key Points:

Mass production relies heavily on interchangeability to reduce production time and labor cost.
Eliminates the need for custom fitting or pairing during assembly processes.

Requires strict control of dimensional tolerances and geometric tolerances.

Promotes ease of maintenance and replacement of worn-out parts in the field.

Ensures compatibility of parts manufactured at different geographic locations.
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Full vs. Localized Interchangeability

Depending on where the parts are manufactured and how they are matched, interchangeability is
classified into two main categories: Universal (Full) and Localized.

Key Points:

@ Universal Interchangeability: Parts manufactured anywhere in the world by different firms can
be assembled with mating parts from other firms. Requires standardized limit systems (e.g.,
ISO, ANSI).

@ Localized (Internal) Interchangeability: Interchangeability is limited to a single manufacturing
facility or firm, using proprietary standards or tools.

@ Full interchangeability requires high-precision manufacturing, leading to increased production
costs due to tight tolerances.

@ When tolerances are too wide for standard interchangeability but high precision is required,
selective assembly is used.
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Selective Assembly

Selective assembly is a method in which the manufacturing tolerances are widened to reduce
production costs, and the manufactured parts are classified into groups according to their actual
sizes. Mating parts from corresponding groups are then assembled.

Key Points:

Ideal for high-precision fits (e.g., ball bearings, piston-cylinder assemblies, fuel injector plungers).

Allows wider manufacturing tolerances ( Tpg;) while achieving very tight assembly clearances
(Cassemb/y)'

Reduces scrap rates and machining costs compared to achieving the same fit via full
interchangeability.

Mathematical relation: If a tolerance T is divided into n groups, the group tolerance is
Tg=T/n.
g

Requires 100% inspection of parts to classify them into accurate dimensional bins.
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Visualizing Selective Assembly

Selective Assembly Binning

Match A
Shaft Bin A (Small) — ) Hole Bin A (Small)
Match B
Shaft Bin B (Medium) Lz ) Hole Bin B (Medium)
Match C
Shaft Bin C (Large) — ) Hole Bin C (Large)

Key Points:
@ Parts are sorted into matched size ranges (Bins A, B, and C).
@ Only shafts from Bin A are paired with holes from Bin A, ensuring the desired precise clearance.
@ \Wider component-level manufacturing tolerance is subdivided into harrower group-level
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Hole and Shaft Limits and Fits

Tolerance Limits for Clearance Fit

Th Hole Tol. ne

B Lg === == — = m—— - - - — = Zero Line (Basic Size)

Shaft . Zone Ts

Key Points:
@ Basic Size: The size to which tolerance limits are applied.
@ Tolerance (Ty, Ts): The difference between the maximum and minimum limits of size.
@ Clearance Fit: An assembly where the shaft size is always smaller than the hole size (Cpin > 0).
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Formulas and Tolerances in Assembly

Understanding the mathematics behind tolerance stack-up and selective assembly helps metrologists
choose between assembly methods.

Key Points:

Tolerance Stack-up (Worst Case): Tassembly = Thole + Tshare- For full interchangeability, this
total must be less than the acceptable range of clearance.

Statistical Tolerance (RSS Method): Tassembly = \/ T2y + T 2.5~ Assumes normal distribution
of sizes.
Selective Assembly Binning: If N is the number of bins, the assembly clearance range is

L T T,
reduced. For n subdivisions, the assembly tolerance becomes Tssempy, = —£2le 4 —shaft

This allows manufacturing tolerances to be n times larger than they would be under full
interchangeability for the same clearance range.

Probability of mismatch at the bin boundaries must be minimized by tight distribution control
(e.g., Six Sigma limits).
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Metrology Practices & Advantages

Selective assembly and interchangeability are applied selectively based on production volume,
accuracy requirements, and cost structures.

Key Points:

Application of Interchangeability: Used in standard fasteners, consumer electronics, and
automotive replacement parts.

Application of Selective Assembly: Used in piston-cylinder pairings in IC engines, high-speed
ball and roller bearings, and hydraulic valve spools.

Key Metrological Tooling: Automated sorting machines using pneumatic or LVDT gauges are
utilized to classify parts into bins rapidly.

Limitation of Selective Assembly: Increases inventory costs because parts of one group must
wait for matching parts from the corresponding group.

Hybrid Assembly: An emerging technique combining flexible automation and matching sensors
to minimize inventory mismatch.
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Concepts of Limit Gauging

In mass production, checking the absolute dimensions of every single part using precision instruments
like micrometers or vernier calipers is slow and economically unfeasible. Instead, limit gauges (GO
and NO-GO) are used as check-standards to quickly verify if dimensions fall within the design limits.

Key Points:

@ Gauging determines component acceptability without providing a quantitative measurement
value.

@ GO gauge checks the Maximum Material Condition (MMC), representing the lower limit of a
hole or the upper limit of a shaft.

@ NO-GO gauge checks the Least Material Condition (LMC), representing the upper limit of a
hole or the lower limit of a shaft.

@ GO gauges must enter/fit the part easily, whereas NO-GO gauges must not enter/fit.

@ Highly efficient for high-throughput assembly lines where time-per-part is minimized.
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Taylor's Principle of Gauge Design

Drmin GO (MMC) HANDLE NO-GO (LMC)| | Dpax
ull cylinder: Checks size and fqrmT Stor] pin/flat: Checks singld d{m.
Key Points:
@ Taylor's Principle states that the GO gauge should check the size and geometric form

(straightness, roundness) simultaneously.

This is why a GO plug gauge is a full cylinder covering the entire length of the hole being
inspected.

The NO-GO gauge should check only one dimension at a time (local limits of size).

NO-GO plug gauges are made short or as pin-type contacts to isolate single point-to-point
measurements.

Violating Taylor's Principle can result in accepting bent or oval shafts/holes that won't
assemble properly.
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Gauge Tolerance and Wear Allowance

Gauges themselves are physical objects that require manufacturing tolerances. Additionally, because
the GO gauge undergoes frictional wear each time it is inserted into a component, we must account
for dimensional degradation over time.

Key Points:

@ Gauge Tolerance (T,): Set to 10% of the work tolerance (/T) to prevent excessive reduction of
the manufacturing window.

@ Wear Allowance (W): Applied strictly to the GO gauge. It is usually 10% of the gauge
tolerance or 5% of the work tolerance.

@ Wear allowance is placed in the direction of wear (adding material for plug gauges, subtracting
for ring gauges).

@ NO-GO gauges do not require a wear allowance because they do not enter the workpiece and
thus experience negligible wear.

@ When the GO gauge wears down past its nominal dimension to the wear limit, it must be
retired from service.
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Disposition of Gauge Tolerances

High Limit (Dpmax) T
- g
IT Hole Tolerance Zone (/T)

O Gauge Tol (T,

Vear Allowance (W

Low Limit (Dpmin)

————————————————————————————————————— Zero Line

Key Points:

@ In standard bilateral /ISO gauge design, the gauge tolerance zones are kept entirely within the
work tolerance limits.

@ For a hole: The GO gauge zone is elevated above the minimum limit by the wear allowance W.

The NO-GO gauge zone is set inside the maximum limit by the gauge tolerance Ty.

This placement guarantees that no out-of-tolerance parts are accepted, but slightly narrows the
usable production tolerance.

@ If gauge tolerances fell outside, there would be a risk of accepting defective parts.
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Systems of Gauge Allocation

Different metrology standards specify how gauge tolerance zones are situated relative to the work
limits. The choice of system balances the cost of production against the severity of accepting
non-conforming parts.

Key Points:

@ Workshop Gauges: Positioned strictly inside the work tolerance to guarantee that the
manufacturer does not produce out-of-spec parts.

@ Inspection Gauges: Used by quality auditors. Their tolerance zones may be placed slightly
outside the work limits to prevent rejecting borderline acceptable parts.

@ General Purpose Gauges: A simplified system where production and quality departments use the
exact same gauge tolerances to avoid conflicts.

@ Wear allowance is typically omitted when the work tolerance (/T) is very small (e.g., under
0.09 mm in older British standards) to preserve the production window.

@ Modern ISO systems standardise gauge zones depending on the grade of tolerance (/T1 to
IT16).
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Practical Design Calculation Example

Design a plug gauge to inspect a hole of nominal size 25 H7. Given: - Fundamental tolerance for
IT7: 16 x 107> mm = 0.016 mm - Hole limits: 25.000 mm (Min) to 25.016 mm (Max) - Gauge
tolerance (Tg): 10% of IT = 0.0016 mm - Wear allowance (W): 10% of T, = 0.00016 mm

Key Points:

@ GO plug gauge Nominal size = Min Hole Limit + Wear Allowance =
25.000 + 0.00016 = 25.00016 mm.

@ GO plug gauge Limit Dimensions = 25.00016 mm to 25.00176 mm (+ T, added).
@ NO-GO plug gauge Nominal size = Max Hole Limit = 25.016 mm.

@ NO-GO plug gauge Limit Dimensions = 25.0144 mm to 25.0160 mm (T, subtracted to keep
within work zone).

@ The GO gauge is stamped with 25.00016 mm and the NO-GO with 25.0160 mm for floor use.
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Gauge Materials and Calibration

To maintain precision over hundreds of thousands of duty cycles, the material selection, heat
treatment, and surface finishing of limit gauges must meet stringent engineering standards.

Key Points:

High-Carbon Steel: Hardened to 60-62 HRC and stabilized by sub-zero thermal treatment to
prevent long-term dimensional drift.

Hard Chrome Plating: Provides a low coefficient of friction, high corrosion resistance, and
allows worn gauges to be replated and ground back to size.

Tungsten Carbide: Extremely hard and wear-resistant; used for high-volume inspection lines
despite higher raw material costs.

Invar (Nickel-Iron alloy): Used for extra-large caliper or ring gauges where thermal expansion
under shop floor temperature fluctuations would introduce errors.

Regular metrological calibration against Class O slip gauge blocks ensures that gauge wear
remains within the specified wear limit.
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Definition of a Transducer

A transducer is a physical device that converts a physical parameter (measurand) into a usable
electrical signal or another physical form. In metrology, it functions as the critical link between the
physical domain and instrumentation systems.

Key Points:
@ Converts physical quantities (e.g., pressure, temperature, force, velocity) into electrical analogs
(e.g., voltage, current, resistance, capacitance).

@ Consists of two primary functional components: the Sensing/Detecting Element and the
Transduction Element.

@ Mathematical representation of response: Sour = f(Qjn), where Qj, is the input measurand and
Sout is the output signal.

@ Transducer performance is characterized by static metrics: sensitivity S = 'fé’f”, repeatability,
mn

hysteresis, and linearity.

GTU Course Presentation D103000: Measurements and Metrology



Functional Block Diagram of a Transducer

Physical Measur§nd Non-Electrical lectrical Signal
(e.g., Force, Ten%) . Signal (v, 1, AR)
———>| Sensing Element (Sensor) Transduction Element

Key Points:

@ Sensing Element: Direct physical interface that undergoes a mechanical, thermal, or chemical
change (e.g., deflection of a diaphragm).

@ Transduction Element: Converts the non-electrical output of the sensing stage to an electrical
form (e.g., strain gauge converting displacement to resistance variation AR).

@ Impedance matching between these elements is critical to minimize loading effects and signal
attenuation.

@ In some transducers (e.g., thermocouples), the sensing and transduction elements are physically
integrated into a single component.
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Classification by Source of Power: Active vs. Passive

Transducers are broadly classified based on whether they require external electrical excitation to
produce an output signal.

Key Points:

@ **Active Transducers (Self-Generating):** Convert energy from the measurand directly into an
electrical output. No external power supply is needed. Examples: Piezoelectric crystals
(V =g-t-o), Thermocouples (E = aAT + bAT?), and Photovoltaic cells.

@ **Passive Transducers (Externally Powered):** Require an auxiliary power source to operate.
They modulate an electrical parameter (R, L, or C) in response to the measurand. Examples:
RTDs, LVDTs, and Capacitive pressure sensors.

@ Active transducers typically exhibit faster dynamic response but can load the measured system.
Passive transducers allow easier signal conditioning and higher sensitivity control.
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Primary and Secondary Transduction Stages

Pressure (P)
B—————

Primary Transducer
(Bourdon Tube)

Displacement
()

Key Points:

Secondary Transducer Vo
(LvDT)

tage (Vout)
—

@ Metrology systems often utilize a multi-stage configuration to measure complex variables with
high accuracy.

@ **Primary Transducer:** Detects the physical parameter directly and converts it to a
mechanical displacement or force (e.g., Bourdon tube converting pressure to displacement).

@ **Secondary Transducer:** Converts the mechanical output of the primary stage into a
corresponding electrical signal (e.g., LVDT converting displacement into AC voltage).

@ This cascading approach isolates the primary sensor from electrical interference but increases
overall measurement calibration complexity.
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Classification by Output Signal: Analog vs. Digital

Transducers are categorized by their signal format, which dictates the layout of downstream data
acquisition and signal conditioning architectures.

Key Points:

@ **Analog Transducers:** Produce a continuous output signal that varies in direct proportion to
the measurand. Examples: LVDT outputting continuous AC voltage, or RTD in a Wheatstone
bridge circuit.

@ **Digital Transducers:** Convert the measurand into discrete digital pulses or binary codes.
Example: Optical shaft encoders generating pulse counts representing angular displacement 6.

@ Digital signals are highly immune to transmission noise and electromagnetic interference (EMI),
and interface directly with digital controllers.

@ **Quasi-Digital Transducers:** Output a frequency-modulated signal (f = ﬁ) or PWM
signal where frequency represents the measurand.
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Classification by Transduction Principle

Transducers can be classified based on the physical mechanism and electrical principles they utilize to
achieve conversion.

Key Points:

**Resistive Transducers:** Based on resistance variation: R = p;f. Change in resistance occurs
through length variation / (strain gauges), resistivity p (semiconductor thermistors), or contact
position.
**Inductive Transducers:** Based on electromagnetic induction. Governed by self-inductance

2 . . N
L= ng or mutual inductance, where change in magnetic circuit reluctance R, alters output
voltage.

**Capacitive Transducers:** Governed by capacitance change: C = %. Variations are achieved

by altering plate separation distance d, overlapping plate area A, or dielectric constant €.

**Piezoelectric Transducers:** Produce electrostatic charge: ¢ = d - F when subjected to force
F, utilizing crystals such as Quartz or PZT.
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Selection Criteria for Metrology Transducers

Selecting the correct transducer for industrial metrology requires evaluation of mechanical, electrical,
and environmental specifications.

Key Points:

@ **QOperating Range and Sensitivity:** The device must cover the full measurement range while
maintaining a high sensitivity S to maximize resolution.

@ **Accuracy and Linearity:** Minimizing non-linearity errors (

@ **Dynamic Response:** The natural frequency f, and damping ratio ¢ must be matched to the
frequency of the measurand to prevent amplitude and phase distortion.

@ **Environmental Ruggedness:** The transducer must resist drift and calibration shifts due to
temperature fluctuations, moisture, dust, and mechanical vibrations.
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Definition of a Transducer

A transducer is a physical device that converts energy from one form to another, typically translating
a non-electrical physical quantity (measurand) into a usable electrical signal. The input energy Ei,
and output energy E,,; relation is modeled as: Eoye = f(Ein)

Key Points:
@ Definition: Converts physical variables (displacement, temperature, force, pressure) into
proportional electrical quantities (voltage, current, resistance, capacitance).
@ Distinction: A 'Sensor’ detects a physical change and produces a signal (not necessarily
electrical), whereas a 'Transducer’ explicitly performs energy conversion.
@ System Integration: Acts as the primary sensing element in data acquisition systems (DAQ),
linking the physical domain to the electronic domain.

@ Mathematical Sensitivity: Defined as S = %

response) over the operating range.

, which should ideally remain constant (linear
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Functional Blocks of a Transducer System

Measurand

rmediate %

znal

(e.g., Pressuge) . i Intd
_} Primary Sensing Element

Key Points:

[4

Transduction Element

Electrical Output

(eg. Av}

@ Primary Sensing Element: Interacts directly with the measurand and undergoes a corresponding

physical change or displacement.

@ Transduction Element: Converts the output of the primary sensing element into an electrical
signal (e.g., change in resistance, capacitance, voltage).

@ Signal Conditioning (External): Often required to filter, amplify, or linearize the raw
transduction output prior to digitization.

@ Example: In a Bourdon tube pressure transducer, the tube is the sensing element (deflects), and
the LVDT or potentiometer is the transduction element.
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Taxonomy of Transducers

Transducers are classified based on multiple design and operational criteria to assist engineers in
selecting the correct sensor for metrological applications. Classification is based on: 1. Source of
energy requirement (Active vs. Passive) 2. Nature of output signal (Analog vs. Digital) 3. Principle
of transduction (Resistive, Inductive, Capacitive, Piezoelectric, Photoelectric) 4. Primary vs.
Secondary operation

Key Points:

Primary vs. Secondary: Primary transducer converts physical quantity to mechanical signal;
Secondary converts mechanical signal to electrical signal.

Energy Source: Active (self-generating, no external power) vs. Passive (externally powered,
modulating electrical parameter).

Output Mode: Analog (continuous voltage/current) vs. Digital (discrete pulses, frequency, or
binary representation).

Transducer vs. Inverse Transducer: A transducer converts non-electrical to electrical; an inverse
transducer converts electrical to non-electrical (e.g., piezoelectric actuator).
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Active vs. Passive Transducers

Measuragc Active Transducer Blectrical Outgut
(Self-Generating)

Measuragd Passive Transducer Electrical OUtSUt
(Modulating)

External Power
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Resistive and Capacitive Transduction Principles

Transduction principles rely on basic electrical physics laws. Resistive change is governed by:
R = p% Capacitive change is governed by: C = eoe,§ These changes are measured using bridge or
frequency circuits.

Key Points:

Resistive Transducers: Strain gauges utilize change in length (/) and cross-sectional area (A) via

Gage Factor: G =1+ 2v + dd‘;;lp. RTDs utilize temperature coefficient of resistance «.

Capacitive Transducers: Sense displacement via variable plate distance (d), overlapping area
(A), or dielectric constant (e,). Very high input impedance and sensitivity.

Dynamic Response: Capacitive sensors have excellent frequency response (often > 10 kHz)
making them suitable for dynamic measurements.

Metrology Application: Capacitive micrometers achieve sub-nanometer resolution in precision
displacement calibration.
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Inductive and Piezoelectric Principles

Inductive transduction relies on Faraday's law of induction and variations in magnetic circuit

2 . . .
reluctance: L = g—m Piezoelectric transducers generate charge under mechanical stress: g = d - F
where d is the piezoelectric charge coefficient (C/N).

Key Points:
@ Inductive Transducers: LVDT (Linear Variable Differential Transformer) utilizes variable mutual
inductance. It features a movable ferromagnetic core providing high linearity.

@ Piezoelectric Effect: Exhibited by non-centrosymmetric crystals like Quartz, Rochelle salt, and
PZT. High frequency response, but cannot measure static loads (leakage charge).

@ LVDT Output: The secondary differential voltage is E, = Es; — Es. It changes polarity as the
core moves through the null position.

@ High Temperature Limits: Piezoelectric materials lose their properties above the Curie
temperature, limiting their use in extreme environments.
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Transducer Selection Criteria in Metrology

Selecting a transducer for industrial metrology requires evaluating static and dynamic characteristics
against application constraints. Crucial metrics include: Accuracy = £% of Full Scale (F.S.)
AV

Sensitivity = xysrand

Key Points:

@ Static Characteristics: Linearity, hysteresis, repeatability, resolution, threshold, and drift over
temperature.

@ Dynamic Characteristics: Fidelity, speed of response, bandwidth, time constant (for 1st order
systems: 7), natural frequency (for 2nd order systems: w,).

@ Environmental Constraints: Electromagnetic interference (EMI) susceptibility, operating
temperature range, corrosion resistance, and vibration isolation.

@ Calibration Traceability: Transducers must undergo routine calibration traceable to national
standards (e.g., NIST, NPL) using primary reference calibrators.
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Displacement Measurement: LVDT Principle

Primary Coil (Ein)

AAAA

Displacement x

econdary S; Secondary $
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DT Characteristics and Metrological Specifications

Key metrological aspects of LVDTs for industrial applications:

Key Points:

@ Sensitivity: Expressed in mV/V/mm (output voltage per volt of primary excitation per unit
displacement).

@ Linear Range: Typically ranges from +0.1 mm to £500 mm with linearity error < 0.25% of
full scale.

@ Resolution: Theoretically infinite, limited only by the signal conditioning circuitry and electrical
noise (often down to sub-micron levels).

@ Dynamic Response: Limited by the core mass and excitation frequency; usually restricted to
displacement frequencies below 1/10 of the excitation carrier frequency.

@ Calibration Procedure: Multi-point calibration using a precision micrometer head or laser
interferometer to establish the calibration curve (E,,: vs. displacement x).
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Pressure Measurement: Elastic Transducers

Deflected Diaphragm

Clamp Clamp

Applied Pressure (P)

Key Points:

@ Diaphragm elements are thin, flat circular plates clamped around their periphery, deflecting
under the action of differential pressure.

@ Governing Equation (Center Deflection): For a clamped flat circular diaphragm, the center
deflection yg is given by: yp =
Young's Modulus, and v is Poisson’s ratio.

where P is pressure, R is radius, t is thickness, E is

@ Linearity Limit: The center deflection must be kept small (yo < 0.3t) to avoid non-linear
membrane stresses and maintain bending-dominated linear behavior.

nsd ion NMechopic . Dofloctiog oo od oo olo o oce o g
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Piezoelectric and Capacitive Pressure Sensors

Comparison of high-performance electronic pressure measurement techniques:

Key Points:

Piezoelectric Sensors: Utilize crystals (e.g., Quartz, Lead Zirconate Titanate) that generate
charge g = d - F when subjected to force/pressure.

Dynamic Response: Excellent for high-frequency transient pressure measurements (e.g.,
combustion chambers, explosions), but incapable of static pressure measurement due to charge
leakage.

Capacitive Pressure Sensors: Measure change in capacitance as diaphragm displacement alters
the gap d of a parallel plate capacitor: C = %.

Advantages: High sensitivity, low temperature coefficient, excellent stability, and low power
consumption, widely used in barometers and altimeters.

Signal Conditioning: Requires charge amplifiers for piezoelectric sensors, and AC bridge or
resonant circuits for capacitive sensors.
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Force Transduction: Elastic Load Cells

Engineering design and working principles of strain-gauge-based load cells:

Key Points:

@ Elastic Member: Converts applied force F into mechanical strain € within a structural member
(e.g., column, cantilever beam, or ring).

@ Column Load Cell: Under uniaxial compression, axial strain e, = 7% and transverse strain
&+ = —VE,, where A is the cross-sectional area.

@ Temperature Compensation: Achieved by using a full Wheatstone bridge with active gauges
aligned axially and dummy/Poisson gauges aligned transversely.

@ Bridge Output Voltage: For a 4-gauge active bridge, Vo = Vi, - % =Vip-GF -g,-(1+4v),
where GF is the gauge factor.

@ Metrological Standards: Calibrated in accordance with ISO 376 or ASTM E74, using
deadweight machines for high-accuracy reference standards.
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Strain Measurement & Gauge Factor Derivation

Fundamental physics of electrical resistance strain gauges:

Key Points:
@ Piezoresistive Effect: The change in electrical resistance R of a conductor due to mechanical
strain € = %.

@ Gauge Factor (GF) Derivation: GF = AAZT =1+2v+ i’iﬁ, where 1 + 2v represents

dimensional change and the last term represents piezoresistivity.

@ Metallic vs. Semiconductor Gauges: Metallic foils have GF = 2.0 (mostly dimensional
changes); semiconductor silicon gauges have GF =~ 100 to 150 (strongly piezoresistive but
highly temperature sensitive).

@ Transverse Sensitivity: Strain gauges also respond to strain perpendicular to their grid axis;
modern gauge design minimizes this using wide end-loops.

@ Installation Process: Surface preparation (degreasing, abrading, neutralizing), bonding with
cyanoacrylate/epoxy adhesive, and applying protective coatings.
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Wheatstone Bridge Configurations and Calibration

Signal conditioning and noise mitigation in strain measurements:

Key Points:

Quarter-Bridge Circuit: Uses a single active gauge. Highly susceptible to temperature-induced
resistance changes (ART = RaAT).

Half-Bridge Configuration: Uses two active gauges (e.g., one in tension, one in compression).
Automatically cancels temperature effects and doubles output sensitivity.

Full-Bridge Configuration: Uses four active gauges, maximizing sensitivity (4X quarter-bridge
output for bending beams) and providing complete temperature compensation.

Lead-Wire Resistance Error: Addressed using a 3-wire or 4-wire connection scheme to place
lead-wire resistances in opposing arms of the bridge.

Shunt Calibration: A precision res;lstor (Rs) is connected in parallel with a bridge arm to

simulate a known strain: g5, = m
'S

GTU Course Presentation Measurements and Metrology



Torque Measurement in Rotating Shafts

Torque (T) transmission causes an angular twist (0) over a shaft length (L) governed by the torsion
equation: g = GTG = Z. Measuring 0 via strain gauges or optical encoders yields torque.
Key Points:

@ Strain Gauge Torsion Meter: Four strain gauges are mounted on the shaft at 45° to the
longitudinal axis, forming a full Wheatstone bridge to measure principal shear strains

(v = £2¢).
@ Temperature compensation is inherently achieved as adjacent arms experience opposite strain
signs: €1 = —ey = €3 = —€4.

@ Slip rings or wireless telemetry are used to transfer bridge signals from the rotating shaft to the
stationary data acquisition system.
@ Dynamic calibration requires standard weights applied at a known lever arm length to establish

torque vs. bridge output voltage (Vout/Vin = %(51 — e + €3 — €4)).
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Strain Gauge Torsion Bridge Layout

SE EETEEE & -1 % |----- £ — |- - - Axis

Key Points:
@ Principal stresses due to pure torsion lie at +45° relative to the shaft axis.
@ Gauges 1 and 3 experience tensile strain, while Gauges 2 and 4 experience compressive strain.

@ This arrangement provides maximum sensitivity (4 times that of a single gauge) and cancels
axial bending and temperature effects.
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Linear Variable Differential Transformer (LVDT)

The LVDT is an inductive transducer converting linear motion into an electrical signal. The
differential output voltage is Vo = V51 — Vo, where V1 and Vs, are amplitudes of secondary
winding voltages.

Key Points:

@ Operating Principle: A primary coil excited by an AC source (1 kHz — 10 kHz) creates an
alternating magnetic field that couples to two secondary coils symmetrically wound.

@ Core Displacement: A ferromagnetic core moves axially inside the coils. At the null position,
magnetic coupling to both secondaries is equal, resulting in Vo, = 0.

@ Phase Sensitivity: As the core moves from the null position, V,,: increases linearly with
displacement. The phase of V,,; relative to the primary excitation determines the direction of
movement (0° or 180°).

@ Industrial Metrology Applications: Widely used for surface profiling, thickness monitoring, and
spool valve position feedback in hydraulic actuators.
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LVDT Schematic Diagram

Vout = Vs1 — Vs

y

Vin

Sec 1 Primary Sec 2

Key Points:

@ The central primary coil is driven by an AC excitation voltage.
@ The two identical secondary coils (Sec 1 and Sec 2) are connected in series-opposition.

@ Axial core displacement alters the mutual inductance between primary and secondaries,
changing the differential output amplitude.

GTU Course Presentation D103000151: Measurements and Metrology



Piezoelectric Accelerometer

Piezoelectric accelerometers utilize the direct piezoelectric effect where charge g is generated:
q=d-F =d-m- a, where d is the piezoelectric coefficient, m is the seismic mass, and a is
acceleration.

Key Points:
@ Dynamic System Model: Modeled as a spring-mass-damper system. The natural frequency

fn = ﬁ,/ % limits the high-frequency measurement range.

@ Frequency Response: Typically operated below 20% of its resonant frequency to maintain a flat
sensitivity response (constant acceleration to charge ratio).

@ Signal Conditioning: High output impedance requires a charge amplifier or built-in IEPE
(Integrated Electronics Piezo-Electric) preamplifier to convert charge to low-impedance voltage.

@ Applications: Structural health monitoring, automotive crash testing, and rotating machinery
vibration analysis (ISO 10816 monitoring).
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Differential Pressure Flow Meters

Orifice plates generate a pressure drop (AP) related to mass flow rate (m) by Bernoulli's equation:
m=Cq-Az- 4/ fi%’:, where Cy is discharge coefficient, 8 = D,/D; is the beta ratio.

Key Points:

@ Primary Element: The orifice plate creates a flow restriction, converting pressure energy to
kinetic energy (velocity increases at the vena contracta).

@ Pressure Taps: D and D/2 taps or flange taps are placed upstream and downstream to measure
the differential pressure via a transducer.

@ Discharge Coefficient (Cy4): Corrects for energy losses and vena contracta contraction; typically
around 0.6 for sharp-edged orifices, calibrated per ISO 5167.

@ Installation Constraints: Requires straight pipe runs upstream (typically 10D to 40D) to ensure
fully developed turbulent velocity profiles.
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Industrial Temperature Transducers

Industrial temperature measurement depends on Thermocouples (Seebeck Effect: E = a1 T + a, Tz)
and Resistance Temperature Detectors (RTDs: R(T) = Ro(1 + o T)).

Key Points:

@ Seebeck Effect: A junction of two dissimilar metals generates a thermoelectric voltage
proportional to the temperature difference between the hot junction and reference junction.

@ RTD Pt100: Consists of a platinum wire with a nominal resistance of 100 Q at 0°C and
temperature coefficient oz = 0.00385 °C 1.

@ RTD Lead-Wire Compensation: 3-wire and 4-wire Wheatstone bridge configurations are used to
eliminate the effect of long extension wire resistance.

@ Response Time: Affected by the thermal mass of the thermowell; transient heat transfer is
mc
governed by the time constant 7 = hA
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Thermoelectric Effects: Seebeck, Peltier, and Th

Thermoelectricity involves the direct conversion of temperature differences to electric voltage. The
. . . T
governing relation for the Seebeck EMF is: Exp = fTh?t(SA — Sg)dT, where Sx and Sg are the
rei
Seebeck coefficients of the two dissimilar metals.

Key Points:

@ Seebeck Effect: A temperature difference between two junctions of dissimilar metals generates
an electromotive force (EMF) proportional to the gradient.

@ Peltier Effect: When an electric current flows through a junction of dissimilar metals, heat is
either absorbed or liberated at the junction depending on the current direction.

@ Thomson Effect: Heat is absorbed or evolved when current flows through a single homogeneous
conductor that has a temperature gradient along its length.

@ Total Thermoelectric EMF: The net EMF in a thermocouple circuit is the algebraic sum of the
Peltier EMFs at the junctions and the Thomson EMFs along the conductors.
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Fundamental Laws of Thermocouple Circuits

Three fundamental laws govern thermocouple circuits and enable accurate temperature
measurements using intermediate leads and junctions. The Law of Intermediate Metals is expressed
as: Eac = Eag + Egc. The Law of Intermediate Temperatures is: ET1_>T3 = ETI_,T2 + ET2_,T3.

Key Points:
@ Law of Homogeneous Materials: A thermoelectric current cannot be sustained in a circuit of a
single homogeneous metal, regardless of temperature distribution along it.

@ Law of Intermediate Metals: The sum of thermoelectric forces in a circuit of multiple metals is
zero if the entire circuit is kept isothermal, allowing insertion of copper leads.

@ Law of Intermediate Temperatures: The EMF generated by a thermocouple with junctions at
temperatures T; and T3 is the sum of the EMFs it generates with junctions at (T3, T;) and
(TQ, T3).

@ Practical Relevance: These laws justify the use of copper extension wires and permit electronic
cold-junction compensation (CJC) in data acquisition systems.
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Industrial Thermocouple Circuit Schematic

Referspee Lemtttion ( Trer)

Metal
Measuring Junction ( Thot Measuring Instrument

Metal

Reforper Leatttion (Tr)

Key Points:
@ Measuring Junction: Placed at the measurement point where temperature Ty is to be
determined.
@ Reference Junction: Maintained at a known reference temperature T, (traditionally 0°C ice
bath, now electronically compensated).

@ Copper Extension Wires: Connect reference junctions to the voltmeter/DAQ without
introducing additional thermoelectric voltages.

@ EMF Measurement: The measured millivolt signal is converted to temperature using standard
reference tables (NIST ITS-90).
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Standard Thermocouple Types and Selection Criteria

Thermocouples are standardized into letter-designated types based on alloy compositions, operating
ranges, and environmental compatibility. Base metal types (K, J, T, E, N) are suitable for
low-to-medium temperatures, while noble metal types (R, S, B) are reserved for high temperatures
and harsh oxidizing environments.

Key Points:
@ Type K (Chromel/Alumel): Broad range (-200°C to 1250°C), cheap, reliable, widely used in
oxidizing atmospheres.

@ Type J (Iron/Constantan): High sensitivity ( 50 1V/°C) but limited to 750°C due to rapid
oxidation of iron.

@ Type T (Copper/Constantan): Excellent stability and precision at cryogenic and low
temperatures (-200°C to 350°C).

@ Type S/R (Pt-10% or 13% Rh/Pt): Noble metal sensors offering high accuracy and stability up
to 1450°C, prone to contamination.

@ Sheathing: MgO insulated stainless steel or Inconel sheathing provides mechanical support and
protection against chemical attack.
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Foundations of Radiation Pyrometry

Radiation pyrometry is a non-contact temperature measurement technique based on the thermal
radiation emitted by hot bodies. The total emissive power E of a blackbody is given by the
Stefan-Boltzmann Law: E = e T*, where o = 5.6703 x 1078 W/m?K* and e is surface emissivity.

Key Points:
S

@ Planck’s Law: Describes the spectral distribution of blackbody radiation: Ex = BTy

@ Wien's Displacement Law: Peak wavelength of emission is inversely proportional to
temperature: A\pa T = 2898 pum - K.

@ Emissivity Effect: For real surfaces, ¢ < 1.0. Emissivity depends on material, surface roughness,
wavelength, and temperature.

@ Non-contact Advantages: No thermal loading, capable of measuring moving targets, extremely
high temperatures (;1500°C), and hazardous zones.
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Disappearing Filament Optical Pyrometer

Objective Lens Eyepiece
Filament Lamp

R :@ Observer Eye

Red Filter

Ttarget

Key Points:
@ Brightness Matching: The target image is superimposed with the filament of a calibrated
tungsten lamp under monochromatic light.
@ Disappearing Filament State: Current to the lamp is adjusted until the filament brightness
matches the target, making the filament invisible.
@ Under-heating: If current is too low, the filament appears dark against the bright background of
the hot source.

Over-heating: If current is too high, the filament appears brighter than the background.

Ammeter Calibration: The current passing through the filament is calibrated directly in terms of
temperature.
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Calibration Protocols & Metrological Standards

To maintain traceability and accuracy, industrial temperature sensors must be periodically calibrated
against primary and secondary standards defined in the International Temperature Scale of 1990

(ITS-90).

Key Points:

@ ITS-90 Fixed Points: Primary calibration uses phase transition temperatures of pure substances,
e.g., triple point of water (0.01°C), freezing point of Silver (961.78°C).

@ Thermocouple Calibration: Performed by comparison with a standard Platinum Resistance
Thermometer (SPRT) in fluidized sand baths or salt baths.

@ Pyrometer Calibration: Uses blackbody cavity calibrators (high emissivity, € > 0.999) with
temperature controlled by a primary reference pyrometer.

@ Uncertainty Sources: Cold junction compensation drift, lead wire resistance, sensor
aging/decalibration, emissivity variations, and optical path dust attenuation.
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Physics of Thermocouples (Thermoelectricity)

Thermocouples operate on the principle of thermoelectricity, governed by three primary physical
effects: Seebeck, Peltier, and Thomson. These effects describe the conversion of temperature
differences directly into electrical voltage.

Key Points:

@ Seebeck Effect: A temperature gradient across a conductor generates a proportional
electromotive force (emf): dE = aap dT, where aag is the relative Seebeck coefficient.

@ Peltier Effect: Describes the absorption or release of thermal energy at the junction of two
dissimilar metals when a current flows (Q = mag /).

@ Thomson Effect: Describes the absorption or release of heat when current flows through a
single conductor having a temperature gradient (dQ = o / dT).

@ Net Thermoelectric EMF: The total voltage is the integral of Seebeck coefficients:
E= f{)l(SA(T) — Sg(T)) dT, representing the difference in absolute thermoelectric power
between materials A and B.
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Thermocouple Measuring Circuit

Reference Junction (Tp)

Metal
Measuring Junction (T1) CV)

Reference Junction (Tp)

Key Points:
@ Measuring Junction (T1): Placed in the medium whose temperature is to be determined.

@ Reference (Cold) Junction (Tp): Maintained at a constant reference temperature (typically 0°C
using an ice bath or electronic compensation).

@ Extension Leads: Typically copper wires connecting reference junctions to the voltmeter/DAQ.

@ Measured Voltage: Voltmeter reads the open-circuit thermoelectric voltage E = C(T1 — To)
based on calibration constants.
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Laws of Thermoelectric Circuits

To perform reliable temperature measurements in industrial metrology, three basic laws of
thermoelectric circuits must be applied to design and calibrate thermocouple installations.

Key Points:

@ Law of Homogeneous Materials: A thermoelectric current cannot be sustained in a circuit of a
single homogeneous metal by the application of heat alone, regardless of cross-sectional
variation.

@ Law of Intermediate Materials: The addition of a third homogeneous material (like copper
leads) into a thermoelectric circuit will not alter the net emf, provided both ends of the
intermediate material are at the same temperature.

@ Law of Intermediate Temperatures: The emf generated by a thermocouple with junctions at Ty
and T3 is the algebraic sum of the emf’s for junctions at (Ty, T2) and (T2, T3):
Ei13 = E1x + Ez3. This allows cold junction compensation.
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Industrial Thermocouple Standards & Construction

Choosing the right thermocouple requires matching the sensor materials to the temperature range
and environment, and utilizing proper protection tubes (thermowells).

Key Points:
@ Type K (Chromel-Alumel): Most common base-metal sensor. Range: —200°C to +1250°C.
Good sensitivity (approx. 41 uV/°C), resistant to oxidation.

@ Type J (Iron-Constantan): Range: 0°C to 750°C. High sensitivity (50 £V /°C). Susceptible to
oxidation in damp environments.

@ Type R & S (Platinum-Rhodium/Platinum): Noble-metal thermocouples for high-precision
calibration and high temperatures (up to 1450°C / 1600°C).

@ Thermowell Protective Sheathing: Sensors are typically enclosed in metal/ceramic tubes (e.g.,
Inconel, Alumina) to protect against mechanical strain, high pressures, and chemical attack.

GTU Course Presentation D103000151: Measurements and Metrology



ry: Non-Contact Temperature Measurem

Pyrometers measure temperature without physical contact by detecting thermal radiation emitted
from the target body. This is ideal for temperatures above 700° C where contact sensors melt or fail.

Key Points:
@ Stefan-Boltzmann Law: Total emissive power of a blackbody is proportional to the fourth power
of absolute temperature: E, = o T*. For real bodies, E = e T* where € is emissivity.
@ Wien's Displacement Law: The wavelength of peak radiation shifts inversely with absolute
temperature: Apax T = 2898 um - K.

@ Spectral Emissivity Correction: Real-world materials have emissivity € < 1. The true

temperature T is computed from apparent temperature T, by: % — T% = % In(e), where

G A~ 1.4388 x 1072 m - K.

@ Spectral Filtering: Pyrometers employ narrow spectral filters (e.g. 1.6 um for molten metal,
3.9 um for glass) to avoid atmospheric absorption bands (CO2, H20).
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Disappearing Filament Optical Pyrometer

Filament Lamp

Body (7]

Red Filter
Hot

Key
°

Points:

Operating Principle: Compares the brightness of the target source with a calibrated internal
filament lamp at a specific wavelength (0.65 xm).

Visual Disappearance: The operator adjusts the current through the filament lamp until the
filament blends into the target background image and disappears from view.

Filament Darker: The filament temperature is lower than the target (/fiament is too low).

Filament Brighter: The filament temperature is higher than the target (/fijament is too high).
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Pyrometer Classification & Industrial Application

Pyrometers are classified into optical (disappearing filament) and total radiation types. Modern
industrial environments require careful selection of these non-contact sensors based on speed, range,
and environmental noise.

Key Points:

@ Optical Pyrometers: Rely on human eye matching, restricted to visible wavelengths (> 700°C).
High accuracy in controlled lab/furnace settings.

@ Total Radiation Pyrometers: Use thermopiles or semiconductor detectors to measure total
radiation energy over all wavelengths. Automated, faster response, works down to 0°C.

@ Ratio (Two-Color) Pyrometry: Measures radiation at two distinct wavelengths to cancel out
errors caused by dynamic surface emissivity and intermediate dust or steam.

@ Key Applications: Continuous steel rolling mills, glass manufacturing forehearths, molten metal
pouring streams, and semiconductor rapid thermal annealing (RTP).
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Physical Principles of Non-Contact Infrared Thermometry

27 h?
hc

Thermal radiation emitted by a blackbody is governed by Planck’s Law: E(X, T) = .
AS(e MBT _1)

Integrating over all wavelengths yields the Stefan-Boltzmann Law: E, = o T*, where
o = 5.670374 x 10~° W/m2K4. Real surfaces are non-blackbodies characterized by emissivity

e(A, T) < 1, modifying total emissive power to E = eo T*. Contactless measurement relies on
capturing this radiant flux.

Key Points:

@ Stefan-Boltzmann Law forms the operational basis for non-contact infrared pyrometry, relating
total radiant exitance to the fourth power of absolute temperature.

@ Emissivity (¢) is a critical correction factor representing the ratio of radiation emitted by a real
surface to that of a blackbody at the same temperature.

@ Wien's Displacement Law (Amax T & 2897.8 um - K) dictates the peak wavelength emission,
showing that lower temperatures shift emissions further into the far-infrared spectrum.

@ Industrial measurements must account for atmospheric absorption bands, usually utilizing
spectral windows at 3-5 pum (medium-wave IR) or 8-14 pum (long-wave IR).
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Optical and Detection Schema of an Infrared Pyrometer

Display Output

=R Detectar

Focusing Lens

Key Points:

@ Radiation pyrometry relies on focusing elements (lenses or mirrors) to collect IR energy from a
defined target field-of-view (FOV).

@ Lenses are typically manufactured from silicon, germanium, or calcium fluoride, as standard
silicate glass blocks infrared wavelengths above 2.5 um.

@ The sensor element converts incident photonic energy into an electrical signal, typically utilizing
thermopiles, pyroelectric sensors, or photodiode structures.

@ Signal conditioning involves high-gain amplification, ambient temperature compensation (cold
junction reference), and emissivity-scaling algorithms.
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Emissivity Calibration and Industrial Metrology Procedures

Emissivity calibration is crucial since measured temperature T,, relates to actual temperature T, and
background temperature Tp via: Tp, = [ T2 + (1 — &) T#]*/*. Real-world metals exhibit low, variable
emissivity (0.05 < € < 0.3), which depends heavily on oxidation, surface roughness, and wavelength.
Industrial compensation methods include applying high-emissivity black paint (¢ ~ 0.95), utilizing
reference contact measurements (thermocouples) for in-situ calibration, or employing
dual-wavelength (ratio) pyrometers.

Key Points:
@ Emissivity () is highly surface-dependent; clean metallic surfaces reflect environmental
radiation, causing significant measurement errors.
@ Dual-wavelength (ratio) pyrometry measures spectral exitance at two narrow wavelength bands
(A1, A2), eliminating e dependence if the ratio €1 /e> is constant.

@ Metrology standard ASTM E1256 outlines standard test methods for evaluating the
repeatability, accuracy, and response time of radiation thermometers.

@ Reflected background radiation must be characterized and subtracted, especially when
measuring low-emissivity objects inside high-temperature furnaces.
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Classification of Infrared Detector Technologies

Thermal detectors change temperature upon absorbing IR radiation. A **Thermopile** uses
series-connected thermocouples to generate voltage via the Seebeck effect: Vo = NaA Tjunction-
**Pyroelectric** detectors use ferroelectric materials (e.g., LiTaO3) that generate transient currents
due to changes in spontaneous polarization under temperature variation: | = pA‘fT-f. **Quantum**
detectors (e.g., InGaAs, HgCdTe) rely on direct photon-to-electron excitation, offering nanosecond
response times but requiring cryo-cooling.

Key Points:

@ Thermopiles operate in DC mode, measuring static radiation, and are widely used in
commercial non-contact thermometers and ear thermometers.

@ Pyroelectric detectors are AC-coupled, requiring a mechanical chopper or movement to detect
stable sources, and are common in motion sensors and gas analyzers.

@ Photon/quantum detectors have high sensitivity (D*) and speed, but their narrow bandgap
requires cooling to minimize thermal carrier generation.

@ Response time comparison: Quantum detectors (< 1 us) < Pyroelectric detectors (1 to
10 ms) < Thermopiles (10 to 50 ms).
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Silicon Bandgap Digital Temperature Sensors

Digital sensors use the temperature dependency of silicon PN junctions. The base-emitter voltage
difference of two bipolar transistors operating at different current densities (Ic1, Ico = Nlc1) is

proportional to absolute temperature (PTAT): AVge = Vgg1 — Va2 = % In(N). This voltage is

digitized directly via an on-chip Analog-to-Digital Converter (ADC) and formatted into digital
protocols like 12C, SPI, or 1-Wire, eliminating analog transmission losses.

Key Points:

@ Silicon bandgap sensors integrate the sensing element, calibration circuitry, and ADC onto a
single monolithic die (e.g., TMP117, DS18B20).

@ They offer high accuracy (up to +0.1°C), factory calibration, low power consumption, and
direct interface to digital microcontrollers.

@ Self-heating (Pgiss X 04) is a critical error source; sensors must be operated in low-duty-cycle or
sleep modes to prevent local temperature offsets.

@ Thermal coupling to the measurement target occurs via the PCB copper traces and lead
frames, requiring careful thermal isolation in PCB design.
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Internal Architecture of a Monolithic Digital Sensor

Monolithic Digital Temperature Sensor (12C/SPI Interface)
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Key Points:

@ The silicon bandgap core produces a proportional-to-absolute-temperature (PTAT) analog
voltage Vprar.

@ A high-resolution Delta-Sigma ADC digitizes the analog voltage, converting it into a 12-to-16
bit binary temperature value.

@ On-chip calibration registers store factory trimming coefficients, allowing immediate readout of
. . i (O 5
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Metrological Selection Matrix and Trade-offs

Choosing between IR pyrometers and digital sensors depends on environment, accessibility, and
precision. IR pyrometers provide non-contact, high-temperature (> 2000°C), and ultra-fast
measurements (< 1 ms), but are prone to emissivity errors. Digital sensors offer cost-effective,
high-accuracy (£0.1°C), drift-free digital interfaces, but are limited to contact measurement within a
narrow temperature range (—55°C to +150°C).

Key Points:

@ IR Pyrometers: Essential for moving targets, vacuum chambers, high-voltage equipment, and
corrosive environments.

@ Digital Sensors: Ideal for embedded systems, battery-powered loT nodes, server rooms, and
distributed environmental monitoring.

@ Calibration standards: IR pyrometers are calibrated using transfer standard blackbody cavities
(ASTM E1256); digital sensors are batch-calibrated using precision water baths.

@ Summary rule of thumb: If contact is possible and temperature is below 150°C, use digital
sensors; for extreme temperature, high speed, or non-contact needs, use infrared pyrometry.

GTU Course Presentation Measurements and Metrology



Architecture of a Digital Measurement System

Measurand —> Sensor —>{ Signal Conditioner —»| ADC —» Digital Display

Key Points:

@ A digital measurement system converts continuous analog physical variables into discrete digital
representations.

@ Measurand: The physical quantity to be measured (e.g., temperature, pressure, strain).

@ Sensor/Transducer: Converts the physical measurand into a proportional electrical signal
(voltage/current).

@ Signal Conditioning: Amplification, filtering, and isolation to optimize the signal-to-noise ratio
(SNR).

@ ADC (Analog-to-Digital Converter): Key stage performing sampling and quantization.
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ampling Theo and Aliasing

To reconstruct an analog signal accurately from its digital samples, the sampling frequency f; must
be greater than twice the highest frequency component fi. present in the signal: f; > 2fya (The
Nyquist-Shannon Sampling Theorem). If f; < 2fy.x, high-frequency components fold back into the
lower frequency spectrum, causing irreversible distortion known as aliasing.

Key Points:

Nyquist rate is defined as fy = 2fyax. Sampling below this rate leads to overlap in the
frequency domain.

Anti-aliasing filter: A low-pass analog filter placed prior to the ADC to attenuate frequencies
above f; /2.

Practical industrial systems sample at 5 to 10 times the highest signal frequency to account for
non-ideal filter roll-off.

Example: For vibration monitoring of a rotating shaft at 10 kHz, an anti-aliasing filter with a
cutoff at 12 kHz and sampling rate of at least 25 kHz is used.
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Quantization and Resolution in ADCs

Quantization is the process of mapping a continuous range of analog voltage levels to a finite set of

digital codes. For an N-bit ADC with a full-scale voltage range VEsg, the number of discrete levels is
. N %

2N, and the resolution (or step size) is: AV = %

Key Points:
@ Quantization error (eq) is the difference between the actual analog input and the digitized
value, bounded by i%.

@ The Root Mean Square (RMS) quantization noise voltage is given by Vg, = %.
@ Theoretical Signal-to-Quantization-Noise Ratio (SQNR) for an ideal sine wave:
SQNR = 6.02N + 1.76 dB.

@ Choosing ADC bits: A 12-bit ADC with Vesg = 10 V has a resolution of 2.44 mV, while a
16-bit ADC achieves 0.152 mV.
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Successive Approximation Register (SAR) ADC

Analog Digital
Input Comparator SAR Control Output
AN
s
DAC
Key Points:

@ SAR ADC is the most common architecture for medium-to-high speed (up to 10 MSPS) with 8
to 18-bit resolution.

@ Algorithm: Uses a binary search mechanism to converge on the analog input voltage.

@ Operation: Compares the input voltage with the output of an internal DAC, starting from the
Most Significant Bit (MSB).

@ Conversion time: Requires N clock cycles for an N-bit conversion, making it constant and
independent of the input level.

@ Commonly used in industrial data acquisition cards, PLC analog inputs, and microcontrollers.
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Dual-Slope Integrating ADC

An integrating ADC measures the average of the input voltage over a fixed integration period (T1).
It consists of an integrator, a comparator, a counter, and a reference voltage. The integration phase
is followed by a de-integration phase (T) using a reference voltage Vs of opposite polarity. The

input voltage is computed as: Vj, = 7V,ef%
Key Points:
@ High resolution and excellent noise rejection, especially at power line frequencies (50/60 Hz).

The conversion time is variable and depends on the input voltage, typically slower than SAR.

Commonly used in high-precision laboratory digital multimeters (DMMs) where speed is
secondary to accuracy.

Integrator output ramps up for time T7, then ramps down to zero at a rate proportional to V.
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Digital Transducers: Optical Encoders

Digital transducers generate outputs directly compatible with digital processors without requiring an
ADC. The optical rotary encoder is a primary example, measuring angular displacement and velocity
by detecting light passage through a patterned disc.

Key Points:

@ Incremental Encoder: Outputs two square waves in quadrature (A and B phases shifted by 90°)
to determine direction and speed.

@ Absolute Encoder: Outputs a unique digital word for every angular position, ensuring position is
not lost during power cycles.

@ Gray Code: Used in absolute encoders to ensure only one bit changes per transition, preventing
reading errors.

@ Industrial application: High-precision CNC spindle positioning and robotic joint angle feedback.
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Digital Measurement: Advantages and Error Sources

While digital measurement systems offer superior accuracy, noise immunity, and automated data
processing, they are subject to specific digital-domain error sources that must be quantified using

uncertainty analysis: US}/S = ugensor + ugond + usuant

Key Points:

@ Advantages: Elimination of observational parallax error, high noise immunity during
transmission, and direct integration with SCADA/loT databases.

@ Aperture Jitter: Uncertainty in the exact sample-and-hold timing, leading to amplitude errors in
high-frequency signals.

@ Gain and Offset Errors: Analog front-end non-idealities that shift the ADC transfer function.

@ Non-linearity: Integral Non-Linearity (INL) and Differential Non-Linearity (DNL) describe
deviations from the ideal linear ADC output.
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Analog vs. Digital Signal Representation

Understanding how continuous physical processes are converted into discrete numerical
representations for industrial metrology.

Key Points:

@ Analog signals represent physical phenomena (e.g. temperature, strain) as continuous
variations: V(t) € R.

@ Digital signals represent variables at discrete time intervals t = nTs with quantized amplitude
levels.

@ Key advantages of digital metrology: Extreme noise immunity, easy data storage, advanced
DSP filtering, and automated database integration.

@ Key disadvantage: Discretization naturally introduces quantization error and potential loss of
high-frequency transients.
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Digital Measurement System Pipeline

Physical Sensor  —>| Amplifier / Signal Cond. —>| Anti-Aliasing LP Filter > Analog-to-Digital Converter > Mlcr;)[g(;;essor

Key Points:
@ Physical Sensor: Converts physical quantity (e.g., pressure, acceleration) to continuous voltage.
@ Signal Conditioning: Amplifies weak sensor outputs (e.g. microvolt outputs from bridge
circuits) to the input voltage range of the ADC.

@ Anti-Aliasing Filter: Low-pass filter designed to reject high frequencies above the Nyquist
frequency limit, preventing aliasing distortion.

@ Analog-to-Digital Converter: Discretizes the analog signal in both time (sampling) and
amplitude (quantization).

@ Microprocessor / DSP: Performs calibrations, computes statistics, controls display elements,
and communicates with factory networks.
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Nyquist-Shannon Sampling Theorem

The sampling theorem dictates the minimum sampling rate required to perfectly reconstruct a
band-limited analog signal.

Key Points:
@ Nyquist Criterion: The sampling frequency f; must be greater than twice the highest frequency
component fpay of the signal: fy > 2fpax.
@ Nyquist Frequency (fy): Bounded as fy = f;/2. Frequencies higher than fy fold back into the
lower frequency spectrum (aliasing).
@ Aliasing results in artificial low frequencies, corrupting measurements. It cannot be removed
digitally after sampling is complete.

@ Industrial Metrology Practice: Standard instruments sample at f; > 5f,x to 10fmax to ensure
accurate waveform profile capture.
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Quantization Resolution and Error

Quantization is the mapping of infinite continuous voltage values to a finite set of discrete codes.

Key Points:
@ An N-bit ADC partitions the Full Scale Range (Vfsg) into 2N Jevels.

@ Resolution (least significant bit value A) is calculated as: A = %4 For Vrsg = 10 V and
f _ 10
16-bit ADC, A = g5 ~ 152.59 pV.
@ Quantization Error (&) is the difference between the physical input and the digital value,
bounded by: 7% < e < %.
@ Root-Mean-Square (RMS) Quantization Noise is modeled as: Vg rms = %.

@ Signal-to-Noise Ratio (SNR) for an ideal N-bit ADC: SNRgg = 6.02N + 1.76 dB. Increasing
bits directly improves dynamic range.
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Successive Approximation Register (SAR) AD
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Key Points:

@ SAR ADC uses a binary search algorithm to determine each bit of the digital representation.

@ Process: For an N-bit conversion, it executes N comparison cycles starting from the MSB down
to the LSB.

@ Phase 1: Sets MSB to 1, comparing Vi, with Vpac = 0.5V,er. If Vi, > Vpac, MSB remains 1;
else, MSB is cleared to 0.

@ Phase 2 to N: Continues setting each lower bit to 1, comparing, and keeping/clearing based on
the comparator’s output.

@ Industry standard for data acquisition systems due to high accuracy (12-18 bits), zero latency,

and low power consumption.
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Dual-Slope Integrating ADC

Integrating ADCs offer high precision and noise rejection at the cost of conversion speed.

Key Points:

Phase 1 (Integrate): The input voltage Vi, charges an integrator for a fixed time period Tjp.

Vi T
Peak output voltage Vpesx = — ——ot .

Phase 2 (De-integrate): A reference voltage — Ve of opposite polarity discharges the integrator
to zero. Discharge duration is Tgejnt-
Measurement Equation: The input voltage is recovered via Vi, = Vier - 7‘??’;“, eliminating

1ni

reliance on R and C stability.

Normal Mode Rejection: Choosing Tin: to match integer multiples of the powerline period (e.g.
20 ms for 50 Hz) yields infinite theoretical rejection of line noise.

Used in high-accuracy laboratory instrumentation, digital multimeters, and high-precision load
cells.
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ADC Error Parameters and Calibration

Digital measurement accuracy relies on correcting static error parameters before using the digitized
data.

Key Points:

@ Offset Error: A parallel shift in the transfer function of the ADC, easily corrected by subtracting
the zero-input output code.

@ Gain Error: A change in the slope of the ADC transfer function, calibrated out using a
multiplier scaling factor.

@ Differential Non-Linearity (DNL): The deviation of any digital code step size from the ideal 1
LSB step width. Large negative DNL causes missing codes.

@ Integral Non-Linearity (INL): The deviation of the actual transfer function from the ideal
straight line, indicating curvature distortion.

@ Software Calibration: Systems use a two-point calibration (View, Vhign) to calculate calibration
coefficients: y = m - x 4+ ¢ applied in the microprocessor.

GTU Course Presentation D1030001.! Measurements and Metrology



Paradigm Shift in Quality Control

Comparing traditional sample-based post-process inspection with continuous, real-time in-process
metrology.

Key Points:

@ Traditional QC relies on coordinate measuring machines (CMMs) located in
temperature-controlled laboratory environments, introducing feedback delays of hours or days.

@ loT-enabled metrology integrates smart sensors directly into the production line
(in-line/in-process), enabling 100% inspection rates.

@ Edge-computing gateways aggregate high-frequency data from laser scanners, vibration sensors,
and thermal cameras to detect process drift instantaneously.

@ Feedback loops close automatically: real-time tool wear monitoring adjusts machining offsets
(x,y, z) dynamically on the CNC controller.
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[loT Quality Control Architecture
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Predictive Metrology & Mathematical Modeling

Using high-frequency sensor streams to model process drift and predict out-of-tolerance events before
they happen.

Key Points:

@ Let the measured dimension X; of a machined part at time t be modeled as X; = Xp + 8t + €,
where X is the initial nominal value, 3 is the tool wear rate, and €; ~ N(0, 02) is the random
measurement noise.

@ The time-to-failure (out-of-tolerance) limit Ty when X; > USL (Upper Specification Limit) is

estimated by setting E[X7,] = USL, giving: Tr = USLZ;XU.

@ Standard SPC limits (£30 control limits) are calculated as: UCL = pux + 3% and

LCL = px — 3% where n is the sample size.

@ In lloT systems, exponentially weighted moving average (EWMA) control charts are preferred
for detecting small shifts: Z, = AX; + (1 — A)Z;—_1, where X is a smoothing constant
(0<Ax<).
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Closed-Loop Metrology Feedback Sy
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Key Points:

@ Continuous Feedback Loop: High-frequency dimension checking is performed directly on the
machine tool after completion of each cut.

@ Dynamic Error Calculation: The error signal e(t) = Ynominal — ¥(t) is computed at the edge,
where y(t) is the sensor output.

@ Automatic Compensation: The controller computes an offset correction Au(t) and feeds it back
directly to the CNC’s G-code offset table via fieldbus protocols, avoiding manual intervention.
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loT Metrology Sensor Modalities

Overview of physical sensor technologies integrated with loT transmitters for automated quality
tracking.

Key Points:
@ Laser Triangulation Sensors: High-speed, non-contact distance measurement for profile
scanning and surface flatness verification, transmitting data via 10-Link.

@ LVDT (Linear Variable Differential Transformer) Probes: High-accuracy contact displacement
sensors (pm-level resolution) connected to loT-enabled analog-to-digital converters.

@ Vibration/Acoustic Emission Sensors: Accelerometers mounted on spindle bearings to capture
high-frequency waveforms (up to 50 kHz) to detect micro-cracks and tool chipping.

@ Infrared Thermography: Multi-point thermal arrays to measure real-time thermal expansion
gradients of the machine tool, allowing mathematical offset compensation.
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Digital Twins in Metrology

How digital representations of physical assets receive continuous loT streams to predict product
quality and machine health.

Key Points:

@ A Digital Twin is a virtual replica of the physical manufacturing cell that updates dynamically
using synchronized loT sensor inputs.

@ Metrology data is coupled with finite element analysis (FEA) models to predict structural
thermal deformation in real time.

@ Machine learning models (e.g., Random Forests, LSTMs) trained on historical metrology logs
predict tool remaining useful life (RUL).

@ Enables transition from reactive/preventive maintenance to predictive maintenance, reducing
downtime and preventing defective batch production.
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Industrial Case Study: Automotive BIW

Application of loT metrology in automotive Body-in-White assembly lines for geometric quality
control.

Key Points:
@ Challenge: Traditional coordinate inspection of car bodies involved pulling one car off the line
per shift, leading to huge batch errors if issues occurred.
@ Solution: Deployment of robot-mounted laser scanners at inline inspection stations measuring
100+ critical points on 100% of car bodies.
@ Data Pipeline: Robot coordinates and scan profiles are pushed to an OPC-UA server, processed
by a local SPC engine, and visualized on the plant floor.

@ Result: Real-time identification of assembly line weld fixture wear, reducing scrap rates by 40%
and eliminating warranty escapes.
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The Metrology Paradigm Shift

Comparing traditional offline inspection with modern smart, in-line, and automated inspection
systems.

Key Points:

@ Traditional Metrology: Post-process inspection, random sampling, offline laboratory testing
(e.g., CMM in temperature-controlled rooms), leading to production lag and scrap.

@ Automated Metrology: 100% inspection, in-line or at-line integration directly on the shop floor,
utilizing non-contact optical and laser systems.

@ Smart Metrology (Industry 4.0): Cyber-Physical Metrology Systems (CPMS) with closed-loop
feedback control. Metrology data directly adjusts machine tool offsets (Xofer = k - €(t)).

@ Key drivers: Reduction of cycle time, elimination of human operator bias, integration of digital
twins, and zero-defect manufacturing (ZDM) strategies.
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Automated Coordinate Measuring Machines (CMM)
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Key Points:
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Closed-Loop Feedback & Tool Wear Compensation

In smart inspection systems, metrology data is used in real-time to adjust manufacturing processes.
Let the measured dimension of the i-th machined part be y;, the nominal dimension be ytarget, and
the deviation error be e; = yi — ytarget-

The feedback control law for tool path offset compensation uy is represented as:

ue = ug—1 + Kper + K Zj-(:l e + Kg(ex — ex—1)

Where: - Kj,: Proportional gain adjusting for immediate dimensional error. - K;: Integral gain
compensating for systematic drift (e.g., thermal expansion, continuous tool wear). - Ky: Derivative
gain dampening rapid fluctuations and vibration noise.

Key Points:
@ Systematic drift K; integration prevents gradual component dimensional growth caused by flank
wear (VB) of the cutting tool.
@ Dynamic filtering (e.g., Kalman filtering) is applied to raw sensor measurements to filter out
high-frequency shop-floor noise before updating offset controllers.

@ Stability criteria: The closed-loop system must satisfy the Nyquist stability criterion to prevent
over-compensation and chatter induction.

@ Machine-to-machine (M2M) communication protocol (e.g., MTConnect or OPC UA) transmits
the calculated offset uy directly to the CNC controller.
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Machine Vision & Smart Optical Inspection

Machine vision systems automate surface defect detection, dimensional gauging, and part
identification using digital imaging and image processing algorithms.

Key Points:

Hardware components: Telecentric lenses (to eliminate perspective/magnification error),
high-resolution CCD/CMOS sensors, and structured LED illumination.

Image Processing Pipeline: 1. Image Acquisition — 2. Filtering (e.g., Gaussian Blur, Median
filter for noise reduction) — 3. Thresholding (Binarization via Otsu’s method) — 4. Edge
Detection (Canny algorithm or Sobel operator) — 5. Feature Extraction (Blob analysis).

Dimensional Calibration: Spatial resolution calculation using a calibration grid (e.g., chessboard
pattern) to compute the pixel-to-millimeter conversion factor:
Physical Size of Grid Outer Edge (mm)

Pixel Distance in Sensor (px)

Resolution (mm/px) =

Limitations: Highly sensitive to ambient lighting variations, part surface reflectivity (specular
reflection), and lens distortion (radial and tangential coefficients).
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Machine Vision System Configuration
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Key Points:

@ Industrial machine vision setup detailing illumination, camera positioning, field of view (FOV),
and real-time processing controller.
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In-line Laser Triangulation & Surface Profiling

Laser triangulation sensors offer sub-micron resolution for high-speed non-contact distance
measurements in smart inspection networks.

Key Points:
@ Working Principle: A laser diode projects a light spot onto the target surface. The reflected
light is focused by a receiver lens onto a position-sensitive detector (PSD) or CMOS array.

@ Geometric relationship for displacement x on the detector relative to target distance
. Lo . . . .
displacement Az: Az = WXX@S(Q) Where Lj is the nominal distance, f is the lens focal

length, and 6 is the triangulation angle.

@ Schematic components: Laser emitter, imaging optics, linear sensor array, and high-speed
digital signal processor (DSP).

@ Application: High-speed profiling of hot steel slabs, thickness verification of semiconductor
wafers, and real-time wear analysis on railway tracks.
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Industry 4.0: Digital Twins & Cloud Metrology

Smart inspection systems represent the convergence of physical metrology, Internet of Things (loT),
and big data analytics for predictive quality control.

Key Points:

@ Digital Twin Integration: Linking physical inspection findings (measured via CMM, scanners)
directly to virtual CAD models in real-time, creating a live dimensional map.

@ Cloud Metrology: Centralized database of calibration logs, inspection reports, and gauge
repeatability and reproducibility (Gauge R&R) metrics across multiple global production
facilities.

@ Predictive Quality Analytics: Using machine learning (e.g., Random Forests, neural networks) to
predict tool failure and dimensional non-conformance before they occur.

@ Standardization: Transition to semantic interoperability standards like Quality Information
Framework (QIF) and ISO 10303 (STEP AP242) for seamless metrology data exchange.
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