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…when you can measure what you are speaking about and express it in numbers
you know something about it; but when you cannot measure it, when you cannot
express it in numbers, your knowledge is of a meager and unsatisfactory kind.
Sir William Thompson, Lord Kelvin (1824-1907)
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Preface

The creation of knowledge is one of the essential components of the University
mission. But it is fundamental that this knowledge should not be kept
imprisoned within the institution itself. It must be transmitted so that society
can benefit from it.
The University of Porto, striving to be in the front line of universities at
international level, claims full allegiance in its mission to these two components.
The publication of results of the work developed by members of our academic
community is a source of enjoyment to U.Porto for the contribution it brings to
the fulfilment of its mission.
Such publication deserves even higher prominence when it fills existing gaps in
the available literature, while simultaneously opening excellent prospects for the
dissemination of know-how, technologies and techniques not only to our own
students but also to the public at large.
The multimedia edition of "Laboratories of Instrumentation for Measurement"
fully satisfies these requisites, deserving therefore our warmest applause,
appreciation and incentive.
This publication also possesses two special features that increase its added
value. On one hand, it presents experimental and laboratory activities with
an approach as close as possible to reality, even offering remote access to
experiments, providing to the reader an excellent tool for learning laboratory
techniques and methodologies. On the other hand, the adoption of electronic
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format makes this work more easily available to a wider public.
The authors should be highly praised for their initiative, as well as for all the
sustained effort that culminated in this publication.
This e-book fulfils every condition to be a success and hence to contribute
to the prestige and the standing of U.Porto, being therefore worthy of its full
acknowledgment.
José Carlos D. Marques dos Santos
ReCtor
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Prologue

The publication of this e-book on "Laboratories of Instrumentation for
Measurement" is most welcome given the scarcity of technical literature on this
topic. It is also very timely because when dealing nowadays with large classes
it is very difficult to provide to the students direct contact with well-structured
hands-on experimental measurements in real labs.
This user-friendly e-book presents to higher education students in engineering,
physics, bioengineering and other related areas, a first overview of some of the
most common measurement techniques, offering a close approximation to the
real laboratory environments which they may encounter at a later stage in their
studies.
Since Mechanics is an area of natural relevance for instrumentation and
measurement, it is extensively covered by the e-book material, with emphasis
on specific topics such as force, displacement, strain, temperature, velocity and
dimensional measurements and proximity detection. Electronics is another
important area of significant diversity and complexity and an interesting link is
established in this work between physical quantities and electronics, leading
to a natural introduction to data acquisition and control systems. A very
remarkable and unique feature of this e-book is the access to remote and virtual
experiments, which is in itself a novelty not only in national terms but also at
international level.
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This interactive and easy to use e-book presents many examples and simulations
being ideally suited for engineering students, technicians and professionals, as
well as for those of other experimental scientific fields.

Joaquim Silva Gomes

Professor of Mechanical Engineering (FEUP)
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Foreword

Instrumentation is vital for the design and implementation of measuring,
monitoring and actuation systems and in data acquisition and processing,
playing nowadays a fundamental role in many technological areas, as well as in
those of certification, control and information.
The increasing demand of experimental accuracy in all scientific areas makes
Instrumentation for Measurement a crucial component, particularly in higher
education curricula with a strong technological element, being also essential at
research and development level.
The objectives of the present work are:
to stimulate hands-on activity;
to contribute to the uniform use of concepts and definitions based on the
International Vocabulary of Metrology;
to introduce the user to the manipulation of equipment and devices for
experimental tasks and to methods and procedures for measuring physical
quantities of general relevance;
to promote the critical appraisal of measurement results;
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Nowadays printed technical manuals are often complemented with the
inclusion of a CD-Rom. In the present case taking into account that “what I
hear, I forget; what I see, I may remember; what I experience, I know for life”, the
authors decided to adopt a completely electronic format which allows a more
efficient and harmonious integration of a wide range of contents: text, images,
sketches, videos, animations, simulations and remote experiments. The text can
be easily printed if required.
Moreover, given the contributions of neuro-linguistic programming to
education, the authors find that the format adopted is adequate to the diversity
of psychological and learning profiles of the large target audience of the
developed materials.
Finally, the authors' intention to further explore other topics within Laboratories
of Instrumentation for Measurement makes the electronic edition the ideal
option for easy and economic updating.
"Laboratories of Instrumentation for Measurement" comprises 13 modules.
Each one presents a clearly defined learning objective, the essential concepts
and a step-by-step guide for performing the experimental activity, various
complementary multimedia contents and a final synthesis. The set of open
questions that closes each module is intended to provide formative assessment.
The authors would like to encourage the users to undertake their own analyses
and further elaboration of additional questions as an excellent way to achieve
deeper learning.
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The authors also hope to contribute to the dissemination of experimental
activity in engineering education and to facilitate the conception, tuning and
exploration of experimental systems for laboratory training. The full technical
description of the equipment is provided to make the setups easily reproducible.
In addition the access to remote experiments has been made available.
The authors
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I

Use of generic laboratory
equipment

Objectives
This module reviews the use of
generic laboratory equipment,
namely multimeters, oscilloscopes,
function generators, frequency
meters and DC power supplies.

Experimental
procedure

Synthesis
and acquired
knowledge

15

I

Use of generic laboratory
equipment
Experimental procedure

1

Use of multimeters

1.1

Resistance
measurement

1.2

Current measurement

1.3

Voltage measurement
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2

Use of oscilloscopes,
function generators
and frequency meters

3

Simulation of a
stabilized power
supply

I

Use of generic laboratory
equipment
Synthesis and acquired
knowledge

After the conclusion of this module, the user should be able to manipulate the
main functions of digital multimeters, digital oscilloscopes, function generators,
frequency meters and stabilized power supplies.
At the end of this module the user should be able to answer these questions:

1

2

When using a 2- or 4-wire resistance measuring equipment, in
which case will you get a higher resistance value? What means the
difference between the measured values in the two cases?

How do you insert a multimeter in a circuit for measuring a
voltage?

3

How do you insert a multimeter in a circuit for measuring a current?

4

What is the frequency range of on equipment?

30

II

Dimensional measurement

Objectives
This module deals with
measurements of external and
internal dimensions, depths, angles
and screw threads, using, to that
effect, well known mechanical
instruments, namely: callipers,
external, internal and depth
micrometers, dial indicators,
protractors and screw thread
gauges. It is also demonstrated how
a dial indicator can be used in a
dimensional verification procedure.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

31

II

Dimensional measurement
Basic concepts

Calliper

Dial indicator

External
micrometer

Bevel
protractor

Internal
micrometer

Threading or pitch
gauge
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II

Dimensional measurement
Synthesis and acquired
knowledge

After the conclusion of this module, the user should be familiar with current
analogue and digital mechanical instruments for dimensional measurement.
The user should also be able to identify the digital communication capabilities
available in some of these instruments.
At the end of this module the user should be able to answer these questions:

1
2
3
4

Which type of measurement (absolute or differential) is performed
with an analogue calliper?

Which device should be used for measuring a ф40h7 shaft and
checking if it is within the tolerance limit?

Which device should be used for measuring a ф100H14 opening
and checking if it is within the tolerance limit?

Which device should you use to measure the angle between two
faces of a piece?
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III

Data acquisition

Objectives
This module presents an
introduction to data acquisition
systems using hardware and
LabVIEW graphical software from
National Instruments TM.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge
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III

Data acquisition
Basic concepts

Introduction

A/D and D/A
converter cards

Data acquisition
and control
technologies

Some specifications
of A/D converter
cards

Virtual
intrumentation

Some specifications
of D/A converter
cards
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III

Data acquisition
Synthesis and acquired
knowledge

After the conclusion of this module, the user should be able to manipulate A/D
conversion systems and to develop basic applications in LabVIEW graphical
software for DC and AC signal acquisition, taking in account the importance of
main parameters such as input range, conversion resolution and sampling rate.
At the end of this module the user should be able to answer these questions:

1

2

3

Analogue transducers usually present nonlinearity greater than
0.1%. Supposing that the conversion range is similar to the
transducer output range, what should be the acquisition resolution
so that the accuracy of the measurement is not influenced?

What relation should exist between the AC signal frequency and
the acquisition sampling rate to ensure a correct digitizing of an AC
signal?

Consider the acquisition card NI 6008 USB. Choose the right range
and sampling rate to acquire the signal y(t) = 2 + 3 sin 100πt. Justify.
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IV

Bridge circuits

Objectives
This module presents the use of LCR
bridge circuits in the determination
of inductance, capacitance and
resistance. Simultaneously, some
physical phenomena are analysed
that induce changes to these
characteristics. This fact is the
base of the working principle of
a large number of transducers.
The Wheatstone bridge is then
used in the static measurement
of resistance. Finally, the transfer
functions of a Wheatstone bridge
circuit are experimentally obtained
and analysed for large and small
variations of resistance.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge
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IV

Bridge circuits
Basic concepts

Configuration of a
measurement bridge
circuit

Advantages
of the bridge
circuit

Operating modes
of a bridge circuit
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IV

Bridge circuits
Synthesis and acquired
knowledge

After the conclusion of this module, the user should be able to identify some
working principles of passive transducers, whether of resistive, inductive or
capacitive type. He should distinguish the bridge circuit transfer functions for
large and small changes of the integrated elements. They should also be able to
determine the linearity and sensitivity of the bridge circuit and to evaluate the
measurement system resolution.
At the end of this module the user should be able to answer these questions:

1
2
3
4

What are the advantages of using a bridge circuit to determine an
impedance change?

How can you determine the average sensitivity of a bridge circuit?

How can you determine the nonlinearity (error of linearity or
linearity) of a bridge circuit?

Does the normalized characteristic of a bridge circuit change with
the values of its components?
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V

Mounting strain gauges

Objectives
In this module the procedure for
mounting a strain gauge on an
aluminium beam is described,
following the sequence considered
appropriate to guarantee a correct
performance for strain gauge
installation on metals.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

114

V

Mounting strain gauges
Basic concepts

Introduction

Some characteristics
of the resistance strain
gauge

Operating
principle

Effect of temperature:
self-temperaturecompensated strain
gauges

115

V

Mounting strain gauges
Synthesis and acquired
knowledge

After the conclusion of this module the user should be able to explain the
operating principle of an electrical resistance strain gauge, to apply the mounting
technique for instrumentation of test specimens with these sensors and to carry
out the final electrical test. He should also be able to identify the most important
parameters in the selection of a strain gauge.
At the end of this module the user should be able to answer these questions:

1

2

3

Which type of strain gauge should be used for measuring the
strain state at a point on the surface of a loaded body in which the
principal directions are unknown?

How can you reduce the influence of temperature variation on
the measurement of strain caused by mechanical stress on a steel
piece?

How do you test the correct installation of a strain gauge?
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VI

Use of strain gauges

Objectives
This module discusses the use of
strain gauges in the measurement
of strain. Additionally some
common techniques associated
with resistance strain gauge
instrumentation will be applied.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

152

VI

Use of strain gauges
Basic concepts

153

VI

Use of strain gauges
Synthesis and acquired
knowledge

After the conclusion of this module, the user should be able to use electrical
resistance strain gauges for the determination of strain, as well as to identify
the associated signal conditioning. He should also be able to determine the
sensitivity of the various elements of the strain measurement system and the
measurement resolution and to apply the compensation techniques of influence
quantities as well as those for increasing the system sensitivity.
At the end of this module the user should be able to answer these questions:
∆R e
be used on current
4R e
mechanical engineering applications?

1

V = V0
Why may the equation ∆
		

2

How may the temperature effects be compensated for in strain
measurement with strain gauges?

3

What are the advantages of using a 3-wire technique?

4

Should you use a 3-wire technique in a half or a full-bridge
configuration?
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VII

Measurement of force
and strain

Objectives
This module presents the use of
strain gauges for measuring strain
and determining some mechanical
material characteristics (Young
modulus and Poisson ratio). It also
explores the use of strain gauges
associated with a test specimen of a
convenient geometry for measuring
forces (load cells).

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge
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VII

Measurement of force
and strain
Basic concepts

Introduction

Column type
load cell

Ring type
load cell

Beam type
load cell

Spoked wheel
type load cell

174

VII

Measurement of force and
strain
Synthesis and acquired
knowledge

After the conclusion of this module the user should be able to use resistance
strain gauges for determining mechanical characteristics of a material and for
force measurement, applying different signal conditioning solutions. He should
also be able to create and implement an electronic weighing scale.
At the end of this module the user should be able to answer these questions:

1
2

3
4

How many sensors and signal conditioning systems (measuring
bridges) do you need for measuring the Poisson ratio of a material?

How many sensors and signal conditioning systems (measuring
bridges) do you need for measuring the Young modulus of a
material?

When using a beam for testing a load cell why should a micrometer
be used to measure the beam thickness?

In which type of load cells is the elastic element submitted to a
bending moment?

217

VIII

Measurement of temperature:
resistance thermometers

Objectives
This module presents one of the
techniques frequently employed
in temperature measurement,
based on the use of resistance
thermometers. The working
principle of an RTD (Resistance
Temperature Detector) is first
described, as well as how to
determine and analyze its
characteristic. Then an electronic
thermometer is developed using a
temperature transmitter for RTD.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

218

VIII

Measurement of temperature:
resistance thermometers
Basic concepts

Introduction

Errors associated to
measurement with RTDs.
Connection types of
these sensor elements

Temperature:
Concept and units

Standards and
tolerances

Resistance
thermometers

Temperature
transmitters for RTDs

RTD (Resistance
Temperature
Detector)

Summary of the most
relevant characteristics
of RTDs

219

VIII

Measurement of temperature:
resistance thermometers
Synthesis and acquired
knowledge

After conclusion of this module, the user should have verified the working
principle of a temperature sensor of the conductor resistance type, determined
its characteristic and analyzed the sensor sensitivity and the resolution of
the temperature measurement system used. He should also be able to use a
temperature transmitter and to develop an electronic thermometer.
At the end of this module the user should be able to answer these questions:

1
2
3
4

In temperature measurement the RTD is not normally mounted in a
bridge circuit. Why?

Why is the 4-wire lead configuration used for measuring the Pt₁₀₀
resistance?

What precautions should be taken with the current supply to an
RTD? Why?

What is the typical offset of a 2-wire temperature transmitter?
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IX

Measurement of temperature:
thermocouples

Objectives
This module covers one of the
techniques frequently applied in
temperature measurement, based
on the use of thermocouples.
The simplicity of production of a
thermocouple and its operation
principle are highlighted, as well
as the techniques associated to its
current use.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

249

Basic concepts

Introduction

Thermoelectric
laws

Thermocouple:
operating principle

Reference
junction

Types of
thermocouples

Compensation
cables

Sensitivity of a
thermocouple:
Seebeck coefficient

Synthesis of the
most relevant
characteristics of
thermocouples

250

Synthesis and acquired
knowledge

After the conclusion of this module, the user should be able to explain the
operating principle of a thermocouple and the reason why a thermocouple must
be assembled with a carefully selected pair of conductor materials. He should
also justify the importance of cold junction compensation and know how to
perform it.
At the end of this module the user should be able to answer these questions:

1

Is a thermocouple a relative or absolute temperature transducer?

2

What solutions exist for performing cold-junction compensation?

3

Why may the use of thermocouples, in an industrial environment,
require some caution on signal conditioning?

4

When selecting a thermocouple for a given application what
parameters should be considered?
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X

Measurement of displacement

Objectives
In this module several experimental
studies are performed using various
analogue and digital displacement
transducers to obtain some of
their operation characteristics. The
following transducer types will be
used: potentiometric transducer,
LVDT, incremental linear encoder,
digital dial indicator and eddy
current (inductive) transducer.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

283

X

Measurement of displacement
Basic concepts

Introduction

Potentiometric
transducer

Eddy current
transducer

LVDT

Digital
encoder

284

X

Measurement of displacement
Synthesis and acquired
knowledge

In this module different types of analogue and/or digital displacement
transducers, frequently used in lab and in industrial applications, are exploited.
After its conclusion, the user should be able to interpret the type of a
displacement transducer characteristic, analyse and quantify some parameters
such as nonlinearity, sensitivity and hysteresis.
At the end of this module the user should be able to answer these questions:

1
2

3
4

The manufacturer lists as displacement transducer characteristics:
nonlinearity ≤ 0.25%; supply 2V@5kHz. What does it mean?

Does the output signal of an LVDT, corresponding to a given
core position, remain the same after a temporary interruption
of the supply? Is an LVDT an absolute or a relative measurement
transducer? Why?

What are the different elements of a displacement measurement
system using a digital incremental encoder?

What are the different elements of the displacement measurement
system of an LVDT transducer?
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XI

Detection of proximity

Objectives
In this module some experimental
tests are conducted using several
proximity detectors in order to
determine some of their operation
characteristics. The following
detector types are considered:
inductive, capacitive, photoelectric,
fiber optic and reed switches.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge
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XI

Detection of proximity
Basic concepts

Introduction

Hall-effect
detector

Eddy current
detector

Reed switch
detectors

Capacitive
detector

Optical
detectors
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XI

Detection of proximity
Synthesis and acquired
knowledge

In this module different types of proximity detectors are used. On each
setup, the characteristic of the different detectors is determined against a
displacement transducer (working standard). The user should be able to assess
their characteristics and how they depend on the target materials, the detection
distances and the working hysteresis.
At the end of this module the user should be able to answer these questions:

1
2

3
4

Explain the relevance of the hysteresis when using a detector.

Consider the following sets of detectors and materials: {eddy
current, capacitive and optical detectors, reed switches}, {steel,
aluminium, nylon, polyamide, wood, copper, water, teflon, paper,
glass, concrete, polished glass}. Establish the correspondence
between the detectors and the materials for which they are active.

What is the role of the optical fibre in an optical detector?

Considering all the types of detectors used, which of them presents
the largest detection range?
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XII

Measurement of angular
velocity

Objectives
The objective of this module is
to explain the working principle
of electromagnetic and digital
tachometers and to use them in the
measurement of angular velocity.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge
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XII

Measurement of angular
velocity
Basic concepts

Introduction

Digital
tachometers

Electromagnetic
tachometers

Digital tachometer
based on a barriertype optical detector

Permanent magnet
DC tachometer

Digital tachometer
based on a reflectivetype optical detector

368

XII

Measurement of angular
velocity
Synthesis
Síntese and acquired
knowledge

After the conclusion of this module, the users should be able to explain the
working principle of digital tachometers and DC electromagnetic tachometers
used in the measurement of angular velocity and to identify their main
components. They should also be aware of the possibility of using different
devices to measure frequency and, thereby, angular velocity.
At the end of this module the user should be able to answer these questions:

1
2
3
4
5

Does a DC electromagnetic tachometer identify the direction of
rotation?

What parameters does the resolution of a DC electromagnetic
tachometer depend on?

State the main components of a digital tachometer?

How can the rotation direction be identified with a digital
tachometer?

What parameters does the resolution of a digital tachometer
depend on?
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XIII

Web Monitoring and
Control

Objectives
This module uses some of the
experimental setups developed at
the Laboratory of Instrumentation
for Measurement (LIM) of Faculdade
de Engenharia da Universidade
do Porto (FEUP) to enhance
the knowledge about physical
quantity measurement and
calibration procedures, applying
currently existing technologies
for web monitoring and control of
experimental systems.

Basic
concepts

Experimental
procedure
Synthesis
and acquired
knowledge

394

XIII

Web Monitoring and
Control
Basic concepts

Introduction

System for straightness
evaluation of a line in
a given direction on a
surface

A calibration procedure
of a temperature
measurement system
with a Pt₁₀₀

Mechanical
material
characterization

395

XIII

5

Explain the concept of straightness deviation.

6

What is the Young modulus of a material?

7

What is the analytical relation between deflection and strain, for
an elastic cantilever beam of rectangular cross section with a point
load at the free end?
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