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Dedication

I first met Peter Ridgway Watt about 30 years
ago when we were both speakers at a very early
conference on instrumented tablet presses. We
quickly found that we had many interests
in common. In 1988, Peter brought out his
textbook on instrumentation, Tablet Machine
Instrumentation in Pharmaceutics, and we collab-
orated several times in organising short courses
on the topic. It was at one of the most recent of
these that Peter and I decided that a revision of
his textbook was called for, to be written partly
by us, but inviting experts in certain areas to
contribute chapters on selected topics. Peter

threw himself into the task, but his health began
to fail, and he died on 12 February 2007, only
five days after the text of the one remaining
chapter had been received.

This book is dedicated to Peter Ridgway Watt,
an inspiring colleague and a good friend.

N Anthony Armstrong
Harpenden, UK

February 2007
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Preface

WHEN WILLIAM BROCKEDON patented the
notion of ‘shaping pills, lozenges and black lead
by pressure in dies’, he could hardly have imag-
ined the extent to which this apparently simple
idea would grow. It was largely this invention
that extended the industrial revolution to the
preparation of medicines, giving rise to the phar-
maceutical industry as it now exists. Individual
pharmacies would no longer need to make up
small quantities of medicines themselves, large-
scale production in a relatively small number of
manufacturing sites was now feasible, and
mechanical engineering methods could be
applied to the process.

In Brockedon'’s original invention (Figure P1),
the upper punch was removed so that powder
could be loaded into the die. The punch was

replaced and was then struck with a mallet to
compress the charge between the faces of the
two punches. It would have been possible to
make a few tablets in a minute.

At the present time, there are rotary tablet
presses with many sets of punches and dies that
are capable of making compressed tablets at a
rate of up to one million in an hour. Yet for more
than 100 years, the satisfactory operation of the
process was dependent on the skill and experi-
ence of the men who ran the machines. They
might evaluate a tablet by breaking it in half and
listening to the snap, but they did not have
the facility to measure what was happening in
accurate detail.

Since the 1960s, the situation has changed
dramatically. We have reached a point where we

/ Upper punch

Die body ——

Lower punch

Figure P1

Schematic view of Brockedon’s original punch and die assembly.
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Xii Preface

are in a position to measure many variables
before, during and after the compaction event,
and to use the constant stream of information to
control the press automatically. In this book, we
have described a selection of measuring devices
that have been developed in the general field of
engineering instrumentation, and we have
shown how some of them have been applied in
our particular area of interest. Readers might be
concerned that many of the references quoted
are of some considerable age, but in fact there
has been little published work on new measuring
systems for several decades. The most significant
advances have been in the field of electronics,
and the application of computer techniques to
data acquisition and processing, but measuring
devices such as strain gauges and displacement
transducers have not changed greatly since the
1980s.

As for the equipment described in these pages,
we have assumed little prior knowledge on the
part of the reader and have attempted to define
any new terms as they appear. Many tablet press
manufacturers offer machines that are already

fitted with measuring devices and data process-
ing systems. Nevertheless, it is still necessary to
understand the essential principles of press
instrumentation, the importance of transducer
selection, siting, and calibration, and to have an
appreciation of what a particular instrumenta-
tion technique can and - equally important —
cannot do. It is our hope that these pages will
help to promote such understanding.

Of course, the idea that research progresses
smoothly from one stage to the next is a myth,
usually supported by papers and publications
that conveniently omit all mention of the dead
ends and disasters that happen in real life.
We have, therefore, included a few anecdotes
from our own experience, which confirm the
hypothesis that if something can go wrong, it
will!

N Anthony Armstrong and
Peter Ridgway Watt

February 2007
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Introduction

N Anthony Armstrong

Introduction

The year 1843 saw the publication of British
Patent Number 9977. It was issued to William
Brockedon, an English inventor, and its object
was that of ‘shaping pills, lozenges and black
lead by pressure in dies’. This marked the intro-
duction of the dosage form now known as the
tablet. Brockedon did not set out to invent a
dosage form. His original aim was to reconstitute
the powdered graphite left as a waste product
when natural Cumberland graphite was sawn
into narrow strips for pencil ‘leads’. However,
he later realised that his invention could be
applied to the production of single-dose units of
medicinally active compounds.

The introduction of the tablet marked the
impact of the Industrial Revolution in the
production of medicines and opened up a
whole range of new possibilities for the phar-
maceutical industry. Compared with earlier
dosage forms such as the pill, it offered a stable,
convenient form that was capable of being
mass produced by machines. Furthermore, with
appropriate formulation, a range of different
types of tablet could be produced, including
those to be swallowed intact, sucked, held
within the buccal pouch or under the tongue,
dissolved or dispersed in water before ingestion,
or so formulated that the active ingredient is
released in a controlled manner. So popular has
the tablet become that it has been estimated
that of the 600 million National Health Service
prescriptions written per annum in the UK, over
65% are for tablets. There are 336 monographs
for tablets in the 2005 edition of the British
Pharmacopoeia.

The original Brockedon press consisted of a die
and two punches, force being applied by a blow
from a hammer. Mechanised versions of this
device soon followed, either eccentric presses
with one die and one set of punches or rotary
presses with many sets of tooling. A modern
rotary press can turn out approximately one
million tablets every hour, rejecting any that are
unsatisfactory. Such presses are often designed to
operate without continuous human supervision,
and to achieve this aim, highly sophisticated
control systems are required. However, all tablet
presses involve compression of a particulate solid
contained in a die between two punches, which
is essentially Brockedon’s invention.

The capsule originated at about the same time
as the tablet. The first recorded patent was
granted in 1834 to two Frenchmen, Dublanc and
Mothes. This was a single piece unit that today is
usually referred to as a soft-shell capsule, the
contents of which are almost invariably liquid or
semisolid. The hard-shell capsule was invented a
few years later in 1846 by another Frenchman,
Lehuby. Such capsules consist of two parts, the
body and the shell, and are usually made from
gelatin. The fill is almost always a particulate
solid, and the filling process usually involves the
application of a compressive force. Hard-shell
capsules also proved to be a popular dosage
form, and there are 64 monographs for hard-
shell capsules in the 2005 edition of the British
Pharmacopoeia.

Research into the formulation and manufac-
ture of tablets, and to a lesser extent that of
hard-shell capsule fills, soon followed but suf-
fered from a major handicap. Many tablet proper-
ties — thickness, crushing strength, resistance to
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abrasion, disintegration time, release of active
ingredient — are dependent on the pressure that
has been applied to the tablet during manufac-
ture. If the means of accurately measuring the
applied pressure are lacking, it follows that
meaningful studies are impossible.

Measuring the force applied to a tablet in a
press was not easy, given the constraints of early
twentieth century technology. Even using the
relatively simple presses of that era, the com-
pression event lasted only a fraction of a second,
and hence the measurement system had to react
to the change in pressure sufficiently rapidly.
Mechanical devices, owing to their inherent
inertia, were not appropriate for this purpose.
Such devices are suitable for measuring pressure
during a longer-lasting event (e.g. compression
in a hydraulic press), but this is unrealistically
slow in terms of tablet manufacture.

It is instructive to consider how the pressure in
a tablet press arises. As the punch faces approach
each other, the volume containing the particu-
late solid decreases. When the solid is in contact
with the faces of both punches, then pressure
exerted by one punch will be transmitted
through the solid mass and will be detected at
the other punch. The magnitude of the pressure
is thus a function of the distance separating the
punch faces.

Many presses have some form of mechanical
indication of pressure. For example, the Manesty
F3 press has an eccentric cam graduated with a
linear scale. The reading on this scale is related to
the depth of penetration of the upper punch
into the die. It takes no account of lower punch
position and, therefore, is not a measure of the
distance separating the punch faces. The relation-
ship between punch separation and pressure is
not linear, and it must be borne in mind that
the relationship between pressure and punch
face separation differs for different solids.
Consequently, though the graduated scale gives
a useful reference point, it is not a device for
actually measuring pressure.

The major step that enabled compression press-
ure in a tablet press to be directly measured was
the independent discovery by Simmons and by
Ruge in 1938 that wires of small diameter could
be bonded to a structure to measure surface
strain. Since strain is proportional to force, this

marked the invention of the strain gauge as a
device for measuring force. The strain gauge was
developed considerably during World War Two,
primarily in the aircraft industry. Its application
to tablet presses soon followed. The construction
and mode of operation of the strain gauge is
described in Chapter 2. However, its essential
characteristic, namely representing force in
terms of an electrical signal, means that force in
the die of a tablet press can be directly measured
in situ with the press operating at its normal rate
of production.

The first report of the use of strain gauges in a
study of tablet preparation was made by Brake at
Purdue University in 1951. This report was in
the form of a Master’s thesis that unfortunately
was never published as a conventional scientific
paper. A year later, the first in a series of papers
entitled ‘The physics of tablet compression’ was
published by T. Higuchi and others at the
University of Wisconsin. In one of the earlier
papers in the series, the term ‘instrumented
tablet machine’ was used for the first time.
The importance of this series, publication of
which continued until 1968, cannot be over-
emphasised and it can be said to have initiated
the systematic study of the tabletting process
and of tablet properties.

Further important steps in the development of
instrumented tablet presses and capsule-filling
equipment are given in Table 1.1. The instru-
mented tablet press, with its output often linked
to a computer, is now a widely used research tool.
In the pharmaceutical production environment,
many presses are routinely fitted with some form
of instrumentation during construction.

A brief overview of instrumented
systems

The basic components of an instrumented
system are shown in Figure 1.1.

All instrumentation systems have
essential attributes:

several

e a transducer of appropriate sensitivity
e a suitable site for fixing the transducer to the
equipment



Table 1.1 Historical milestones in the instrumentation
of tablet presses and capsulefilling machinery

1951 Utilisation of strain gauges in tablet
preparation by Brake, Purdue
University, USA

‘The physics of tablet compression’ a
series of papers by T Higuchi et al.,
University of Wisconsin, USA

First use of the term ‘instrumented tablet
machine’ by Higuchi et al. (1954)

The instrumentation of a rotary tablet
press reported by Knoechel et al.
(1967), Upjohn, Kalamazoo, USA

The first reported linking of an
instrumented tablet press to a computer
by de Blaey and Polderman (1971),
University of Leiden, Netherlands

The first report of a tablet press
simulator (Rees et al., 1972, Sandoz,
Switzerland)

Instrumentation of capsule filling
machinery (Cole and May (1972),
Merck, Sharp and Dohme, Hoddesden,
UK: Small and Augsburger (1977),
University of Maryland, USA)

Linkage of a microcomputer to an
instrumented tablet press (Armstrong
and Abourida, 1980, Cardiff
University, UK)

Simulated capsule filling machinery
(Jolliffe et al., 1982, Chelsea College,
University of London, UK)

1952-1968

1954

1967

1971

1972

1972-1977

1980

1982

e a power supply and a means of getting that
power to the transducer

e a means of getting the output away from the
transducer

e amplification circuitry

e a method of observing and/or recording the
signals from the transducer

¢ a method of calibration.

The main parameters of interest in the instru-
mentation of tablet presses and capsule-filling
equipment are force, distance and time, with the
first two often being measured in relation to the
last. Measurement is carried out by means of
transducers. A transducer is a device that permits
the measurement of one physical parameter

Introduction 3

(input) by presenting it as another (output). An
everyday example of a transducer is a conven-
tional thermometer, in which temperature is
measured in terms of the volume of a liquid.
Proportionality must be established between
the input of the transducer and its output — in
this case between temperature and the liquid
volume. In other words, the transducer must be
calibrated.

Almost all the transducers used in instru-
mented tablet presses have electrical outputs of
some sort, which by appropriate circuitry can be
changed into signals based on voltage These, in
turn, perhaps after transformation into digital
form, can be measured, stored and manipulated.

Numerous parameters involved in the tablet-
ting process can be measured, though some are
more difficult to measure than others. For exam-
ple, with a rotary tablet press fitted with force
and displacement transducers on upper and
lower punches, it is possible to measure all the
parameters described in Table 1.2.

Most of these involve force (pressure) and
movement. Since these parameters will have
been recorded with respect to time, it is possible
to measure the duration of events in the com-
pression cycle. The rate of change can also be
measured; for example, punch speed can be
derived from knowledge of punch movement
with respect to time. It is also possible to record
one of these parameters as a function of another.
Examples of what can be measured are given in
Table 1.3, and their significance will be discussed
later in this book.

If the primary objective for using an instru-
mented press or capsule-filling equipment is
fundamental research or to optimise a new for-
mulation, it may be useful to measure as many
of these parameters as possible. Conversely, if
the aim is to control a production machine, then
fewer need to be monitored. It must be borne in
mind that instrumentation can be expensive,
both in terms of equipment costs and the costs
of skilled personnel to use it, maintain it and
to interpret its output. Hence a ‘let’s measure
everything’ approach can be unnecessarily
costly. As in all scientific work, careful
consideration of the objectives of the work and
the benefits that may be achieved must be
undertaken as an initial step.
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Power

supply

v

Transducer
fitted to
equipment

y

Transducer
output

Amplification

Signal
recording

Figure 1.1

Table 1.2  Parameters that can be measured using a
rotary tablet press fitted with force and displacement
transducers on upper and lower punches

Parameter Units

Upper punch precompression force  Force (N)
Lower punch precompression force  Force (N)
Upper punch compression force Force (N)
Lower punch compression force Force (N)
Ejection force Force (N)
Upper punch pull-up force Force (N)
Lower punch pull-down force Force (N)
Die wall force Force (N)
Upper punch movement Distance (m)
Lower punch movement Distance (m)

Punch or die temperature Temperature ('C)

Furthermore it is vitally important to be confi-
dent that the collected information is a measure
of the intended parameter, and not an artefact
introduced by the measuring device or its attach-
ment, an error in data collection or manipu-
lation, or some uncontrolled feature of the
overall system.

The basic components of an instrumented system.

Units of measurement

Units of measurement can often be the source of
confusion, though this would be reduced if SI
units were invariably used. Wherever possible,
units outside the SI system should be replaced by
SI units and their multiples and sub-multiples
formed by attaching SI prefixes. In the SI system,
there are seven basic units from which all others
can be derived. These base quantities, together
with their units and symbols, are shown in Table
1.4. Such variables as displacement, time and
temperature can, therefore, be referred in prin-
ciple to the base units of the SI system. Variables,
such as force, that are not among the seven fun-
damentals must be derived from combinations
of the latter.

In practice, all the base units are not equally
accessible for everyday use. It is, therefore, nor-
mal to approach them through the use of
derived units, and the derivation of some of
these is shown below.

Base units

The base unit of length, the metre, is defined in
terms of time and the speed of light, which is
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Table 1.3  Parameters that can be derived from data obtained from a tablet press fitted with force and displacement

transducers on upper and lower punches

Upper punch Lower punch

Upper and lower punches

Punch speed (ms~)

Peak force (N)

Punch penetration (m)
Work of compression (N m)
Work of expansion (N m)

Peak force (N)

Ejection force (N

Punch speed (ms~)

Punch displacement (m)

Ratio of peak forces

Distance between punch faces (m)
Tablet thickness (m)

Tablet density (kg m~3)

Porosity

Work of ejection (N m)

Area under force—time curve (N's)
Rise time (s)
Stress rate (N's™')

Rise time (s)

Stress rate (Ns™)

Area under force—time curve (N's)

Ejection displacement (m)

Table 1.4  Basic units in the S| system of measurement

Base quantity Unit Symbol
Length metre m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature  kelvin K
Luminous infensity candela cd
Amount of substance mole mol

299792458 ms 1. Thus, the metre is the length
of the path travelled by light in a vacuum
during a time interval of 1/(299792458) of a
second. Secondary sources are lasers in the vis-
ible and near infrared spectrum, and physical
objects are calibrated by direct comparison with
these lasers.

The base unit of mass is the kilogram, and this
is the only unit of the seven that is currently rep-
resented by a physical object. The international
prototype of the kilogram is a cylinder made of a
platinum-iridium alloy kept at the International
Bureau of Weights and Measures at Sévres near
Paris. Replicas are kept at various national
metrology laboratories such as National Physical
Laboratory in the UK and the National Bureau of
Standards in the USA.

The SI unit of thermodynamic temperature is
the kelvin (K). The kelvin is defined as the frac-
tion 1/(273.16) of the thermodynamic tempera-
ture of the triple point of water.

The SI unit of time is the second, which is
defined as 9192 631 770 periods of the radiation
derived from an energy level transition of the
caesium atom. As such, it is independent of
astronomical observations on which previous
definitions of time depended. The international
atomic time is maintained by the International
Bureau of Weights and Measures from data con-
tributed by time-keeping laboratories around
the world. A quartz clock movement, kept at a
reasonably constant temperature, can maintain
its rate to approximately one part per million,
equivalent to 1s in about 12 days.

Derived units

The SI unit of force is the newton (N), and is
defined as the force that imparts an acceleration
of one metre per second every second (1 ms~2) to
a body having a mass of one kilogram.

The SI unit of pressure is the pascal (Pa),
which represents one newton per square metre
(INm™2). The pascal is an inconveniently
small unit for practical purposes. For example,
atmospheric pressure is approximately 10° Pa.

The SI unit of energy or work is the joule (J),
which is the work done by a force of one newton
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when the point at which that force is applied is
displaced by one metre in the direction of the
force.

The SI unit of power is the watt (W), and one
watt is the power that gives rise to the pro-
duction of energy at the rate of one joule per
second.

Velocity is the rate of change of position of a
body in a particular direction with respect to
time. Since both a magnitude and a direction are
implied in this definition, velocity is a vector.
The rate of change of position is known as speed
if only the magnitude is specified, and hence this
is a scalar quantity.

Force is the most important parameter that is
measured in instrumented tablet presses and
capsule-filling equipment, though often the
term ‘pressure’ is used. In some texts, the terms
‘force’ and ‘pressure’ seem to be used inter-
changeably, as if they were both measurements
of the same thing. This is incorrect, since press-
ure is force per unit area. In some cases, such as
when flat-faced tablet punches are used, the area
over which the force is applied can be easily
measured, and so if the force is known, then the
pressure can be readily calculated. However, if
the area of contact is not known, or if the force
is not equally distributed over the whole surface
of contact as, for example, with concave-faced
punches, then calculation of the pressure is more
complex.

Table 1.5 shows the wide variety of units, both
SI and otherwise, that have been used in recent
years in scientific papers describing the relation-

ship between applied force or pressure and the
crushing or tensile strength of the resultant
tablets. Comparison of data from sources that
use different units of measurement is difficult,
and the value of using a standard system such as
SI is apparent.

The instrumentation of tablet presses
and capsule-filling equipment

Instrumentation techniques that can be applied
to tablet presses and capsule-filling equipment
are summarised here but are described in more
detail later in this book.

Eccentric tablet presses

Much of the earliest work on instrumented
tablet presses was carried out on eccentric
presses. The upper punch is readily accessible so
that force transducers can be easily fitted, and
there is no problem in getting the electrical sup-
ply to the transducers and their signals out from
them. It is usually considered desirable to mount
the force transducers as near to the point of
action as possible (i.e. on the punches). This
implies that if the tablet diameter or shape is
changed, another set of instrumented punches
must be provided. An alternative approach is to
mount the force transducers on the punch
holder or eccentric arm, an arrangement that

Table 1.5 Examples of units that have been used to describe force, pressure, tablet crushing strength and tablet tensile

strength in papers on tablet research in recent years

Abscissa Ordinate
Parameter Unit Parameter Unit
Force kg Crushing strength (hardness) kg
Ib Strong-Cobb units
kN N
N kp
Pressure kgem—2 Tensile strength kgem—2
Pa Pa
MPa MPa

lbin-2




can accommodate changes of punch. It is usually
possible to mount transducers directly on to the
lower punch, though a popular alternative is to
use a load cell fitted into a modified punch
holder.

There is also adequate room to mount dis-
placement transducers on an eccentric press,
but the siting of these may cause problems
owing to distortion of the press itself during the
compaction event.

Rotary presses

The essential action of a rotary press — com-
pression of a particulate solid in a die between
two punches - is the same as that of an eccentric
press. The main problem in fitting instrumen-
tation to a rotary press is that the active parts of
the press, the punches and dies, are moving in
two horizontal dimensions, as well as the verti-
cal movement of the punches into and out of
the die. Hence, if the transducers are to be
directly attached to the punches, fixed links
between the power supply and the transducers
and between the transducers and the output
devices are impracticable. There are two
approaches. Firstly, the transducers may be fitted
to static parts of the press such as the tie bar,
compression roll bearings, etc. The disadvantage
of this approach is that these parts are distant
from the punches, and intervening components
such as bearings or linkages may introduce
errors. However, Schmidt and Koch (1991)
showed that in practice these errors were not
significant and siting the force transducers
distant from the punches gave a satisfactory
outcome.

Secondly, a non-continuous link may be
employed to get power to the transducers and
their signals out. Radio-telemetry, slip-rings and
optical devices have been used. Such systems
usually preclude the use of a full set of punches
and dies.

Ejection forces can be measured in a rotary
press by fitting force transducers to the ejection
ramp. The measurement of punch displacement
is somewhat more difficult, owing to the diffi-
culty of mounting the transducers close to the
punches. However, modified punches are avail-
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able. It has been shown that, provided allowance
is made for press and punch deformation, pat-
terns of punch movement in rotary presses fol-
low predicted paths more fully than those of
eccentric presses, and it has been suggested that
punch position in a rotary can be ‘assumed’
rather than measured (Oates and Mitchell,
1990).

Compaction simulators

Since patterns of punch movement differ from
press to press, it is an attractive proposition to
have a machine that can simulate any type of
press. The tablet-press simulator is essentially a
hydraulic press, movement of the platens of
which can be made to follow a predetermined
path with respect to time. This path is designed
to imitate the patterns of punch movement of a
specific press operating at a specific speed. The
die is usually filled by hand with a weighed
quantity of solid. Therefore, only small quan-
tities of raw material are needed. However,
tablet-press simulators are extremely expensive.
Much of the expense arises from the need to
move relatively large amounts of hydraulic fluid
rapidly and precisely.

A cheaper alternative to the simulator is a
motorised hydraulic press, though this has two
limitations. The punch speed is constant (which
is not the case in tablet presses) and it is much
slower than the punch speeds used in most
presses. However, it is noteworthy that many
workers with a simulator also opt for a constant
punch speed, often referred to as a ‘saw tooth’
profile, even though, presumably, they have the
option of a more complex speed profile.

Capsule-filling machinery

It is surprising how little work has been carried
out on the instrumentation of capsule-filling
machinery, despite the popularity of the capsule
as a dosage form, and the fact that in much of
this equipment the same two parameters of force
and movement are important. There are poten-
tially two main problems. The forces are much
lower than in tablet presses, being at most a few
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hundred newtons rather than tens of Kkilo-
newtons. Hence a more sensitive measuring
system is needed. Secondly, for reasons of signal
stability, transducers must be fixed to a ‘massive’
component of the machine; otherwise distortion
will ensue. These positions are readily available
on a tablet press, but are not so abundant on
capsule-filling machinery. A further complica-
tion is that there are two distinct types of
capsule-filling equipment, dosating tube and
dosating disk, the filling mechanisms of which
differ. Solutions to instrumentation challenges
in one type might not be applicable to the other.
Both dosating tube and dosating disk equipment
have been simulated.

Instrumentation and computers

With the availability of cheap computing power,
the use of computers for the acquisition, storage
and manipulation of compression data is a nat-
ural progression. Virtually all transducers used in
tablet-press instrumentation give out electrical
signals that can be converted by appropriate cir-
cuitry to a voltage. However, the transducer gives
out an analogue signal, which must be converted
to a digital signal before it can be processed by
the computer.

It must be stressed that it is perfectly possible
to have an instrumented press without a com-
puter. Also the availability of suitable software
must be considered. The use of spreadsheets such
as Excel can be invaluable here.

Methods of interfacing a computer to a tablet
press or capsule-filling equipment are described
in Chapter 8.

Instrumentation packages

Only a few years ago, if one wanted to instru-
ment a tablet press, it was necessary to fit the
transducers to the press oneself, and select
suitable amplification and signal-conditioning
equipment. This is no longer the case. Many pro-
duction presses are available with instrumenta-
tion built in, primarily for the purpose of
automatic weight control leading to automated
press operation.

Also available are instrumentation packages
capable of being fitted to a press. These typically
comprise the transducers, power source, ampli-
fiers, a computer interface and a computer for
data capture, storage and manipulation. Setting
up is simplified by a ‘menu’ display on the com-
puter screen. Computer software is available to
transform the data received from the transducers
into parameters used for characterising the com-
paction process. Care must be taken that the defi-
nitions of such parameters are correct. It is the
authors’ experience that these parameters are
sometimes incorrectly defined, and potential
users must satisfy themselves on this score.
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The measurement of force

Peter Ridgway Watt

Introduction

There are two fundamental approaches to the
measurement of force: we can describe these as
direct and indirect.

The direct approach is exemplified by the use
of a two-pan balance or domestic scales to weigh
an object of unknown mass. Placing the object
on one pan deflects the balance beam; known
masses are then added to the other pan until the
system is returned to a state of zero deflection.
The restoring force may also be generated by
electrical means, but the general principle
remains the same. As the deflection is returned
to zero for each operation, the system is largely
independent of the elastic properties of its
components.

Weighing by a version of this technique was
for many years the most precise operation that
could be carried out in a chemical laboratory,
though it was a notably time-consuming pro-
cedure. In the double-weighing procedure sug-
gested by Gauss, the unknown mass was first
weighed as carefully as possible on one side of
the balance. Then it was transferred to the other
pan and weighed again, thus compensating for
any asymmetry of the beam. The declared mass
was taken as an average of the two readings. At
present, the National Physical Laboratory pre-
cision balance is capable of comparing kilogram
masses to the nearest microgram, or one part in
a thousand million, though the operation still
calls for a great deal of patience, care and time.
In spite of their achievable accuracy, direct
methods of this kind are clearly unsuited to con-
tinuous or near-continuous measurement. Force
balancing calls for a system that can be restored

to zero deflection for each measurement, and
this effectively rules out its application to tablet
presses and associated machines, where the
forces are large and vary rapidly. However, the
balance method is very important for the static
calibration of gauges and transducers, as we shall
see later. Force balance systems were analysed
in 1975 in a monograph by Neubert, and in
principle have hardly varied since then.

The indirect approach is that in which forces
are inferred by the effect that they have on
deformable objects. This method is exemplified
by the spring balance, where the gravitational
force applied by an unknown mass extends a
spring whose extension is read on an arbitrary
scale to represent the mass. Within certain
limits, the deformation of an elastic solid is accu-
rately proportional to the applied force, so if we
can assess the deformation we can infer the force
that produced it.

Carrying out such a measurement on a work-
ing machine need not affect its normal oper-
ation, provided that appropriate systems are used.
Indeed, a basic principle of good instrumen-
tationis thatit causes only minimal disturbance to
the characteristics being measured. Nevertheless,
machines such as tablet presses are constructed
as more or less rigid supports for their operating
elements, and in order to infer the forces acting
within them, it is necessary to measure very
small dimensional changes, or ‘surface strains’.

The measurement of surface strain is nor-
mally achieved by the use of ‘strain gauges’
attached to the component under examination,
although many other methods exist, and we
shall see more of these in succeeding pages. A
review of the techniques available for force
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measurement was published in 1982 by Erdem,
and although this particular article is now over
20 years old, once again we can say that the
essential principles have not changed materially
since then.

Strain measurement

Stress and strain

We have already noted that mechanical stresses
produce dimensional changes in solid materials.
Stress is conventionally measured in terms of
applied force per unit area, and it may take vari-
ous forms. Thus, ‘tensile’ stress is a force that
tends to elongate or stretch a specimen, while
‘compressive’ stress produces a corresponding
shortening of the specimen; stress may also
result in ‘torsion’, when the specimen is twisted,
or ‘shear’. Shear stresses are always in the plane
of the area being considered and are at right
angles to compressive or tensile stresses.

Strain is defined as the proportional dimen-
sional change resulting from the applied force.
For example, if a wire were to be stretched until
its length increased by 1% of its original value,
it would be said to exhibit 1% strain. Strain is
often signified by the Greek letter ¢. In most
practical applications, very much smaller levels
of strain are to be expected, and the usual work-
ing unit is the ‘microstrain’, ue, or proportional
part per million. Both stresses and strains are
vector quantities, with direction as well as mag-
nitude, and this has to be borne in mind when
measuring systems are devised.

Hooke’s law

Hooke’s law tells us that the extension of a
spring or an elastic solid is proportional to the
applied load, up to the so-called ‘proportional
limit’. For many steels, this corresponds to an
extension of approximately 0.1% from the orig-
inal length. If such a load is removed, the solid
will return to its original dimensions; in other
words, it exhibits ‘elastic recovery’. Beyond the
proportional limit, there may still be some

recovery but the relation between force and
extension ceases to be linear. At and beyond the
‘elastic limit’, the material no longer returns to
its original dimensions when the applied force is
removed, some deformation having become per-
manent. For most engineering materials, the
proportional limit and the elastic limit are virtu-
ally the same. Finally, as the load increases to the
‘vield point’, often in the region of 0.2% elong-
ation, there may be a sudden increase in strain
without any further increase in stress. In other
words, catastrophic failure ensues (Figure 2.1).

Young’s modulus

Within the proportional limit in tension or com-
pression, the ratio of stress to strain is nearly
constant and is defined as the modulus of elas-
ticity, or Young’s modulus, which is often signi-
fied by E. It is important to know the E value of
a component that is to be gauged, as it enables
us to calculate the likely dimensional change
that will result from a given force. If a specimen
of length L and cross-sectional area A is sub-
jected in tension to a force W, thereby producing
an extension e, then Young’s modulus is given by
WL/A e.

Elastic limit \

\A Yield point

N

")
v
o
» Proportional limit
Strain
Figure 2.1 Hooke's law: the progressive extension of a

metal specimen under tension from the proportional region
to ultimate failure.



The approximate value of E for mid-range
steels is 210 GNm~2, while that for aluminium
is 100GNm™2, though in both examples, the
values of E are not precisely constant since they
are affected by changes in temperature. As a rule,
higher temperatures produce lower values of E.

Poisson ratio

When a length of solid material, such as a metal
rod or wire, is placed under tension, its length
increases, and at the same time its diameter
almost always decreases. There are some anom-
alous materials, known as ‘auxetics’, that
expand under tension, but most of these are
polymer foams that fall outside our current
areas of interest.

The ratio of lateral contraction per unit
breadth to longitudinal extension per unit
length is defined as ‘Poisson ratio’, a dimension-
less value often signified by the Greek letter nu
(v). If the volume of the metal remained con-
stant, it would be a simple matter to calculate
the change in diameter for a given change in
length. In practice, the original volume is not
preserved, and different materials exhibit a range
of values for the Poisson ratio. Typical examples
may be found in most engineering reference
books, but the reader should be warned that the
published values, although similar, do not
always agree precisely for all materials. The
Poisson ratio for zinc, for example, has been
given variously as 0.21 and 0.331; that for cast
iron as 0.25 and 0.21. If the precise figure might
be critical, it is always advisable to obtain a value
from the metal suppliers.

Gauge factor

As a result of changes both in its length and in
its diameter, the electrical resistance of a
stretched wire increases, and measuring that
resistance can, therefore, provide information
about the applied force. The proportional
change in resistance for a given proportional
change in length is called the ‘gauge factor’ for
that material, often indicated by the symbol K,
and is a measure of its strain sensitivity.
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Interestingly enough, it is not possible to predict
the gauge factor directly from Poisson ratio
alone, since most resistive alloys show additional
changes in their bulk resistivity when stressed,
and this effect increases their strain sensitivity to
some extent. Without such an additional effect,
the gauge factor for a typical alloy would be
around 1.6, whereas in practice most commercial
foil gauges have a factor slightly greater than 2.0.
So an elongation of, say, ten parts per million
(ppm) would result in a resistance change of
approximately 20 ppm.

Strain gauges

Various devices have been developed for the
assessment of strain in structures and mechan-
isms, but the term ‘strain gauge’ when used
without qualification is generally taken to imply
the electrical resistance strain gauge, in which
small changes in length produce accurately and
reproducibly related changes in the resistance of
a conductive element.

The development of electrical resistance
strain gauges

The effect of strain on the resistance of a wire
element was observed by Lord Kelvin as early as
1856, and the principle was employed in the
early 1930s by Charles Kearns to measure strains
in propeller blades, using carbon composite
resistors. In the period 1937-8, Simmons and
Ruge independently experimented with fine
resistance wires as the basis for a strain-gauging
device. Later, following developments in instru-
mentation during World War Two, it became
possible to manufacture wire-based strain gauges
as a commercial proposition. For convenience in
measurement, it was considered desirable to use
wires with a resistance of at least 100 ohms (Q2),
though there was a practical limit to the fineness
of the wire that could be made and handled
without damage. The first gauge elements were,
therefore, made from a comparatively long thin
wire that could achieve the required resistance.
This was wound into a flat grid pattern so that



14 Tablet and capsule machine instrumentation

the resulting gauge could be of reasonably small
dimensions. In these early examples, the wires
were usually held by adhesive between two
layers of insulating paper. However, they were
difficult to make and apply; they were not
particularly reproducible, and their thickness
meant that they were not ideally adapted to
following small movements of the surfaces to
which they were attached.

All this changed in the 1950s with the devel-
opment of photochemical etching techniques
for the manufacture of printed electronic cir-
cuits. Nowadays, gauges are mass produced from
very thin metallic foil on an insulating backing
sheet. During manufacture, the foil is coated
with a film of light-sensitive ‘resist’, which is
then exposed to light — usually ultraviolet —
through a photographic negative of the grid
form. This induces local hardening of the resist,
after which the soluble material can be etched
away to leave the required pattern.

Characteristics of metal foil gauges

1. The foil gauge is essentially flat, and lends
itself well to adhesive bonding.

2. The foil elements are thin: typically in the
range 0.003-0.005 mm. It is, therefore, poss-
ible to produce grids of small area that never-
theless have electrical resistances in the range
100-5000€Q. This is a convenient range for
measurement.

3. It is easy to incorporate alignment marks into
the gauge pattern, so that the gauges can be
fitted into precisely known positions.

4. The flat construction of the gauge ensures
that thermal gradients between the gauges
and the surface to which it is attached are
kept to a minimum.

5. The method of production provides for a very
high degree of reproducibility between
gauges, both in terms of resistance and in
physical dimensions.

6. Most strain gauges are intended to measure
strain in one direction, while remaining
insensitive to transverse strains. The etched
foil gauge can be formed with narrow,
high-resistance, elements along its principal
axis; the transverse elements can be made

much wider so that they are of relatively
low resistance.

7. Chemical etching introduces little or no
strain in the foil from which the gauges are
made. Etched foil elements, therefore, show
good stability and minimal drift.

Since etched foil gauges have a large surface area,
they may be susceptible to oxidation and insu-
lation leakage at elevated temperatures: but
these effects will not be apparent below 200°C,
and for applications in tablet and capsule studies
they can reasonably be ignored.

Gauge construction

As has been noted, the gauge element is in the
form of a metal grid. The metal itself is usually
an alloy, and it will be chosen for some specific
properties since no single material is univer-
sally applicable. However, the two most widely
used materials are copper-nickel alloy, or
‘Constantan’, and nickel-chromium alloy,
Karma or ‘K’ alloy. Copper-nickel alloy grids
can be used over the temperature range —75°C
to +175°C, although they may exhibit slow
changes in resistance when held for long peri-
ods over 70°C. Nickel-chromium has a some-
what greater range, extending up to at least
300°C, and also has slightly higher strain
sensitivity.

Figure 2.2 shows a typical grid form. It can be
seen that the gauge consists of many narrow par-
allel elements joined by end loops to produce an
electrically continuous circuit. The end loops are
relatively wide, and not only give reduced trans-
verse sensitivity but also help to provide good
mechanical attachment between the gauge and
the substrate. Large pads are provided for the con-
nection of electrical leads, and there are align-
ment marks that assist with gauge positioning.
The ‘effective length’ of the element is defined as
the distance between the end loops of the grid.

The fine grid makes it possible to achieve a
suitably high resistance in the gauge element.
This configuration provides maximum strain
sensitivity along the measurement axis while
remaining relatively insensitive to strains on the
transverse axis.
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Foil strain gauge terminology.

There are some specialised gauge alloys that
are not readily soluble in common etching flu-
ids, and these materials may be punched out by
the technique known as ‘fine blanking’, with an
accurately ground punch and die assembly.
However, for all practical purposes they can be
ignored in our particular areas of interest, which
in general involve the measurement of strain lev-
els usually below 300 pe in materials at or near
room temperature.

Gauge backing

Various insulating materials, such as fibreglass
epoxy and resin-bonded papers, have been used
to support strain gauge elements, though now-
adays cast polyimide films are perhaps the most
popular for general work, particularly when the
gauges are to be used at moderate temperatures.
Clearly any backing material must retain high
insulation resistance at the working temperature,
be dimensionally stable and transmit strain effi-
ciently from the substrate to the gauge. For maxi-
mum efficiency in this last respect, the backing
must be as thin as possible, typical values for

thickness being around 25 pm. The sensing grid
may be open faced, while some gauges are
offered with a protective upper encapsulating
layer of approximately 13 um.

It is evident that gauges of this light construc-
tion will not affect the mechanical performance
of any large structure to which they are bonded;
however, they may have more effect on small
components of about their own size. In design-
ing instrumentation for the estimation of very
weak forces, therefore, it is useful to bear in mind
that the gauge and its adhesive can add materi-
ally to the stiffness of a very thin component. A
final requirement is the ability for the gauge
backing to form a strong adhesive bond with an
appropriate cement.

Gauge configuration

The gauge grid is designed, as we have seen, to
respond mainly to strain along one direction:
normally the axis of principal strain. However, it
is often very useful to be able to measure the pat-
tern of surface strains on an object, and to facili-
tate this it is convenient to use composite or
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‘rosette’ gauges, with two or more grids on a
common backing. Figure 2.3 shows a selection of
different forms that are available.

In the simplest example, two similar grids are
mounted with their axes at right angles to each
other. Double gauges of this form are often used
to provide temperature compensation for one
active gauge, the second gauge giving a smaller
signal along the other axis. Since this smaller sig-
nal is derived from the transverse movement of

s V1

Y N

Figure 2.3

the gauged surface, it is a function of Poisson
ratio for the material involved, and the gauge is,
therefore, often described as the ‘Poisson gauge’.

There are many other common configurations,
apart from the double gauge. For example, there
is the three-axis rosette with symmetrical arms
either at 0-60-120° to each other (delta) or
0-45-90° (rectangular), the latter being the more
common configuration. These can be used in an
investigative mode to determine the exact direc-

Resistive strain gauges are available in a variety of configurations for specific applications.



tion of the principal strain on a surface; the
method of manufacture ensures that the grids are
not only well matched for their electrical proper-
ties but also have accurate angular positions.
There are also linear arrays of grid elements,
which again can be used on a temporary basis to
locate the best site for subsequent attachment of
a permanent gauge, and circular gauges intended
to fit the diaphragms of pressure gauges.

Electrical characteristics

We have noted that the strain sensitivity of a
resistive gauge is indicated by its gauge factor, K,
and that foil gauges in general have a K value
that is close to 2. This apparently simple picture
becomes less simple on closer examination, since
the value of K is not invariant over the range of
working conditions. In practice, gauge factors
vary with temperature, and to some extent with
the strain level itself.

Temperature variation of the gauge factor

The two most common gauge alloys, namely
Constantan and ‘K’ alloy, have gauge factors that
are almost linearly dependent on their tempera-
tures. That of Constantan increases at approxi-
mately 1% per 100°C, while that of ‘K’ alloy
decreases at a similar rate, as shown in Figure 2.4.
As with many aspects of instrumentation, the
picture becomes even more complicated on fur-
ther study: a rise in temperature, for example,
not only affects the gauge material but it also
changes the elastic modulus of the structure
being gauged, so that a given force is likely to
produce a greater strain.

Modulus compensation

Gauges can be heat treated to give controlled
rates of temperature variation in order to balance
the modulus changes of a given substrate. The
so-called ‘modulus compensated’ gauges then
have an output that is almost independent of
temperature when bonded to that particular
substrate.
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Figure 2.4 The variation of the gauge factors of
Constantan and ‘K’ alloy with temperature.

Non-linearity of gauge resistance with
strain level

Linearity of response is one of the desirable
characteristics of a gauge alloy. Nevertheless,
some degree of non-linearity does exist in most.
A review by Chalmers (1982) quoted a deviation
of between 0.05 and 0.10% of the maximum
strain for a properly applied gauge. Larger devi-
ations are only likely to be found if the gauge is
taken up to strain levels of such magnitude that
they begin to approach the elastic limit of its
alloy. For much of the work involving strain
gauge measurement, repeatability may be con-
sidered more important than linearity, since
calibration can provide a reasonably accurate
final figure. Linearisation techniques, involving
computer manipulation of the original measure-
ments, are normal industrial practice.

Temperature coefficient of gauge response

When a gauge and its substrate are bonded
together, the gauge assumes the same tempera-
ture as the substrate for most practical purposes.
If the gauge and the substrate have different
coefficients of expansion, then any changes in
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temperature will set up strains in the gauge and
will produce misleading signals. These will be
read as ‘apparent strain’ (more recently termed
‘thermal output’) in the system and can be
very large in terms of the expected signal. For
example, a nickel-chrome gauge bonded to a
mild steel bar may exhibit an apparent strain of
as much as 1000 pe for a temperature rise of 40°C
above ambient. For a measuring system capable
of resolving as little as 0.10pue under the best
conditions, this would introduce a substantial
error indeed.

Gauge compensation

Interestingly enough, it is possible to adjust the
coefficients of expansion of certain strain gauge
alloys in order to match those of common engin-
eering metals. When the alloy is rolled into the
thin foil that is needed for gauge construction, it
becomes work-hardened. It can be taken from
the fully hardened state to a fully annealed - or
softened — state by controlled heat treatment,
and during this process its expansion character-
istics progressively change. With appropriate
attention to the time and temperature of anneal-
ing, the alloy can be matched to a variety of dif-
ferent substrates over a temperature range of up
to 25°C on either side of ambient. Gauges made
from alloys that have been heat treated in this
way are known as ‘self temperature compensat-
ing’ (STC) gauges. Commercial gauge manufac-
turers offer STC gauges to suit a range of different
substrates, including aluminium, mild steel, stain-
less steel, concrete, titanium, and some plastics:
in effect, most common structural materials.
The gauges may be ordered as needed to match
a given named substrate, or alternatively to
match a given coefficient of thermal expan-
sion. For example, a material with a measured
linear coefficient of 16 X 107%°C~! could be
matched well with a gauge such as the Showa
N11MA 5120163 LW, where the underlined
numeral indicates the average expansion
coefficient in parts per million per degree centi-
grade. Other makers provide a similar facility,
though it is worth noting that, as many of the
gauge suppliers are either from the USA or have
strong affiliations there, the temperatures

quoted in their documentation may be in the
Fahrenheit scale. The related code numbers may
be misleading if this is not borne in mind.
Figure 2.5 shows how the ‘thermal output’ of a
typical foil gauge can vary as a result of its heat
treatment. The compensation achieved with an
off-the-shelf STC gauge should be within
0.3-0.4pe°C~1. Where there are accurate and
independent means of checking the gauge
temperature, the data-logging system may be
programmed with a compensating algorithm.

Dimensions of foil gauges

The photographic process that is used to form
the etch resist pattern during manufacture of the
gauges is capable of high resolution, and in prin-
ciple could be used to form grid lines down to a
few micrometres in width, or up to any larger
size as required. For convenience in measure-
ment, it is useful to be able to produce gauge ele-
ments whose electrical resistances fall in the
range 100-1000 Q, or occasionally up to 5000 Q
in some applications, and this requirement
means that gauges are usually no smaller than
0.20mm in effective length. Even at this size
there may be problems in ensuring that the
strain to be measured is transmitted completely
from the substrate to the element, and unless
there is any over-riding need to have an
extremely small gauge it is more usual to work
with, for example, a 1.5-3 mm version.

Measuring range

It has already been noted that the levels of strain
likely to be met in tablet presses or capsule fillers
are relatively low, probably not exceeding
300-500 pue at most. This is well below the rated
capability of modern gauges. Some Constantan
foil gauges, for example, are advertised as being
safe for operation at strain levels of up to
50000pe, provided that the gauge length is
greater than 3.0 mm. The limitation is not that
of the backing, since polyimide is very flexible,
but of the foil itself. There are special-purpose
gauges with even greater capabilities, but they
are hardly likely to be needed for applications in
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(Courtesy of Vishay Measurements Group UK Ltd.)

tablet press instrumentation, and they are not
discussed here.

Gauge life

It is important to consider what is meant by the
term ‘gauge life’, since there are several com-
ponents involved: the fatigue life of the element
is one factor, while the adhesive bonding will
be another. Moreover, the electrical connections
themselves represent yet another region for
possible failure in a dynamic system.

At a level of less than 500 pe, most present-day
foil gauges should be able to withstand many
millions of operating cycles without measurable
change. There is some falling off in performance
above 1000pe, but such high levels may be

thought unrealistic for the field covered by this
book. Vishay Measurements Group, for example,
quote an estimated 108 cycles of operation for a
Constantan gauge under dynamic stress with an
amplitude of =1200pue: the same gauge at the
increased level of =1500pue gave 10° cycles. It
should be noted that these figures refer to the
number of operating cycles during which the
gauge performance remains within stated limits
- in this example, a 100ue zero offset — rather
than its lifetime to catastrophic failure. A gauge
will normally remain within limits for a longer
time when it is used dynamically than when it
remains under quasi-static load. Under good
conditions, the electrical leads should last
throughout the life of the gauge element, but
this does depend on careful attention to detail
during the wiring procedure.
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Gauge resistance

We have noted that the early gauges, which were
based on fine wire elements, usually had resist-
ances in the region of 120Q, and a certain
amount of instrumentation developed around
that particular value. However, the photolith-
ography method used to make gauges nowadays
is capable of producing grids with a considerably
extended range of resistances, and higher values,
from 350 to 5000 Q are in common use.

The value selected for a given application will
generally represent a compromise between
opposing considerations. If the gauge resistance
is high, on the one hand, then it is possible to
apply a higher voltage to the measuring bridge,
and hence to extract larger signals for a given
strain level. On the other hand, low ohmic
values are less affected by electrical noise and
insulation leakage, although leakage should be
minimal at near-ambient temperatures. The
120Q gauges are still manufactured, but the
350Q variety are widely used, and those of
1000 Q and above often appear in transducers of
various types. The use of high-resistance gauges
in portable equipment, which may be battery
driven, can help to minimise the current drain.

Semiconductor gauges

The electrical resistance gauges discussed above
have alloy grids, and it is mainly the changes in
length and cross-section that provide corre-
sponding changes in resistance when these
gauges are strained. In other words, there is a
largely volumetric effect. However, there is a
further class of gauge that uses semiconductor
technology and has much greater gauge factors,
extending from 50 up to 200. They are usually
made from doped silicon wafers, and their resist-
ance change results from a heavily stress-
dependent change in specific resistivity. It is
possible to dope the silicon in modes that give
either positive (P-type) or negative (N-type)
gauge elements. Of these, the N-type can be
made in temperature-compensated forms for a
variety of substrates. It is also possible to make
a complete four-arm bridge with N- and P-type
gauges.
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Since the specific resistivity of the semicon-
ductor materials is much higher than that of the
normal gauge alloys, it is not necessary to fabri-
cate semiconductor gauges as fine grid struc-
tures. They are usually made as narrow strips,
sliced from the silicon crystal, with a thickness of
perhaps 0.01-0.05 mm and lengths varying from
0.75 to around 6.0 mm. Figure 2.6 shows a typi-
cal unbacked semiconductor gauge, with a scale
in millimetres indicating its size. The connecting
wires are made of small-diameter (30-40um)
gold wire and are very soft and easily damaged.
Unbacked gauges are extremely fragile and
require great care in their application. Backed
gauges are easier to apply.

Semiconductor gauges are available in a wide
range of nominal resistances from 75Q up to
1000 Q. Their fatigue life is not substantially dif-
ferent from that of foil gauges. At a dynamic load
of 21000 pg, the expected life is over 108 cycles.

At one time, these gauges were considered to
have poor stability, linearity and reproducibility,
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Figure 2.6 The semiconductor strain gauge. Because the
electrical resistance of these materials is much higher than
that of metal foil, these gauges are made up of single ele-
ments rather than grids. The scale on the right of the illus-
tration is in millimetres.




though all these have been significantly
improved, partly by better doping technology
and partly by the use of automated sorting
systems that can find matched sets of gauges
from a production batch. It is claimed that a
complete four-arm bridge of this type can have
good temperature compensation, in the region
of £0.015%°C™1, but in general it has to be said
that conventional alloy gauges still appear to be
superior in terms of sensitivity to temperature
variations and drift. However, our particular
areas of interest in instrumentation do not
usually involve large temperature excursions, so
for many applications these points may not be
critical. The major disadvantage of the semicon-
ductor gauge appears to be the fact that its
response to strain is quite significantly non-
linear; consequently, the gauge factor varies
appreciably with the strain level. It is suggested
by the National Instruments Company that a
semiconductor gauge may have a factor of —150
with zero strain, dropping non-linearly to —50
at 5000 pe. It is, therefore, necessary to apply a
correction curve to the raw data.

Semiconductor gauges have been used by,
among others, Britten et al. (1995) in the
construction of a capsule-filling machine
simulator.

Sputtered thin-film gauges

There is an additional method of production
that has been applied to the manufacture of
resistive gauge elements; this uses sputtered
thin-film technology that was developed for
industrial electronics. An insulating layer is first
evaporated on to the surface that is to be gauged.
Then the resistive grid is directly deposited by
sputtering under high vacuum. Thin-film ele-
ments are used in transducer assemblies such as
pressure gauges and load cells, and the method
of manufacture makes it possible to generate a
complete four-arm bridge in one operation.
These elements have also been applied to small
cantilever beams, which are commercially avail-
able with a range of load capacities from 0.5 to
S0N. Since they do not use conventional adhe-
sives to bond the gauge elements to their sub-
strates, problems of adhesive creep and drift are
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minimised. Their long-term stability is said to be
extremely good, though their application is nat-
urally limited to use on relatively small compo-
nents that can be conveniently loaded into a
vacuum chamber.

Gauge selection

It will be apparent that it has only been poss-
ible to give a simplified picture of current strain
gauge technology. However, the requirements of
tablet press or capsule work are not particularly
stringent, most operations taking place at or
near room temperature, and the levels of strain
to be measured do not usually exceed 300 g, so
for most of our applications the standard
Constantan or ‘K’ alloy gauges should be quite
sufficient. In this context, we would strongly
recommend that the gauge suppliers are best
placed to give advice on the choice of gauge for
a given application. The theory and practice of
electrical resistance strain gauges were outlined
in a series of articles by Mansfield (1985) and a
reference work by Pople (1979) appeared in the
BSSM Strain Measurement Reference Book, pub-
lished by the British Society for Strain
Measurement.

Gauge attachment

Years ago, any research group embarking on the
instrumentation of a press or some allied equip-
ment would have been obliged to carry out the
gauging themselves. This is no longer to be rec-
ommended for any permanent instrumentation,
although it may well be useful to carry out inves-
tigative gauging in-house, just in order to locate
a suitable gauge position.

In Chapter 3, we shall see the detailed work
that is necessary to produce an installation of
professional quality. There are now quite a few
organisations that offer gauge installation ser-
vices of this standard, and some are listed in
the Appendix at the end of the book. Once a
suitable site for the gauges has been identified,
our advice to the reader would be to leave
permanent installation to the experts.
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Siting strain gauges

If an unfamiliar piece of equipment is to be pro-
vided with strain gauges on a permanent basis,
then it will be important to know where, and in
what orientation, the gauges should be sited. We
have already seen that tablet machines are nor-
mally designed for rigidity in use, so that little
dimensional change occurs during a com-
pression cycle. If a machine is to be gauged, it is,
therefore, essential to site the gauges to the best
advantage. It may be argued that the optimum
positions on familiar machines are already well
known, but to some extent we have attempted to
start from first principles, assuming no prior
knowledge, and illustrating the means that
are available to identify gauging sites on any
structure.

Stress analysis

There are two general methods of approach,
namely modelling and direct measurement, each
with a number of variations.

Modelling methods of stress analysis

Finite element analysis

Finite element analysis is a purely mathematical
approach in which the surface of the object to be
analysed is treated as if it were formed from a
number of simple geometrical figures such as tri-
angles, rectangles and so on, each of which is
capable of individual stress analysis. Such ele-
ments as the thin plate, the cylinder and various
types of loaded beam were analysed in great
detail during the nineteenth century, and their
behaviour under load can be predicted with con-
siderable accuracy. The inter-relations of these
elements are calculated, and the response of the
object as a whole can then be deduced. The
method becomes progressively more accurate as
smaller and smaller elements are taken, though
the calculation of the interactions naturally
becomes more involved.

One important aspect of the finite element
method is its ability to handle both real and
imaginary structures. Provided that a surface can
be described in sufficient detail, it can be
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analysed. It is, therefore, possible to estimate
the likely effects of design changes in a structure
or in a component without the expense of its
manufacture and modification. In the study of
specific machines, such as tablet presses, design
changes may clearly not be permissible, but it is
certainly possible to investigate, by this tech-
nique, the effect of siting gauges at different
positions on a given machine. Modern finite ele-
ment analysis packages can be run successfully
on desktop computers and can be configured to
show lines of equal strain or to display areas in
false colour to give enhanced visualisation of a
strain distribution pattern. Finite element analy-
sis was used by Yeh et al. (1997) to determine the
optimum positions of strain gauges in an instru-
mented die used for the measurement of die wall
stress.

The over-riding consideration in any model-
ling system is, of course, that the model must be
adequately representative of the real structure,
taking into account all dimensions and materi-
als, and any internal cavities, blowholes, etc.,
that might affect the mechanical behaviour of
the structure. In this context, it is worth noting
that reports on the Tay bridge disaster of 1879
found that some of the castings used in the con-
struction of the ill-fated bridge had blowholes up
to 2inches deep (Lee, 1981). These holes had
been disguised by the application of a black
paste, which carried the French name of ‘Beau
Montage’ but unsurprisingly was known in the
UK as ‘Beaumont Egg’. It had no mechanical
strength and was applied as a purely cosmetic
measure. Clearly here was an example of a struc-
ture in which finite element analysis might
easily have given a dangerously misleading
result.

Photoelastic models

There are at least two ways in which modelling
can be used in this context. Firstly, some region
of particular interest can be reproduced at full
scale and tested in isolation. This may be quite
useful if the original machine is complex, large
and heavy. Secondly, and perhaps more usually,
the whole structure can be reproduced as a
small-scale model, with sufficient detail to
ensure that its behaviour simulates that of the
real machine for the purposes of the test. In each



case, the model will then be subjected to applied
forces that have themselves been scaled to corre-
spond to those in the original machine and will
produce appropriate dimensional changes or
strains in the model. If the model is made of
transparent plastics material, it can be examined
by transmitted light. An unstressed plastics
model will not modify the light passing through
it to any marked extent, but physical stress may
cause the material to exhibit some degree of bi-
refringence. If such a model is set up in front of
a source of polarised light, and is examined
through a suitable optical analyser, any stressed
areas will be seen to show visible fringe patterns.
White light produces coloured fringes, while
monochromatic light can give clear, sharply
defined fringes that are more useful for measure-
ment. The effect can conveniently be seen by
positioning the model between two sheets of
‘Polaroid’ with their optical axes crossed at right
angles (Figure 2.7). The addition of a quarter-
wave plate generates colours in the fringe system
so that variations across the model are more eas-
ily seen. Suitable equipment for this operation is
usually to be found in any glass-blowing labora-
tory, where it is used to detect residual stress in
glass components before and after annealing.
The production of coloured fringes can be
demonstrated quite easily in models made from

Light source  Diffusing screen
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‘Perspex’ or similar types of acrylic plastic, but
for careful analytical work it is customary to use
specially developed polycarbonate or epoxy
resins. One feature of these specialised materials
is their ability to retain stress patterns after the
stress itself has been removed. This retention can
be facilitated by raising and lowering the tem-
perature in a prescribed controlled way so that
the pattern is ‘frozen’ into place for subsequent
study. In this technique, the model is heated in
a sufficiently large oven and is stressed while at
an elevated temperature. It is then allowed to
cool, still under stress, to room temperature. It is
then stable enough for further analysis.

It must, of course, be remembered that stress
distributions are usually three dimensional and
are not always easy to determine accurately
within a complex scale model. For the purposes
of measurement, therefore, the model is usually
cut into thin laminar sections that can be treated
as two-dimensional forms. The cutting process
must, naturally, be carried out without alteration
of the frozen stress pattern. After sectioning has
been accomplished, any further studies are likely
to require a completely new model, so detailed
analyses of complex structures by this procedure
can be fairly time consuming.

In spite of its disadvantages, the photoelastic
model does provide a simultaneous picture of

s Polarising filter

Transparent model
under test

Viewpoint

™ Second polarising filter

Figure 2.7 Stress analysis in polarised light. A transparent plastics model is placed between two crossed polarising
screens. Stresses appear as variations in the transmitted light intensity.
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the stresses, both internal and external, associ-
ated with a whole structure. If the model is sub-
jected to progressive loading, changes in the
fringe pattern can be observed as they happen.
An increase in the stress level generally pro-
duces a corresponding increase in the number
of fringes seen, but the particular spacing
between fringes will depend on the composition
of the polymer used for the model, and on its
temperature.

Resins for modelling

The specially formulated casting polymers have
higher strain sensitivity than that of the com-
mercial sheet plastics and will, therefore, exhibit
more fringes for a given load (Figure 2.8). Models
cut from sheet ‘Perspex’ can, nevertheless, pro-
vide useful information on a rather more quali-
tative basis. They are best used when the
component to be represented is itself relatively
flat, for example a plate cut from sheet metal. In
such cases, the stress pattern is likely to be nearly
two dimensional and will be less confusing than
that from a complex, solid, object.

It is, however, important to be aware of the
possibilities of misinterpretation. Commercial
sheet plastics often have internal stresses result-
ing from the method of manufacture, and addi-
tional stresses may be introduced by the
subsequent cutting procedure. An example of

Figure 2.8
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this was seen in the writer’s laboratory during
the production of a simplified model of the
upper arm for an F3 single-punch tablet
machine. The outline of the arm was drawn on
the protective paper covering a sheet of 5.0 mm
‘Perspex’, and the model was then cut from the
sheet by a powered bandsaw. After cutting, the
model was examined in a glassblower’s polaris-
ing ‘strain viewer’ and was found to show a
repeated strain pattern around the cut edges,
with a highly stressed region occurring every few
centimetres. This appearance might have led to
wrong conclusions in a photoelastic analysis, but
in fact it resulted solely from the method of cut-
ting. Bandsaw blades are made from a narrow-
toothed strip of metal welded into a continuous
loop. The physical properties of the bandsaw
blade are modified by the presence of the weld,
and small projections may be introduced at the
junction itself. In this particular instance, the
welded joint was striking the ‘Perspex’ sheet at
each revolution of the bandsaw blade, each
impact causing localised changes in the material.

In addition to the strains produced by impacts,
plastics may exhibit more generalised bulk
effects. The F3 arm model mentioned above
appeared substantially colourless when viewed
directly through its front face. When rotated so
that it could be seen edgewise, it appeared to
show a range of coloured fringes. In fact, these

Fringes in a stressed model made from a strain-sensitive epoxy resin. (Courtesy of Sharples Photomechanics Ltd.)



colours resulted from a general internal stress,
coupled with the wedge-shaped configuration
of the model: different thicknesses showed
different colours.

Annealing

If commercial sheet plastics are to be used for
simple stress models, they should always be
annealed after machining. Controlled heat treat-
ment releases the internal stresses from the
material and so they will not confuse the sub-
sequent observation of load-related stress pat-
terns. Information on suitable annealing
programmes is available from the suppliers of
plastics, but, as an example, it is usually possible
to anneal polymethylmethacrylates such as
‘Perspex’ or ‘Plexiglass’ by raising their temper-
ature slowly to approximately 85°C for 30 min
or so, then cooling them down to room temper-
ature over 1 or 2h. Alternatively specialist sup-
pliers of photoelastic materials can supply the
plastic in a form that is stress free and requires
only careful machining. The material is in the
form of flat slabs and pre-cast blocks and rounds
in various sizes. Sheets are available from 0.25 to
12.7 mm thick and up to 500 mm square.

The photoelastic technique outlined here has
been discussed as being one means of determin-
ing the most satisfactory site for the installation
of strain gauges. However, it has sometimes been
applied as a measurement system in its own
right. For example, Ridgway (1966) constructed a
model die from ‘Perspex’, used the model to pre-
pare tablets and estimated the die-wall stresses
involved by counting interference fringes as the
compression proceeded. The changing fringe
patterns were recorded on cine film for later
analysis. Accurate, quantitative interpretation of
photoelastic patterns in solid, three-dimensional
objects is not particularly easy to achieve,
though the monograph by Frocht, published as
early as 1948, is still a useful guide to this field.

Direct methods of stress analysis

It is perhaps worth repeating that both the meth-
ods outlined above have the disadvantage of
dealing with an idealised concept of the struc-
ture being analysed rather than with the actual
structure itself. In reality, as we have noted,
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materials may contain internal inhomogeneities.
Methods designed to measure the mechanical
performance of a real structure, by comparison,
have the merit of including any of its weaknesses
in the general picture that is obtained. Some of
the available procedures are indicated below.

Photoelastic film measurement

We have already seen that mechanical stress
modifies the optical properties of some trans-
parent plastics, as in the analysis of resin
models. The physical behaviour of these models
is, naturally, that of the plastics from which
they are made. However, it is also possible to use
similar plastics materials as thin coatings on the
real structures that are to be studied.

If the transparent plastic layer is fitted very
closely, then its movement is controlled entirely
by that of the more massive underlying struc-
ture. Interference fringes develop, as before, in
the plastics material and may then be observed
through a reflection polariscope. Measurements
made by this technique can be of considerable
value in any study of machine deformation
under load but would not usually be attempted
by a formulation laboratory: they are normally
carried out by specialist companies who have
the experience and the equipment to provide a
reliable service, such as Vishay Measurements
Group.

Investigative strain gauges

One commonly used procedure for stress — or,
more accurately, strain - analysis is that of
applying relatively large numbers of resistive
strain gauges to the accessible surface of the test
structure. Since neither the magnitude nor the
direction of the surface strains are likely to be
known at the outset, it is necessary to use pat-
terns of gauges that can deal with a range of
possibilities. Rosette gauges, with three elements
at 120° are most useful in determining the
directions of principal strains (see above).
Another composite form of gauge, sometimes
used for investigative work, carries many small-
gauge grids arranged parallel to each other in a
linear array. In some versions of this gauge,
alternate grids are set at right angles to the axis
of the assembly so that they provide a long line
of compensated half-bridges. Their signals are
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compared for magnitude, linearity and noise.
An example of an investigative strain gauge is
shown in Figure 2.9.

Since these gauges are generally used on a tem-
porary basis, it is not normally essential to pro-
vide the complete armoury of gauge-protection
methods, or to provide strain-relief loops in all
the wire connections. Gauges with integral leads,
or with large pads for soldering, may be used,
and they may be conveniently attached with
cyanoacrylate ‘instant’ adhesives.

If gauges are applied to areas that seem likely
to exhibit high strain levels, then the first exper-
imental measurements should make it possible
to deduce new gauge positions for a second test,
and so on. The optimum positions can thus be
approached through a series of iterative steps.

One advantage of investigative gauging over
methods such as brittle lacquer testing is that it
does provide much greater accuracy and sensi-
tivity at the points measured. Though its main
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Figure 2.9 Investigative strain gauges. Groups of gauges
are applied temporarily fo the test surface and their signals
compared for magnitude, linearity and noise.
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purpose is to identify a site for permanent strain
gauging at a later time, it also puts an approxi-
mate value on the signal that may be expected
from the permanent gauges. It does not give a
general contour map of strain distribution, how-
ever, without a considerable amount of fairly
tedious work and the fitting of many gauges.

Holographic interferometry

When a component is strained, then by defi-
nition its dimensions change. Points on its
surface will move by small amounts from their
rest positions, and that movement can be
measured by various optical means. One sensi-
tive optical method for the evaluation of small
movements is holographic interferometry.

In one version of this method, a holographic
exposure is first made of the component in its
unloaded state. The component is then stressed,
and a second exposure is made while the holo-
graphic film or plate is held in a fixed position.
If the component has remained unchanged
between the two exposures, a single holographic
image results. However, where there has been
surface strain, the composite hologram shows a
pattern of light and dark fringes. These consti-
tute the interferogram, from which the extent of
surface movement can be calculated.

Holographic interferometry has become an
accepted method for the study of small defor-
mations in engineering components. It was
employed by Ennos and Thomas (1978), for
example, to evaluate the distortion of plastics
after injection moulding, and it has been used
by Ridgway Watt (1981) to observe the recovery
of compressed tablets after their ejection from
the die.

Various methods can be used for the pro-
duction of the hologram. The classical procedure
normally involves the use of a large optical table,
together with a double-beam system for laser
illumination. There are useful review articles on
this subject from Robertson and King (1983) and
Weingartner (1983). There is also a comprehen-
sive monograph by Abramson (1981). The necess-
ity for absolute rigidity of the optical table is
such that only a few laboratories are likely to be
equipped for the classical methods of holo-
graphy. It is, nevertheless, quite possible to
prepare useful holographic interferograms on



inexpensive, simple, equipment by using the
‘Denisyuk’ white light method.

White light holography

The Denisyuk method avoids the problems of
double-beam operation by using a single laser
beam, which acts both as the signal and as the
reference. With this arrangement, the mechan-
ical properties of the equipment used are not
particularly critical, and it is possible to produce
useful holograms from small objects without
undue complication. The object to be recorded is
supported close to the surface of an unbacked
transparent plate or film, such as Agfa Holotest
8E-75-HD. It is illuminated by laser light passing
through the emulsion from the far side of the
plate. Some of the light is reflected by the object
and is returned back to the plane of the emul-
sion, where it interacts with the original or refer-
ence beam, giving rise to a three-dimensional
interference pattern. The holographic emulsion
records a thin section through this pattern, rep-
resenting the object as seen from the plane of
the film provided that the film is capable of
resolving the fine structure of the interference
fringes. In practice, if the light source is a
helium-neon laser operating at a wavelength of
633 nm, the film must be able to resolve about
3000linesmm~!. The exposure time for a
2-3mW laser will be in the range 0.2-10s,
depending on the beam width and the reflectiv-
ity of the test object. After development, the
resultant hologram can be seen clearly in white
light from a point source, or in direct sunlight.
Surface movements in and out of plane will
result in the appearance of fringes, each fringe
representing a movement of half a wavelength
of the laser light used.

The holographic camera

The Denisyuk method by itself is limited to
objects of a few centimetres in size, but with the
addition of a lens system it can be extended
somewhat. Rowley (1979) modified a standard
35-mm camera by fitting a mirror immediately
behind the normal plane of the film, and
mounted a second mirror next to the subject.
Laser light, falling on the subject and the adjac-
ent mirror, enters the camera lens and is imaged
on to the transparent Holotest 10E-75 film. Some
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light passes through the film and is reflected by
the internal mirror, so producing interference
fringes within the thickness of the emulsion.
Rowley gives useful practical details, both of the
modification to the camera and of the processing
methods.

Real-time holographic interferometry

White light holograms can provide a sensitive
measure of surface movement, but they are not
normally able to display the movement in real
time. For that it is necessary to be able to view
the subject through a hologram of itself, so
that differences between the subject and its
image can be observed continuously. In prac-
tice this requires that the holographic plate
must be developed in situ, since any movement
would destroy the image. Dudderar and Gilbert
(1985) used a dry-process holographic film in a
Newport Corporation HC300 ‘instant holo-
camera’ to achieve continuous observation of
developing fringes.

The moiré grid technique

One of the practical limitations of the holo-
graphic method noted above is that of the power
available from the laser. A subject area of, say,
100 cm?, lit by a laser of 2mW, needs an expo-
sure time of a few seconds. Larger areas lit by the
same laser would need correspondingly longer
times, but these inevitably lead to movement
during the exposure, and hence to holograms
that are either degraded or non-existent. Higher-
powered lasers can be used to illuminate struc-
tures that may extend to several metres both in
height and in width, but they are expensive and
potentially dangerous pieces of equipment. It is,
therefore, convenient to have methods of strain
analysis that can be carried out in daylight. One
such method was developed by Burch and Forno
(1975) at the National Physical Laboratory, and
is based on the generation of moiré fringes.

The structure to be examined is first provided
with a regular surface pattern. Usually, this is
achieved by the application of paper that has
been printed with a fine half-tone dot screen.
The object is, in effect, ‘wallpapered’ with this
material, and it is then photographed (Figure
2.10b). While the camera remains in a fixed posi-
tion, the structure is mechanically loaded so that
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the resultant strain is transmitted to the dot
screen paper. A second exposure is then made
(Figure 2.10a).

It is clear that the small surface deformations
of a large structure under moderate load would
not be visible in a single photograph under
normal conditions. A component stressed to
1000 pe, for example, would appear completely
unchanged to the unaided eye. Moiré fringes are
generated if the two images are superimposed
and these emphasise differences between the
two (Figure 2.10c). The overall sensitivity of the
system depends on the closeness of the dot pat-
tern, and on the capability of the photographic
equipment to resolve that pattern. However,

(a)

The dot pattern shows an indistinct distortion

(b)

A Wt
A i
HHRRAARANI AN, i
AR PR
AR AR A
i :
v AN

Figure 2.10 The development of moiré fringes. (a) The
dot patterns show an indistinct image. (b) The dots on the
reference pattern are regularly spaced. (c) Superimposition
of (a) and (b) show a more visible image.
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since the camera is only required to respond to
spatial frequencies corresponding to those near
that of the dot pattern, it can be given enhanced
resolution at those frequencies.

Burch and Forno (1975) used a slotted mask to
optimise the imaging performance of a Pentax
35mm film camera with an f2 57 mm Takumar
lens over a limited range of spatial frequencies in
both vertical and horizontal directions. Whereas
a conventional iris diaphragm would have a
single central hole, and would give a reasonably
uniform response to a wide range of spatial fre-
quencies, the mask used in this work had four
linear slots, set along the sides of a square. When
the camera was positioned at such a distance
from the object that the observed dot resolution
could be obtained, a value of 600line-
pairsmm™! was reported.

With the modified camera and a finely printed
dot screen, it should be possible to observe
movements representing approximately 20 pe,
and to do so in normal white light. At the other
end of the scale, the same method could be used
for much larger displacements up to 10000 pg,
without loss of contrast. It will be apparent that
this particular system is only sensitive to in-
plane, or ‘sideways’ movements, whereas the
white light holographic system is sensitive to
out-of-plane, or ‘in- and -out’ movements.

Speckle pattern analysis

The masked aperture camera, used for high-
resolution moiré fringe measurements, was
applied by Forno (1975) to a variation of that
technique, in which random marks on the object
surface were used instead of the printed grid.
Clearly, when the surface to be covered has mul-
tiple curvatures, ‘wallpapering’ becomes more
difficult.

In order to generate random marks with a suit-
ably high spatial frequency, Forno (1975) applied
retro-reflective paint to the surface of the object.
This paint contains fine glass beads, each of
which appears as a bright point when illumi-
nated from a source near the camera, and, as
before, the displacement of the points between
two exposures gives the required information.
The application of paint is relatively simple and
overcomes the problem of dealing with complex,
multi-curved surfaces.



The method does require care, but it can give
information not only on deformation of struc-
tures but also about their absolute shape. It is
capable of practical application within the range
10-10000 pe.

Much work has been done with speckle pat-
terns produced by laser illumination. These,
unlike the patterns from dot screens or reflective
beads, are not on the surface of the object but are
three-dimensional interference patterns result-
ing from the use of coherent light. They have
been studied as means of measuring the magni-
tude and direction of surface strains, and have
produced valuable results. However, like holo-
grams, they are dependent on the availability of
laser illumination at an adequate level of bright-
ness. As before, large structures, therefore, call
for a high level of laser power. White light meth-
ods, where applicable, are much cheaper. Apart
from their cost, laser speckle methods are diffi-
cult to use on surfaces that are tilted, whereas the
white light method is tolerant in that respect.

Thermoelastic stress analysis

An interesting development in stress analysis has
been that of stress pattern analysis by thermal
emission (SPATE), originally proposed by the
Admiralty Surface Weapons Establishment and
subsequently developed by Sira Institute. The
work was originally described in 1978 by
Mountain and Webber.

The concept of adiabatic expansion or com-
pression is well known as applied to gases,
though it is less generally appreciated that simi-
lar effects occur in solids. When compressed, a
steel bar shows a slight but measurable rise in
temperature. Under tension, the same bar is
slightly cooled. Similar changes can be observed
in other solids, to an extent that is related to
their coefficients of thermal expansion.

When a structure is subjected to regular cyclic
stress, then a given point on its surface exhibits
fluctuations of temperature above and below the
ambient level. A stress change of 2Nmm™2 in a
steel component, for example, induces a temper-
ature change of approximately 0.002°C. If the
small changes of surface temperature can be
measured, they can provide information as to
the distribution of stresses within the com-
ponent or structure. The SPATE system achieves
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this by examining the infrared emission of each
surface point in turn with a sensitive optical
scanner.

When an analysis is to be carried out with the
SPATE apparatus, the component under test is
arranged to receive a cyclic load. The area of inter-
est on its observable face is then sub-divided into
as many smaller picture elements or ‘pixels’ as
may be necessary to provide the required resol-
ution. The field of view of the scanner can, in fact,
be set up for a maximum of 256 elements along
both the x and the y axes, although at the upper
end of this range, the analysis time may be incon-
veniently long. Electrically controlled mirrors are
used to direct the scanning beam from each pixel
in turn on to an infrared detector for a predeter-
mined number of stress cycles (Figure 2.11).

The alternating current (AC) output from the
detector provides a measure of the excursion
above and below ambient temperature and,
when suitably filtered, gives a signal that is lin-
early related to the stress in each pixel. The sig-
nals pass to an electronic memory store as they
are produced until the whole field of view has
been scanned in a similar manner. Finally, the
stored pattern of stress levels can be displayed on
a colour graphics monitor, using a false colour
scale to simplify the interpretation of small
differences.

Since the whole system is under microproces-
sor control, it is comparatively easy to change
the operating conditions as required. Thus, it is
often useful to start an analysis with relatively
few picture elements in order to obtain a rapid
assessment of the stress pattern, and then to
‘zoom in’ on some area of particular interest at a
much higher definition.

The resolution and stress sensitivity of this
method are claimed to be in the same general
order as that of strain gauges, but since no sur-
face preparation and gauging are involved,
SPATE can provide a very rapid survey of stress
distributions. The longest time for a complete
analysis would be that involving a scan over 256
elements on each axis. The present range of the
equipment, in terms of distance, is from 0.5 m to
approximately 10.0m, with a field of view
extending over 25°. Up to 16 levels of arbitrary
colour may be displayed on the monitor; the
discrimination from level to level can be
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Scanning
mirrors
Fixed mirrors
Figure 2.11

The stress pattern analysis by thermal emission (SPATE) system. Electronically controlled mirrors scan the sur-

face reflecting successive point images to the thermal detector. Temperature changes are related to the stress levels

involved (Courtesy of Ometron Ltd).

sufficient to distinguish stress changes of less
than 2.0Nmm~2. The method appears to be
both important and innovative, and in 1984 it
received that year’s Achievement Award from the
Worshipful Company of Scientific Instrument
Makers.

Brittle lacquer

A method of stress analysis that was popular in
earlier years was to use a brittle lacquer. The prin-
ciple of the method is simple. It involves the
application of a specially formulated lacquer to
the surface of the test structure. The lacquer is
designed to be brittle at a specified temperature,
and it cracks if it is subjected to tensile stresses
above a certain threshold value. The individual
cracks run along directions perpendicular to that
of the principal strain on the underlying surface;
consequently, observation of the cracking pat-
tern makes it possible to construct maps of the
surface strain. One proprietary range of brittle
lacquers is marketed under the name Stresscoat’.

Experience has shown that the lacquer is not
easy to work with, and tightly controlled
conditions of humidity and temperature are
required. Furthermore developments in health
and safety regulations necessitate the use of
contained breathing apparatus and protective
equipment.

General considerations

The preceding notes have shown a variety of
means for assessing the distribution of strains
or stresses over the surface of a test object. It
may often be convenient to combine several
approaches to stress or strain analysis if the pur-
pose of the analysis is to optimise the siting of
gauges for long-term measurement. For example,
either SPATE or white light speckle methods can
identify highly strained areas on a machine.
Then, in a second study stage, rosette strain
gauges can be fitted on a temporary basis to pro-
vide more detailed information as to the magni-



tude and direction of principal strain. Finally,
permanent gauge installations can be arranged
in the locations found to be most suitable.

It must be remembered that the ultimate
function of the installed gauges is that of
measuring some applied force, rather than the
dimensional changes of the gauged area itself.
It is, therefore, of critical importance that there
should be a constant relationship between
these two parameters. Ideally, that relationship
would be linear, but in the end it is repro-
ducibility that is of the most value. The
stress—strain characteristics of a simple element,
such as a cantilever beam loaded within its
elastic limit, are likely to be both reproducible
and linear. However, a machine such as a tablet
press is complex and has numerous interacting
components.

When a force is applied to one element in a
complex structure, that element will deform to
some extent, and may well do so in a linear man-
ner. If the force is increased, the element will
deform further and may consequently make
contact with another part of the structure.
Should this happen, the first element cannot
continue to move without also moving the part
with which it has made contact. At this point,
the element becomes mechanically stiffer.

Taking a hypothetical example, a force is to be
transmitted to a gauging system at one end of a
roll-pin in a rotary tablet press, while the other
end acts as a fulcrum. Moderate pressure on the
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roller is transmitted to the shaft end, giving a
reasonably linear calibration curve; however, as
the applied pressure is increased, the shaft lifts
until it lies obliquely across the bearing at the far
end (Figure 2.12). With all free play in the bear-
ing now taken up, the shaft now requires more
force for a given displacement and a ‘knee’ devel-
ops in the calibration curve. It should be empha-
sised that this example is entirely imaginary, but
it represents a possible way in which a cali-
bration curve might be found to depart from the
expected straight line.

A problem of this type would readily be ident-
ified by stress analysis studies, provided that the
machine or its representative model is taken over
the whole range of possible working loads. Stress
analysis should be seen as a worthwhile prelude
to a strain-gauging operation on any unknown
type of machine, whenever gauges are to be
installed for permanent use. It not only provides
information as to the location and direction of
the strain but also shows whether a particular
site would exhibit linear and reproducible charac-
teristics. It may be of use in the choice of a
gauge type — whether it should be a foil gauge, a
semiconductor or some other variety - or,
indeed, whether some ready-made sub-assembly
could be applied. Gauged sub-assemblies may be
of two basic forms. One group consists of pack-
aged strain gauges that can conveniently be
attached to a structure by glueing or welding;
these may be useful for applications in extreme
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Figure 2.12 A non-linear response. If a shaft bends under pressure, it may take up any slack in its bearing, and it will

require more force for a given displacement.
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conditions of temperature or in corrosive atmos-
pheres. The second group comprises more elab-
orate devices that are specifically designed to act
as force transducers or ‘load cells’. Load cells may
contain resistive strain gauges or may operate on
other principles.

The Wheatstone bridge circuit

Electrical resistance strain gauges, strained
within their normal limits, only show small pro-
portional changes in resistance. The strain level
is not likely to exceed 300-400 ppm and even
when multiplied by the gauge factor, the result-
ant alteration in resistance is still only a small
percentage of the original value. In order to
measure such changes conveniently, it is usual
to connect one or more gauges together in the
bridge circuit shown in Figure 2.13. This was
devised by Samuel Christie in 1843. It was used
extensively by Charles Wheatstone and has ever
since been associated with his name.

In the original form of the bridge circuit, four
resistors are connected to form the sides of a
square. A voltage is applied across two opposite
corners, while a sensitive voltmeter is connected
across the two remaining corners. If the resistors
are either all of equal value or are symmetrically
disposed in two equal pairs, no current passes
through the meter.

Wheatstone used this arrangement in a null
mode to measure unknown resistances. The
unknown device was connected in one arm of
the bridge, while known resistances were
switched into an adjacent arm until the meter
showed no deflection. At that point, the two
resistances were assumed to be exactly equal.
The advantage of this procedure was that it did
not need either an accurately stabilised power
supply or a calibrated meter. But, it could not be
used in that precise form for the measurement of
rapidly changing values. To measure these, it is
necessary to depart from the null mode to one in
which a continuous output signal is generated
from a dynamically unbalanced bridge.

If a resistive strain gauge is substituted for one
bridge arm of exactly similar ohmic value, the
bridge remains in balance, but if the gauge
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Figure 2.13 The Wheatstone bridge circuit. A voltage is
applied to two opposite corners of the bridge, and a volt-
meter is connected across the remaining corners. If the four
resistors are of equal value, there will be no signal.

should then be subjected to strain, its resistance
will be altered and a signal will appear across the
output terminals. Provided that the power sup-
ply is stable, and that the meter does not draw an
appreciable amount of current from the bridge,
then the measured output signal will be a reli-
able, although not a linear, guide to the pro-
portional resistance change of the strain gauge.
It is possible to power a bridge either with AC or
direct current (DC), but the DC version is most
often used.

When the bridge circuit is used in this mode,
the output signal is directly proportional to the
applied voltage. It is, therefore, necessary to
power the bridge from an accurately stabilised
DC supply, which can either be set to operate at
constant voltage or at constant current. A good
unit of this kind can have a thermal stability in
the region of 0.005% °C~! and should show less
than 0.01% variation in output voltage for a 90%
change in load. In practice, the bridge itself does
not impose a significantly variable load on the
supply, and the regulation can be extremely
good. If all four arms of the bridge have an ini-
tial resistance R, and a voltage U is applied to ter-
minals A and C of the circuit shown, then the
voltage at the point D (V) will be given by
Equation (2.1):
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The voltage at point B will be the same as this,
so there will be no potential difference between
points B and D.

When the gauge connected between points A
and B is now subjected to strain, changing its
resistance to the new value of (R+dR), the
potential at point B is given by Equation (2.2)

R + dR
—_— 2.2
(2R + dR) @2
and the output signal is given by Equation
(2.3)

(R X dR)

UX [R/2 - (2R + dR)

(2.3)

It will be apparent that this is not a linear
function of dR/R, the proportional change in R,
although the departure from linearity is small at
low levels of strain.

Gauge resistance

As we have seen, the voltage level of the output
signal is directly dependent on the input voltage,
and on the proportional resistance change of the
gauge. From this point of view, the nominal
resistance of the four bridge arms is not critical.
However, in practice, there are other consider-
ations that must be taken into account when
selecting a gauge resistance. For example, using a
gauge of relatively high resistance reduces the
effects of small resistance changes in the lead-
wires and other circuit elements and also mini-
mises the heat dissipation within the gauge for
a given applied voltage. It is, therefore, possible
to use a higher excitation voltage and so produce
a larger signal. The disadvantage is that it does
require more attention to the insulation resist-
ance of the whole system, and it will be more
susceptible to the possibility of errors from
current leakage.

Historically, we have noted that the earliest
industrial strain gauges were formed from thin
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wire elements, which tended to impose a certain
limitation on the maximum resistance that
could be produced. Accordingly, a value of 120 Q
became accepted as an industry standard. The
development of photochemical etching allowed
foil gauges to be produced at considerably higher
resistance values, and 350Q is a popular value
for currently produced gauges. In fact, some
modern transducer-class gauges are offered at
5000 Q, the much higher resistance having the
advantage of reducing current drain in battery-
operated systems.

The proportional change in resistance, dR/R,
will be a nearly linear function of the strain
experienced by the gauge. However, we have
already shown that the bridge output voltage
does not itself change linearly with strain. It
would be more accurately linear if the bridge
arm was energised at constant current, but it is
usually energised at constant voltage. So as the
resistance of the gauge increases, the current
through it correspondingly decreases, producing
a slight reduction in the signal across the gauge.

Bridge configurations

Using one ‘active’ gauge, as in the previous
example, provides what is generally described as
a ‘quarter-bridge’ configuration. Two gauges give
a half-bridge, and four gauges a whole bridge.
The gauges may be active or passive, but in each
case, the bridge output will be related to the
number of active gauges.

Active and passive gauges

‘Active’ gauges are those that are bonded to a
substrate in such a position that they respond to
strain in that substrate. ‘Passive’ gauges are not
intended to respond in that way, being primarily
intended to provide temperature compensation
for the active gauges. They may be attached to
an adjacent unstressed surface.

Poisson gauges

Changes in length of a stressed component will
always be accompanied by corresponding
changes in width, as indicated by the Poisson
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ratio. If one gauge is bonded along the axis of
principal strain, and the compensating gauge is
bonded on to the same surface at right angles to
it, the second gauge will not be completely pas-
sive but will contribute a signal of opposite sign
from that of the first, or active, gauge at approxi-
mately one-third of its magnitude. Such a gauge
is often referred to as a ‘Poisson’ gauge. The tem-
perature compensation of the Poisson gauge is
better than that of the passive gauge noted
above, since it will be attached to the same sub-
strate as the active gauge and will in general be
close to it.

Lead resistance compensation

As the quarter-bridge configuration only
involves one gauge, it has sometimes been used
in civil engineering practice on such applications
as the long-term monitoring of bridges and
buildings. In this field, many gauging points
must usually be employed, though absolute
measuring accuracy is not necessarily a primary
consideration, and the cost of the installation
must be kept within limits. However, there are
serious disadvantages in the quarter-bridge
arrangement when particular accuracy of
measurement is needed. For example, the single
active gauge may have to be connected at a site
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that is comparatively remote from the remainder
of the bridge circuit. Long leads introduce an
additional resistance, shown as R, in Figure 2.14,
into the circuit; not only will this tend to unbal-
ance the bridge but it will almost certainly be
subject to thermal variations that differ from
those of the other three bridge arms. The tra-
ditional solution to this problem has been to run
an additional wire between the strain gauge and
the bridge, as shown in Figure 2.14. This restores
symmetry to the right-hand part of the bridge
circuit and helps to balance the bridge again.

Zero drift

The quarter-bridge uses only one active strain
gauge, and three bridge completion resistors. If
one resistor is variable, and the other two have
exactly equal resistances, then the bridge can be
balanced precisely. With no strain affecting the
gauge, the output meter can be set to register
zero. However, problems arise if the temperature
of the gauged structure varies, since tempera-
ture changes will not affect the resistances of the
gauge and the completion resistors to the same
extent. Moreover, there may be some degree of
differential expansion between the gauge and its
substrate, although the use of STC and modulus-
compensated gauges (p. 18) should minimise

Figure 2.14 Using extended lead wires to a single gauge unbalances the quarter-bridge: it is usual to run two wires as

shown to restore balance.



this particular problem. In any event, these two
effects may result in a drift from the carefully
balanced zero.

The most satisfactory solution to this problem
is to replace the adjacent bridge completion
resistor with a compensating gauge, which will
have the same thermal characteristics as those of
the active gauge. Provided that they are of a simi-
lar type, separate gauges can be used, one being
bonded to the substrate along the axis of princi-
pal strain while the other is mounted to an
unstressed area of metal at the same tempera-
ture. The bridge configuration now resembles
that of a half-bridge, though under these con-
ditions, the compensating gauge does not con-
tribute to the signal. The output, therefore, is
still that of a quarter-bridge.

A much better method of temperature com-
pensation is that of using a composite or ‘rosette’
gauge, where two grids are made on the same
backing film, one being at right angles to the
other (Figure 2.15). The method of manufacture
ensures that these double gauges are extremely
well matched, and as they are physically close
together, they will be as nearly as possible at
the same temperature. Additionally, the com-
posite gauge provides an improved signal
through the Poisson effect. In most applications,
rosette gauges give the better temperature com-
pensation for zero drift, though whichever gauge
type is chosen, one double or two singles, the
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balanced wiring arrangement largely overcomes
the asymmetry of the quarter-bridge.

Gauge factor variation

We have previously noted that temperature
changes not only affect the resistance of a strain
gauge but also alter its strain sensitivity or gauge
factor. One way of dealing with gauge factor vari-
ation is to make the bridge self-compensating by
incorporating further variable components. For
example, it is possible to vary the bridge exci-
tation voltage by using a thermistor in series
with the power supply, the thermistor being con-
trolled by a resistor network with shunt and
series elements that can be individually tuned to
minimise these variations. In practice, tablet
presses and capsule fillers are not usually
exposed to large variations in temperature, and
for many applications it may not be necessary to
squeeze the last decimal point out of the
measuring system.

Semiconductor bridge assemblies

We have already seen that it is possible to manu-
facture very sensitive gauges from doped sili-
con, and that they can be made to have positive
or negative characteristics, although their gauge

Output

Ry

Input

Figure 2.15 Compensating circuits are used to improve the thermal stability of the basic bridge. The half-bridge config-
uration gives good symmetry: R; and R, can be one composite gauge.
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factors tend to be non-linearly variable with
strain. Figure 2.16 shows that a complete four-
arm bridge can be assembled in a small space by
the use of two P-type and two N-type gauges,
and this naturally gives the largest possible sig-
nal. Semiconductors can be tailored to have
specific characteristics by selective doping, and
this makes it possible to reduce temperature-
dependent errors for a given set of circum-
stances. For example, the gauges have their own
temperature coefficients of resistivity when in
the unbonded state, but when they are attached
to a substrate with a different expansion, the
combination produces a new apparent or
‘bonded’ coefficient. If the bonded coefficient
has the same value as the temperature coefficient
of the gauge factor, and the bridge is excited at
constant current, the output will be largely
independent of temperature. This is because the
bridge excitation voltage now increases at the
same rate as the gauge factor decreases.

Linearisation of bridge output

Ideally all bridge circuits should be properly
balanced, and compensated for every possible
type of error, but for many applications this may
not be strictly necessary. It is normal practice to
linearise the bridge output by computer manipu-
lation at the data-handling stage, provided that
the characteristics of all the items involved are
known. Commercial linearising units are offered
by the manufacturers of data acquisition sys-
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tems, though in the past some workers have
claimed that it was necessary to build their own
compensation circuitry. Welsh and Pyne (1980),
for instance, fitted a resistor in series with their
bridge and measured the voltage across it in
order to determine the current drawn by the
bridge. They then used changes in the bridge
current to control the characteristics of a signal-
conditioning amplifier, and reported a 10-fold
reduction in temperature-associated errors with
their semiconductor gauges, compared with
those of a commercially compensated bridge. As
usual, the requirements of the application must
determine how much effort and expense go into
the instrumentation system.

Bending and stretching

So far we have looked mainly at the two-arm or
half-bridge. When the circuit is extended to
include all four arms, there are two ways in
which the gauges can be connected, as shown in
Figure 2.17. If, for example, a simple rectangular
beam is fitted with one active gauge on either
side, parallel to the long axis of the beam, then
those two gauges can either be wired into adja-
cent arms of the bridge or into opposing arms. In
the first instance, the beam will be sensitive to
bending. As the beam bends, one gauge resist-
ance will increase, while the other decreases at a
similar rate. The combined effect of these two
changes will be to give an output related to the
amount of bending. If the gauges are connected
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Figure 2.16 A complete four-arm bridge circuit constructed from P- and N-ype semiconductor gauges. All arms are
active, and so the signal from such a composite assembly represents the maximum possible.



into opposing arms, the system will now be
more sensitive to tension or compression, and
less sensitive to bending. Components such as
load cells that are normally used in compression
are often provided with a full set of gauges, con-
nected so that they will balance out bending
forces.

Effect of surface curvature

It is possible to fit thin modern gauges on to sur-
faces with appreciable curvature. They are, for
example, routinely applied to the inner surfaces
of relatively small holes in gauged bolts, punches
and roll-pins. However, the differential expan-
sion between gauge and substrate is affected by
the amount of curvature, so care must be exer-
cised when using gauges that are nominally of
the STC type. The STC compensation is normally
correct only for flat surfaces. A detailed treatment
of this problem, as applied to semiconductor
gauges, is given by Hoffmann (1990).

Bending beam

Gauges on upper and lower sufaces

— Neutral axis
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Bridge completion resistors

If a half-bridge circuit is to be used in order to
provide temperature compensation, two fixed
resistors will be needed to complete the remain-
ing half of the bridge. Commercial standard
resistors can be of many types, including metal
film, carbon composition, wire-wound, metal
oxide and thick film. Each type has different
thermal characteristics. A typical carbon compo-
sition, for example, has a temperature coefficient
of resistivity in the region of 1200 ppm°C™!,
while that of metal films may be as low as
+50ppm°C~1. The lowest temperature coeffi-
cient of resistivity of any commercial offering
appears to be that of the foil resistors from Vishay
Measurements Group, with a claimed value of
essentially zero (better than 1 ppm °C~1!) over the
temperature range that would concern us in the
tablet-making field. The two bridge completion
resistors should ideally be of exactly the same
value to maintain perfect balance. If they are
not, then there are two possibilities: firstly, the

provide maximum signal and good linearity

Beam in tension or compression

P~ ]—~

Gauges on front and rear surfaces
provide compensation for bending

Bridge circuits

Figure 2.17 Bending and stretching: the gauges may be connected so as to measure tension or compression while being

insensitive fo bending, or vice versa. A, active; P, Poisson.
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slight imbalance may be ignored, and offset in
the data processing circuitry; secondly, addi-
tional resistive elements may be wired in series
with the existing resistors and these adjusted by
careful scraping. Scraping has the effect of
reducing the cross-sectional area, and hence
of increasing the resistance, so that accurate
balance can be achieved.

Bridge excitation voltage

It is always convenient to have a transducer that
provides a relatively large signal, since it is easier
to detect that signal in the presence of noise. The
output from a Wheatstone bridge is directly pro-
portional to the input voltage, so there is a natu-
ral temptation to apply a relatively high voltage
from the power supply. Inevitably, the power
supplied to the bridge produces heat within the
gauges and the bridge completion resistors, and
there are, therefore, conflicting interests between
the signal level and the errors introduced by
heating.

The main source of heat loss in a typical strain
gauge installation is the substrate to which the
gauges are attached, and the power that can be
absorbed varies according to the material of
which that substrate is constructed. A gauge of
high accuracy on a thick steel substrate under
static conditions can be run continuously at a
power density in the range 1.6-3.1kWm™2.
About half this level would be acceptable on a
stainless steel substrate, while a thermally con-
ductive material such as heavy copper or alu-
minium could take twice that level. The
experimental approach is, of course, to try a
range of voltages and see what happens: raise the
applied voltage in small steps until some thermal
drift becomes apparent, then reduce the voltage
below that level.

Taking the published figures as a guide, one
can reasonably suggest that a gauge with an area
of 10 mm? on a steel substrate should not be run
for long periods at more than 3V if the highest
accuracy is to be maintained. Modern high-
resistance gauges can tolerate higher voltages,
but again we would recommend the practical
method outlined above for any individual
example.
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Load cells

Load cells are self-contained assemblies for the
measurement of applied forces. They are usually
constructed in physical forms that are well
adapted for convenient incorporation into engin-
eering structures. Consequently, they may have
the external characteristics of bolts, washers,
beams, straight connectors or short cylinders.
Internally, they contain some means of generat-
ing a signal that is related to an applied force,
and this may be piezoresistive, piezoelectric or
even magnetoelastic in character.

Load cells based on strain gauges

Load cells based on strain gauges comprise a
deformable frame - the spring element — with
strain gauges bonded in suitable positions to reg-
ister movement under load. The rated loading of
the frame is designed to remain well within the
elastic limit for its material, and it can reason-
ably be assumed that the deformation is near to
linear with reference to the applied load.

Early load cells were usually of a simple con-
figuration, such as that of a short column with
gauges fitted symmetrically around it in a full
bridge circuit (Figure 2.18). It was intended that
the symmetry of the system would compensate
for off-axis loading, but the compensation is not
necessarily perfect for these gauge elements in
compressive duty. The load is, therefore, often
applied through a coupling device that will
allow a certain amount of misalignment
between the column and the load. For example,
a form of ball-and-socket joint may be used.
Alignment problems are likely to be minimised
when the cell is to be used in tension, rather
than in compression, although this may not be a
practical option.

One characteristic of the simple gauged
column load cell is that it can be mechanically
stiff. Typical cells of this form can have deflec-
tions of approximately 0.025mm or less at full
load so that they do not move through large
distances for an average range of forces.

Later work in this field seems to have been pri-
marily concerned with the development of con-
figurations that are more tolerant of off-axis
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The column may be solid,
or may have an axial hole
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Flat faces milled
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Figure 2.18 The gauged column load cell. This is simply a metal column with strain gauges in balanced positions on its
surface. Two gauges are active and two are Poisson gauges. Such cells are sensitive to off-axis loading and are more sat-

isfactorily used in tension than in compression.

loading. This has usually been achieved by
departure from the simple column, in favour of
double cantilevers, concentric rings, shear beams
and other shapes. However, these alternative
constructions may be less rigid than the plain
cylinder, and it is important to check that the
operation of a machine incorporating such
devices is not changed by their incorporation.

Figure 2.19 shows a concentric element load
cell. This has a short central column supported
from an outer ring on gauged elements. This
construction ensures that the central column is
constrained solely to vertical motion, and this
makes it insensitive to off-axis loading. The
gauges may all be active, and the deflection
under load is usually greater than that of a
gauged column load cell. Since the position of
the applied load does not affect the output sig-
nal, such cells are particularly suitable for tasks
such as weighing.

Shear beams

If a simple cantilever beam is loaded at one end,
its deflection can be calculated reasonably accu-

rately provided that its mechanical properties,
its dimensions and the applied force are all
known. However, the deflection will be criti-
cally dependent on the distance between the
supported end and the point where the load is
placed. There are many applications in which it
would be desirable to have a gauged beam
where its output was largely independent of the
load point, one example being in the support of
the ejection ramp in a rotary press. In this
instance, the load point moves continuously as
the punch travels across it, and a gauged can-
tilever beam would give a correspondingly vari-
able signal even though the load remains nearly
constant. The shear beam overcomes this prob-
lem by using a construction that, in effect,
forms the four sides of a parallelogram, as
shown in Figure 2.20. When the far end is
loaded, the geometry of the system ensures that
it can only move vertically, rather than tilting.
As a result, the movement itself does not
depend on the point at which the load is
applied. A strain-gauged element can be fitted
between the two sections of the shear beam and
will give an appropriate output when the beam
is loaded.
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Figure 2.19 A concentric element load cell. The central column is constrained to vertical motion only, and is hence less

sensitive fo off-axis loading.
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Centre beam carries four active strain gauges

Figure 2.20 The shear beam. These are reasonably independent of the point at which the load is applied.

Strain-gauged roll-pins

Shafts with internal gauges have been used for
many years in heavy industry as weighing acces-
sories for crane hooks and associated lifting
equipment, where the gauging elements can be
protected against mechanical damage. They are,

however, applicable in principle to the measure-
ment of any radial forces acting on rollers, and
they have been used in tablet presses as the basis
for instrumented roll-pins. The usual arrange-
ment is that a standard form of roll-pin is bored
out to give a central hole extending along its axis
for most of its length. When the roller or the pul-



ley is in its normal position and is loaded radially,
the central hole is subjected to shear forces at the
points corresponding to the two sides of the roller
(Figure 2.21). If shear-sensitive strain gauges are
fitted inside the hole at these two points, the
radial force can be measured as with any strain-
gauged load cell. Of course, fitting gauges in
exactly the right positions down the inside sur-
face of a narrow hole is not something to be tack-
led lightly, and as in other examples, we strongly
recommend that this should be left to the pro-
fessionals. However, this particular type of load
cell would appear to be a very useful accessory for
a rotary press, since it requires little or no modifi-
cation to the original machine and can simply
replace the plain roll-pin supplied with the press.

Gauged bolts

The gauged roll-pin usually uses strain gauges in
shear mode, but it is possible to fit internal
gauges to other components in such a way as
to respond to tension or compression. This
approach allows the production of strain-gauged
bolts. Fitting the gauges along the inside surface
of a narrow bore can reduce the sensitivity of the
device to bending, and at the same time affords
considerable protection against mechanical
damage. A similar arrangement has been applied
to the internal gauging of punches.

Piezoelectric load cells
Certain non-conducting materials, usually crys-

talline in nature, have the property of convert-
ing mechanical energy directly into electrical
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energy. If a crystal of quartz, for example, is sub-
jected to physical pressure, electrical charges
develop across opposing faces of the crystal
(Figure 2.22). The magnitude of the charges is
accurately related to that of the applied force.
Barium titanate behaves similarly, and there are
other piezoceramic materials such as lead zir-
conate titanate (PZT), in which this effect is even
more pronounced. Examples may be seen in
domestic gas lighters, where a light impact
generates a considerable spark.

The ‘piezoelectric’ effect is used as the basis for
a range of force-measuring devices, which have
themselves been applied quite extensively in the
field of tablet machine instrumentation.
Piezoelectric load cells are both compact and
mechanically rigid; consequently, they have very
little effect on the mechanical properties of any
machine to which they attached. A typical value

Load

Crystal

A

+++

Separation of charges
~100 pC/;LSI 4 pC/N

Figure 2.22 The piezoelectric effect. Force applied to the
opposing faces of the piezoelectric material produces a
separation of electrical charges across the other faces. The
quantity of electricity involved is very small.
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Figure 2.21

An internally gauged roll-pin with strain gauges fitted at two regions in order to sense the shear forces

applied by the pressure roll. The roll-pin has an axial cavity; the shear-sensitive gauges are mounted inside the grooved

regions in the cavity.
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for deflection under load would be 1.0pum per
20 kN, while the corresponding sensitivity would
be approximately 4.2pC/N. The thickness of a
load cell may be as little as a few millimetres.
These cells are quite sensitive to side loads,
and for that reason the surfaces between which
they are compressed must be very accurately par-
allel. This requirement would represent a prob-
lem in machines that may only be fitted to
moderate degrees of flatness. It is, therefore, nor-
mal practice to bolt the transducers against a
nested pair of part-spherical washers, which are
able to take up errors in alignment (Figure 2.23).
Piezoelectric load cells usually have a resonant
frequency in the range 10-100kHz, so they
respond very rapidly to changes in applied force.

Advantages of piezoelectric transducers

The combination of high sensitivity, rapid
response, small size and general rigidity seems
particularly attractive; indeed, many workers
have chosen piezoelectric transducers for use
with tablet presses. Sixsmith, in his 1977 review
paper, suggested that they had the following
advantages:
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e greater sensitivity

¢ no bonding to machines

e less temperature sensitivity: better
0.01%°C!

e the signal caused by initial loading can be
cancelled out, simply by earthing.

than

Piezoelectric transducers, produced by Kistler,
were used by Manesty Machines Ltd, in the first
version of their ‘Tablet Sentinel’ weight-control
system. They have been recommended by vari-
ous research workers since then, for example,
Williams and Stiel (1984) and Hoblitzell and
Rhodes (1985). Schmidt and Koch (1991) com-
pared piezoelectric force transducers with resist-
ive strain gauges in a rotary tablet press, and
Cocolas and Lordi (1993) measured die wall
pressure with piezoelectric force transducers.

Disadvantages of piezoelectric transducers

There is, inevitably, a practical disadvantage to
their use, which is that they are not well suited
to the measurement of static loads. Although the
signal output may represent many volts, it is
microscopically small in terms of power, and it is
only generated by changes in the applied load. If

Force is oﬁp“ed to the load washer

through t

e spherical washer pair

N

Plan view
Electrical connection

for coaxial cable

Undercut confers

flexibility \

Load washer

The steel casing holds an
annular piezoelectric crystal

Spherical washers

The two hardened surfaces
can move to accommodate
misalignment

Figure 2.23 The piezoelectric load cell. They are very compact but are sensitive to uneven loading. It is, therefore, nor-
mal practice to load them through hardened steel washers that can take up small amounts of angular misalignment.



the loading on the cell is maintained at a con-
stant level, the signal tends to leak away, so that
it appears as if the applied load is decreasing.

The insulation resistance of the cell itself must
be very high, a typical value being 10'2Q. Similar
considerations apply to any cables and connec-
tions. In order to minimise the loss of signal, it is
necessary to use an amplifier with a correspond-
ingly high insulation resistance at the input: a
so-called ‘charge amplifier’. The input section of
the charge amplifier usually contains a field
effect transistor, or FET, which has suitable
characteristics, and there is an internal capaci-
tive feedback loop that can be used to alter the
measuring range of the amplifier.

A further capacitor is connected across the
input terminals of the charge amplifier. The
choice of this particular component affects
the frequency response of the system, and it
must, therefore, be chosen carefully to suit the
requirements of the work. An incorrect choice
of capacitor at this point may produce mislead-
ing calibration curves. Compared with the
strain gauge amplifier circuitry, this system is
appreciably less tolerant.

Integral charge amplifiers

The problems associated with the use of individ-
ual cells, cables, connectors and charge ampli-
fiers are generally recognised as serious
disadvantages of the piezoelectric devices in cer-
tain circumstances. However, developments in
microelectronics have made it possible to reduce
the physical size of the amplifier to such an
extent that it can now be incorporated within
the same housing as the load cell. Special inter-
connecting cables become unnecessary with
such an arrangement.

When forces are changing continuously, as
they do in production runs at normal machine
speeds, piezoelectric transducers are at their most
successful. It is always important, however, to
ensure that some means is found to check the
baseline of the output signal from time to time, in
order to avoid the occurrence of a steady drift.
Early versions of the Manesty Tablet Sentinel
encountered the problem of zero drift and were
known to register an apparent reduction in com-
pression forces when those forces were in fact
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increasing. Since then, the whole system has been
redesigned with conventional strain gauges.

In recent years, there has been considerable
research interest in the study of compression
forces under static conditions, for example the
time-dependent decay of the stresses in a tablet
within the die. For studies of this type, strain
gauges probably still represent the simplest and
most unambiguous means of measurement, par-
ticularly since strain-gauged load washers have
become available in sizes that approach those of
piezoelectric washers. It must also be added that
most of the major tablet press manufacturers
seem to have adopted strain gauges for their own
commercial product lines.

Another consideration if an instrumented unit
is to be set up is that the piezoelectric washers
require a different signal amplifier from that
used for resistive strain gauges. There is much to
be said for having spare amplifiers available, and
having gauges that all work in the same way
reduces the number of different units that must
be kept in hand.

Magnetoelastic cells

Mechanical stresses can affect materials in a var-
iety of ways. If a ferromagnetic material is
stressed, for example, its magnetic properties
may be changed to a measurable extent.
This principle has been used as the basis for a
third type of load cell, described by Erdem
(1982). In this construction, the body of the
transducer is a cube of a ferromagnetic material.
It has four holes drilled through it, one near each
corner of one face. Then two windings are fitted
diagonally through these holes, at right angles to
each other (Figure 2.24). When one winding is
excited with an AC input, the coupling between
that and the second winding is dependent on
the direction of the magnetic flux within the
block. This, in turn, is a function of any applied
force across opposing faces. The cell is excited at
mains frequency. Erdem quoted a repeatability
of 0.02%, a non-linearity after compensation
of £0.05% and a temperature coefficient of
approximately +30ppm °C™1.

The magnetoelastic cell is commercially avail-
able under the name Pressductor Millmate from
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Force
Ferromagnetic plate Magnetoelastic plate @
A B
Input Input -«
Output Output —
B
Current passing along the
conductor A=A will not normally
affect the conductor BB at
right angles to it Force acting on the
Similarly, a current passed through magnetoelastic plate Force

either of these coils would not usually

induce a current in the other coil

distorts the magnetic field
and provides inductive coupling
between the two coils

Figure 2.24 The magnetoelastic load cell. Forces applied to the opposite faces of the cell modify the coupling between

two pairs of coils.

ABB, and has been described by Johannson
(1981). It has been applied, inter alia, to measure-
ment of the forces on the rollers in steel mills,
but it does not appear to have advantages over
the strain-gauged load cell for applications on
tablet and capsule-filling equipment.

The linear variable-differential transformer
load cell

Since forces are generally inferred from the strain
that they produce, the distinction between
force- and displacement-measuring devices often
becomes blurred. Some ‘weighing’ cells are
constructed as frameworks that can be deflected
by the application of a load, while the deflec-
tion is measured by means of a linear variable-
differential transformer (LVDT; Figure 2.25).
Clearly cells designed to give a large deflection
under load have the potential capability of
providing greater accuracy, but their stiffness
and frequency response become less suitable for
tablet machine studies. Notes on this type of cell
are given by Seippel (1983). The LVDT itself is
described in Chapter 4.

Advantages of load cells

The value of load cells in tablet machine instru-
mentation lies in the fact that they are self-
contained and portable. A load cell, unlike a
bonded strain gauge, can be removed at any time
and checked for accuracy. It can be calibrated in
many instances by dead-weight testing, and in
the unlikely event of failure, it can be replaced
by a similarly calibrated unit.

Shear-beam load cells are now becoming
widely available, and as we have seen, these have
the useful property of providing an output that
is substantially independent of the point at
which the load is applied. Their function is often
to act as weighing elements and to support plat-
forms or scale-pans. Since the load cell is a
factory-made device, it can be assembled and
sealed under carefully controlled conditions and
can be tested before delivery.

These considerations do not normally apply to
the strain gauge bridges that are fitted by indi-
vidual laboratories to existing machines. They
can neither be calibrated before bonding nor can
they be removed without destruction of the
gauges. However, bonded gauge installations can
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Plan view

Flexible beams

— Rigid housing

Displacement transducer

Figure 2.25 The linear variable-differential transformer (LVDT). This type of load cell can be seen as another version of
the spring balance, in which deflection of an elastic component is measured by means of an LVDT. It may be fitted with

a damping dashpot to reduce high-frequency oscillation.

be calibrated quite conveniently in situ, through
the use of a suitable load cell that can be inserted
as necessary between the punch faces of the
machine.

The resolution available from a load cell is
essentially limited only by its amplifier and elec-
tronics, but it is commonly taken to be approxi-
mately 1 in 10000. Temperature compensation
can be very good, of the order 0.001%°C~!.

Disadvantages of load cells

There are a few possible disadvantages associated
with the use of load cells compared with separ-
ately fitted strain gauges. Firstly, their physical
size may preclude their use in a restricted space.
Strain gauges, as we have seen, can be fitted in
an area of a few square millimetres. Load cells are
likely to occupy several centimetres both in
height and in diameter. Admittedly, some very
small load cells do exist. Those offered as bolt
force sensors, for example, may be less than
4.0mm in height provided that the load capac-

ity is restricted to less than 1000 kg. For direct cali-
bration of a tablet press, however, a working range
of 5000 kg would be more practical, and a corre-
spondingly larger washer would be required.

Secondly, there may be no convenient pos-
ition for a load cell within the region suggested
by stress analysis. It is, of course, possible to
economise in space by using gauged bolts in
place of ordinary bolts, load washers in place of
ordinary washers, and so on. However, the
measured strain levels at these points may be
inadequate or non-linear, and in this event it
may be necessary to modify the machine that is
to be gauged. For example, if the force on a com-
pression roller is to be monitored, it may be poss-
ible to remove the bearings that hold it, then to
re-fit them in such a way that they are supported
on shear beam load cells. Such a procedure
would call for machining operations, in order to
make room for the additional components,
though otherwise it could be seen as sound
enough practice. Nevertheless, the substi-
tution of instrumented roll-pins would, in this
example, be quicker and easier.
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Finally, we have already noted that some load
cells are mechanically stiff, while others have
more of a springy characteristic. It would be
important to choose the more rigid variety of
cell for any situation in which the press per-
formance might otherwise be altered. As we have
noted above, cells designed for weighing often
have a large displacement for a given load,
though that is of no consequence in that
application.

The point may perhaps be emphasised by
looking again at the previous example. Load cells
at each end of the roll-pin could certainly pro-
vide an accurate measure of the force on the
compression roller. However, any transmission
of force to the load cells must cause them to dis-
tort, so the roller and the roll-pin will move
slightly more than usual. If the additional move-
mentis appreciable, then the compression charac-
teristics of the machine may be altered from
those of the standard model. By contrast, it is
clear that the attachment of bonded strain
gauges to the frame or the punches of a tablet
press should not alter its mechanical response in
any measurable way.

The suppliers of load cells, load washers and
the like provide figures to show the mechanical
deflection of their devices at full-scale load. This
may be as little as 0.03 mm but can also be as
high as 0.30mm. The larger deflections usually
seem to be associated with those load cells that
are designed for insensitivity to off-axis loading.
The LVDT load cells also have inherently larger
deflections, which may be as much as 1.5 mm at
tull load, since a greater deflection clearly gives a
more open scale of measurement.

Miscellaneous methods

The text relating to surface preparation and
strain gauge bonding in Chapter 3 emphasises
the fact that a high degree of cleanliness is essen-
tial for this work, together with a careful atten-
tion to detail. In general, the standards
demanded for gauge bonding should readily be
attainable in the laboratory, or in that of the
original machine manufacturer. However, if
gauges are to be retro-fitted to existing industrial
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equipment, which may be continually exposed
to surface contamination, then the task of
achieving those standards may be very difficult.

An example of a problem in this category is
that of fitting gauges to the support legs of
North Sea oilrigs. Although this may seem far
removed from tablet compression work, never-
theless both areas have a need for gauging
methods that can be used in the presence of
contaminating materials with a minimum of
surface preparation.

One way in which surface preparation can be
minimised is by the use of gauged sub-assemblies
that can be attached quickly and easily to the
main structure. These sub-assemblies may
embody electrical resistance strain gauges, or
they may operate on other principles.

Encapsulated gauges

Some commercial sub-assemblies are produced
by the encapsulation of a normal gauge and its
connecting leads. This approach is used, for
example, by HBM for their ‘Strain Transducers’
DB1, DA2 and DA3. These are standard foil
gauges in a weatherproof outer casing, which
can be used under water or in other difficult con-
ditions. Unless they are completely embedded,
they can also be removed and re-used.

These encapsulated gauges are useful for inves-
tigative work, particularly on large structures.
However, they themselves are also large, and
they would be unsuitable for use in restricted
spaces. In general, any form of encapsulation
leads to a reduction in the efficiency of strain
transfer from the substrate to the gauge. Using
long gauges helps to minimise the loss of signal.
For example, some versions designed for embed-
ment into concrete have an active length of as
much as 150 mm.

Weldable gauges

A standard foil gauge is bonded, under clean
room conditions, to a stainless steel foil (‘shim’)
and is provided with suitable environmental
protection to form a sealed package (Figure 2.26).
The shim is then attached to the structure under
test by electrical spot-welding. Surface prep-



aration for such a gauge need only involve the
removal of paint, grease and loose scales of metal
oxides. The substrate must, of course, be of a fer-
rous or similar material that will accept spot-
welding. The weldable gauge is bulkier and less
sensitive than a conventional strain gauge.

Vibrating element gauges: the S-sensor

Not all strain gauges use the principle of electri-
cal resistance measurement, even though resist-
ive gauges are still the most common. An
alternative principle is that of using variations in
surface strain to alter the tension in a vibrating
element, so varying its resonant frequency.
Hornby (1982) noted that large vibrating wire
gauges have been used since 1928. They have
very stable characteristics and are suitable for
long-term gauging applications. They have been
used, for example, to monitor strains within
concrete beams in structures such as bridges. The
same principle has been applied to the design of
a relatively small sensor for use on machines and
metal structures in general, which is marketed
under the name S-sensor.

The S-sensor consists of a thin metal ring
with two diametrically opposed brackets, some
40 mm apart, that can be spot-welded to a metal
surface. Across a diameter of the ring is fitted a
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strip of spring steel, formed into a shallow curve
of ‘S’ profile; this is the sensing element of the
device. The output signal is in the form of a
variable-frequency oscillation, and so it is largely
unaffected by electrical noise. Like the weldable
gauge, the S-sensor is too large for application to
small components.

When the test surface is strained, the thin ring
undergoes a corresponding deformation, thereby
altering the geometry, and hence the resonant
frequency, of the steel strip. On the standard
model of the S-sensor, a stress change of
SONmm~? causes a frequency shift of 160 Hz.
The base frequency is 1600 Hz. External electron-
ics continually monitor this frequency, using
an integral magnet coil to maintain resonance.

We have seen that conventional strain gauge
bridges are susceptible to errors introduced by
the resistance of their electrical leads, and by
inadequacies of their insulation. The vibrating
element gauges do not suffer from these particu-
lar problems, because their signal is in the form
of a variable-frequency oscillation. Within fairly
wide limits, the signal frequency is independent
of the resistance of the connecting cables, so this
type of gauge shows great immunity to electrical
interference in general. Nevertheless, the res-
onant frequency of their spring elements will be
affected by changes in temperature, and this
must be taken into account when the readings

Strain gauge is
bonded to shim

Stainless steel shim

Extended edge for spot welding

Protective metal cover

\

Metal tube for electrical leads

Figure 2.26 The weldable gauge. The gauge has been mounted on to a metal backing plate, which, in turn, can be
welded to a test structure by spot welding should normal techniques of adhesive bonding be impracticable. A very robust

assembly results.
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from such a sensor are to be interpreted.
Resonating sensors have been developed for
quite a range of variables, including not only
force but also fluid flow, level, density and vis-
cosity. The subject is covered in a review by
Langdon (1985).

The S-sensor itself is hermetically sealed and
can withstand mechanical overloads of 10 times
its rated range; it can operate in conditions that
might be unsuitable for more conventional types
of gauge. The rated range is equivalent to 250 pg;
the resolution is quoted as better that 0.01%,
and the temperature stability better than
+0.1%°C1. A device with these characteristics
might not represent a first choice for research
work and could not be fitted on to a small com-
ponent such as a tablet punch. However, it could
be applied to production monitoring, where its
robustness and long-term stability would be
valuable.

Capacitance gauges

It is possible to use changes in capacitance
instead of changes in resistance as the basis for
measuring quite small levels of strain. In prin-
ciple, a capacitor is made up in such a way that
one of its plates is attached to some part of the
test structure, while the second plate is attached
to another part. Strain in the structure then
varies the gap between the plates, producing a
change of capacity.

If the points of attachment are widely spaced,
then relatively large movements can be pro-
duced at the gap between the plates. Various
configurations have been used, including rhom-
bic frame and concentric tube systems: these can
have capacitances in the range 1-100 pF and can
have sensitivities of approximately 0.01-0.1% of
full-scale displacement.

Capacitance gauges have been reviewed in
an article by Procter and Strong (1982). Their
advantages are generally related to their abil-
ity to operate at very high temperatures, in
some instances up to 1100°C. Like the other
gauged sub-assemblies, they require very little
surface preparation at the point of attach-
ment. Their disadvantages include a rather
high gauge-to-gauge scatter, a considerable
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mechanical complexity, and some large ther-
mal drift effects. While it is useful to know
that these gauges exist, it does not seem that
they are likely to replace conventional strain
gauges for tablet compression studies at or
near room temperature.

Magnetostrictive gauges

Yet another physical principle has been applied in
the magnetostrictive strain gauge described by
Wun-Fogle et al. (1987). Here the sensing element
is an amorphous ferromagnetic ribbon that has
been annealed in a magnetic field so that the
residual magnetic moment is at right angles to its
long axis. The application of an external mag-
netic field produces dimensional changes in this
ribbon; conversely compression or extension
causes large changes in its magnetic permeability.
In the work described by these authors, trans-
versely annealed amorphous ribbons (Metglas
2605SC) were bonded to the upper and lower
surfaces of aluminium beams, while the per-
meability of the material was measured via a set of
coils operating at a frequency of 1 kHz. The beam
was subjected to cyclic loading at frequencies
ranging from 0.01 to 1.0Hz, and the resultant
permeability changes were plotted against strain.
The equivalent ‘gauge factor’ appeared to be
around five orders of magnitude higher than
would be expected for resistive strain gauges,
and it was possible to obtain significant changes
in permeability with strain levels below 10 pe.

The fibre optic strain gauge

We have seen that forces are nearly always esti-
mated indirectly by the strain that they produce
in a component. On this basis, any device that is
able to measure displacement with a sufficient
degree of sensitivity and accuracy can also be
employed as a force gauge.

Changes in optical properties can also be
employed in the measurement of strain. The
development of fibre optic transducers, in fact,
has probably started one of the most significant
trends in modern instrumentation. At one time,
fibre optics merely represented a convenient



means of conveying light to otherwise inaccess-
ible places. It is now able to provide the basis for
a wide variety of intrinsic sensors, in which the
properties of the fibre are modified by its inter-
action with the parameter that is to be measured.
Fibre optics used in this way has given rise to a
range of sensitive transducers that are totally
immune to the effects of electrical interference.

Several designs of optical displacement trans-
ducer have been reported. Probably those with
the greatest sensitivity, and the most suitability
to strain gauge work, use the principle of the
interferometer. In such an arrangement, light
from a common source is split into two beams of
roughly equal intensity. The two beams are
directed along fibre optic elements, and are sub-
sequently re-combined at the detector. If either
of the optical paths is varied because of changes
in the geometry of the fibre optic, phase changes
between the two beams can be measured at the
detector. It is possible for one of the two fibres
to be attached between two points on a surface
so that strain in that surface is communicated
to the fibre. Then the fibre becomes an
intrinsic strain sensor. Uttam et al. (1985) have
described a system that operates over the range
0.1-1000pe, using a frequency modulation
detector arrangement run through a standard
FM radio receiver that acts as a demodulator.
When a helium-neon laser operating at 633 mm
was used as the light source, phase changes were
produced at 11radians m~'pe~!. The applica-
tions of fibre optic strain gauges have been
described by Culshaw (1983).

Laser speckle strain gauging

When an object is illuminated by laser light, it
exhibits a characteristic ‘speckle’ pattern over
its surface. The speckle pattern is produced by
interference between reflected rays of the
coherent light and is dependent on the fine
structure of the object surface. If the surface is
deformed by strain, the speckle pattern is dis-
placed accordingly, and so the speckle displace-
ment can be used as a measure of surface
strain. An automatic method of evaluating the
speckle displacement by a cross-correlation
technique has been proposed by Yamaguchi
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(1981). The suggested advantages of such a
method were that it involved no contact with
the test object and that, in principle, it could
be used to measure punch strains without the
usual problems of telemetry. Its perceived dis-
advantage was that its sensitivity was believed
to be only approximately 20 pe.
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The installation of strain gauges

Anton Chittey

Introduction

Installing strain gauges is generally not difficult,
but there are many possible pitfalls to consider.
Meticulous cleanliness and attention to detail
are essential to get accurate reliable data. A well-
specified and executed installation should last
many years of service, whereas a sloppy or hap-
hazard approach could render any data invalid.

The installation process will be covered in
some detail but it cannot cover every eventu-
ality. It may require more research or advice from
your strain gauge supplier for specialist or
unusual applications. Many instructions are
available from manufacturers, some of which are
listed in the bibliography.

This section starts with the assumption that
the strain gauges, location and arrangement have
already been specified. The processes that must
be followed are:

1. Surface preparation
2. Adhesive bonding

3. Leadwire attachment
4. Protection.

However, before any of the processes are
attempted, thought must be given to health and
safety considerations.

Health and safety considerations

The processes and especially the chemicals and
materials used, are considered to be hazardous to
health. In many cases, common sense will
enable the installer to avoid obvious hazards

from exposure to toxic chemicals. This includes
physical protection for eyes and hands and good
ventilation to avoid inhalation of fumes. Less
obvious are hazards by ingestion and from flam-
mable compounds. Some materials, such as
beryllium copper, are toxic if their particulates
are inhaled.

Good hygiene and cleanliness are essential,
not only to protect the installation but also to
avoid ingesting compounds (for example the
lead in lead-based solder). It is obvious to avoid
eating, drinking and smoking in the working
area as well as to provide ventilation and
extraction.

Despite your best efforts, situations may occur
such as spillages that may require immediate
action. First aid facilities and eyewash stations
must be provided. The chemicals and com-
pounds used will be supported with Material
Safety Data Sheets specifying the precautions
and actions in the case of accidental or excessive
exposure to the product. Additionally a COSHH
(control of substances hazardous to health)
assessment should be carried out before work
commences to ensure the risks are minimised
and that a suitable procedure is in place in case
of emergency.

Surface preparation

The strain gauges must be attached to the surface
of the component as intimately as possible to
accurately reflect the movement of the substrate.
A common problem with strain gauge instal-
lations, and the obvious first problem when poor
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overall performance is experienced, is insuf-
ficient understanding of what is meant by
surface preparation. The three aims of preparing
a component for strain-gauge installation are to
achieve a surface that is

e mechanically sound
e chemically clean
e chemically inert.

The first of these, mechanical soundness, is obvi-
ous. The surface must be free from corrosion
and visible surface finishes, including paint and
plating. Removing surface plating is especially
important, since plating may be considered a
good surface for bonding as it can appear to be
sound. However, many plated finishes are not an
integral part of the base metal. Anyone who has
seen chrome plating peeling or flaking off a
spanner will be witness to this fact.

To achieve ‘chemical cleanliness’ requires the
removal of all the invisible contamination pres-
ent on all surfaces. Oil, grease, fingerprints and
any other environmental contaminants must be
completely removed. It is not generally consid-
ered sufficient to wipe the surface with a clean
cloth or even to use detergent. This may some-
times apparently work but will be inconsistent
and may compromise the overall accuracy and
stability. Considering the time spent on the
overall process, it is not prudent to take short
cuts.

Finally the surface can be left with an
acidic pH from the previous process, so a
neutraliser stage is necessary to give a neutral
pH. Many adhesives will simply not adhere
to an acidic surface, so failure at this final
stage can cause significant problems later on,
from an obvious failure to bond to more subtle
instability problems once the installation has
been calibrated.

The process involved in achieving the above-
mentioned surface criteria will now be described
in some detail.

Surface degreasing
Before proceeding further, the surface must be

thoroughly degreased. This is to prevent grease
being driven into the surface by later processes,
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especially that of abrading. A range of degreasers
can be used, providing they are compatible with
the substrate material. Aerosol degreasers are
especially effective and have the advantage of
being in a one-way container, thus preventing
contamination. Less effective but considered safe
on many materials including plastics are sol-
vents such as isopropanol, but this is highly
flammable. Unsuitable degreasers include many
aqueous or citrus-based products.

Try to degrease the whole of the component.
Failing this, degrease a much larger area than the
gauge installation actually needs to prevent acci-
dental contamination in later stages of the
installation process.

Surface abrading

The surface must be abraded to remove obvious
signs of instability, such as plating, paint and
corrosion. Surface imperfections must also be
removed as many adhesive systems will not
fill voids. A suitable finish is essential to ensure
a good ‘key’ for the adhesive: too smooth is
undesirable, too rough and the gauge and the
adhesive may not perform adequately.

A variety of processes may be necessary to
achieve the desired finish. Wire brushes can be
useful for the removal of paint and corrosion.
Rotary brushes, driven by an angle grinder or
drill, are especially effective. For more serious
defects, a flexible grinding disk or abrasive flap
wheel can rapidly remove significant amounts
or material and leave a good surface finish.
However, they can also be quite aggressive if not
used carefully. Hobbyist hand-held low-voltage
drills are available with a variety of miniature
attachments, making them wuseful in many
situations.

Files may be used but with great care in order
to avoid gouging the metal surface. So-called
‘needle files’ are useful for areas with limited
access, such as the interior of holes.

Final surface abrading is normally manual
using silicon carbide paper of varying grades.
Abrading should progress from working from a
coarse grade to using finer grades until the
abrasion marks from the previous grade are com-
pletely covered. The 220 grit paper is quite



coarse, whereas 320 grit (for steel) or 400 grit (for
aluminium) are ideal for final finishing. Where
the surface material is compatible, an acidic con-
ditioning solution should be used to aid the final
abrading process. This conditioner is normally a
mild phosphoric acid and helps to etch the
substrate while removing contaminants.

Air abrading (grit blasting) is used in situations
where lots of items must be prepared. 100-400
grit alumina powder is ideal in combination
with a clean air supply. However, a poor surface
can be masked by this process, so you must
ensure a flat, even surface is present before
blasting.

Gauge location lines

The overall performance of the installation
depends in part on the accurate alignment of the
gauges to the component to be gauged and to
each other, assuming a multiple-gauge layout.
Clear, accurate, unambiguous alignment marks
are essential and can easily be achieved with a
few considerations.

Firstly, a line should not be scratched as this
can be detrimental to the strain gauge, the adhe-
sive and the component under test. Instead a
burnished line enables accurate installation with
no effect on the overall measurement. On alu-
minium and other soft metals, a 4H graphite
pencil can give good results, though care must
be taken on high-strength alloys as graphite can
cause embrittlement. On steel, an ink-free ball-
point pen held normal to the surface is ideal:
alternatively a brass rod with a rounded point
can be used. Marking out will recontaminate the
surface and so this must be removed in the next
step.

Surface conditioning

To remove all of the remaining contamination,
the surface must be scrubbed with conditioning
compound (assuming compatibility with the
substrate material) and a cotton-tipped appli-
cator, until a clean tip is no longer discoloured.
The conditioner must not be allowed to dry on
the surface: it must be removed with a clean
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tissue or medical-grade gauze pad. The drying
process starts by wiping from the centre of the
prepared area out to one edge. Then a fresh
gauze pad is used to wipe from the centre out
towards the opposite edge. At no stage should
the gauze pad be returned to the centre and used
again as this will introduce contamination from
the unprepared area. This conditioning stage is
repeated until further cotton-tipped applicators
remain clean.

Neutralising

Many adhesives will not bond to an acidic sur-
face. The previous section advises, where com-
patibility can be ascertained, to use an acidic
conditioning solution. Therefore, a further stage
is necessary to bring the surface to an approxi-
mately neutral pH (pH 7.5). To achieve this, a
neutralising solution (weak ammonia solution)
must be applied to the surface and scrubbed
using cotton-tipped applicators. Then the sol-
ution must be dried in a similar way to that
described in the last section by using a clean
gauze pad to wipe from the centre of the pre-
pared area to the edge and then again from the
centre to the opposite edge with a fresh gauze
pad. The neutraliser must not be allowed to
dry on the surface as this will recontaminate the
prepared area.

The surface is now ready for bonding. To avoid
further contamination, the adhesive bonding
must be carried out as soon as possible.
Recommendations are available for different
types of material, but a period of more than an
hour or so is undesirable. Apart from the obvious
threat of airborne contamination, the metal will
start to re-oxidise.

Bonding with adhesive

There are many types of adhesive available for
various specialist applications, but the three
main adhesives can be grouped as follows.

e instant: cyanoacrylate adhesive, sometimes
called ‘superglue’
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¢ cold-cure: 100% solids epoxy resin
e heat cure: solvent thinned epoxy-phenolic.

Note that general-purpose adhesives are not nor-
mally suitable, so a certified strain gauge adhe-
sive must be used. It is tempting to use a low-cost
alternative, but the implications of saving
money here are significantly offset by the overall
costs of installing and calibrating the transducer.

Each adhesive requires different treatment
during installation and will have varying life
expectancy. More details will be given below as
each procedure is described.

Correct storage and usage is essential to ensure
a reliable and repeatable installation. Some adhe-
sives should be stored in a refrigerator before
opening to ensure life expectancy up to the
manufacturer’s ‘use-by’ date. However, it is not
generally recommended to refrigerate opened
containers. If the product is to be used only
occasionally, refrigeration is permitted. However,
after removal from the refrigerator, the container
must be allowed to warm up to room tempera-
ture before opening to avoid condensation in
the bottle.

As a reminder, before proceeding it is essential
to ensure meticulous cleanliness throughout the
bonding process. The strain gauges will be clean
in their pack, and so further cleaning of them is
not required. Avoid manipulating the gauges by
hand and ensure that any surfaces that they
come into contact with are degreased with a
solvent, followed by neutralisation.

Gauge handling

Until this point, the strain gauges should be left
in their pre-sealed pack as this excludes contam-
inants. The gauges can now be removed from the
pack using a pair of pre-cleaned gauge-handling
tweezers and placed on a pre-cleaned gauge-
handling area. A degreased and neutralised glass
block is ideal. The gauge can then be picked up
with a suitable adhesive tape for transfer to the
pre-cleaned and marked surface: the positioning
of the tape on the gauge and the type of tape is
somewhat dependent on the adhesive being
used. The tape is merely for handling and
enables accurate positioning of the gauge to the

alignment marks. As overall performance is
affected by accurate alignment, it is desirable to
spend some time getting the gauge precisely on
the marks: a good-quality tape will enable repo-
sitioning many times without leaving any
residue.

While the gauge is being handled in this way,
it is in a vulnerable position. Excessively rough
handling, such as creasing the gauge, can
adversely affect its performance later on. Try to
hold the gauge as flat as possible, especially
when lifting the gauge from the handling surface
or when repositioning.

During the bonding process, it is desirable to
position a bondable terminal in a convenient
location during the same process. Surface prep-
aration and adhesive application should be
identical to that of the gauges. While strain
transmission is not required, a good anchor for
the main leadwire, which may be of heavy
gauge, is necessary to prevent failure.

Once positioned, the installation is ready for
the adhesive application.

Instant adhesive

Cyanoacrylates are sometimes considered to be
an all-purpose solution for many applications.
However, this not true for strain gauge instal-
lations. This adhesive is really only suitable for
short-term evaluation (up to a year is a typical
recommendation) as it is moisture, time and
temperature sensitive. It can, therefore, be used
for ‘stress analysis’ applications and for evaluat-
ing the suitability of a component for con-
version into a transducer. In fact, the performance
of a cyanoacrylate certified for strain gauges is
excellent in the short term (a few days or weeks)
and can, therefore, closely match the perform-
ance of an installation designed for long-term
use. Do not be tempted to use general-purpose
cyanoacrylates (superglue) as this can seriously
compromise the installation.

The benefits of this adhesive are many: it is
clean, convenient, high performance and quick
(instant) as well as being easy to remove.
Commercial cyanoacrylate removers are avail-
able. It does, however, also have its drawbacks. It
has a relatively small temperature window: —25



to +65°C long term. Many manufacturers will
claim a much wider temperature range but this is
not in relation to its ability to transmit strain.
This will degrade with time, although the gauge
will not actually ‘fall off’ as some people expect.
Further, the peel strength is low even though its
shear strength is very high. Do not be tempted to
test the bond strength by trying to peel a gauge
off the surface, as this will prove very easy.

Instant adhesive application

The gauge must be picked up with cellophane
tape with the entire gauge inside the edges of
the tape. Approximately 100 mm of 20 mm wide
tape is generally suitable and convenient. Once
positioned, the tape is pulled gently up to expose
the back of the gauge and a catalyst applied
according to the manufacturer’s recommen-
dation to the gauge only. One drop of the adhe-
sive is applied to the tape-surface interface and
the tape is then held by the free end close to the
surface to enable the adhesive to spread to the
width of the tape. A folded gauze pad is used
with firm, even pressure to wipe through from
behind the adhesive all the way through and
over the gauge. Finally the gauze is disposed of
and pressure is applied with the thumb on top of
the gauge for 1 min.

After a further 2 min in normal circumstances,
the tape can be removed by pulling one end
right back over itself. If the adhesive is still
liquid, the thumb pressure should be applied for
a little longer and a few more minutes ‘rest’
allowed before attempting removal again.

There can be many reasons why a gauge does
not bond, from insufficient or inappropriate sur-
face preparation to low temperatures (below
—20°C) or low humidity, since cyanoacrylates
require a certain amount of humidity to polym-
erise. If there should be a failure, a telephone
call to the strain gauge adhesive suppliers can
help diagnosis.

Cold cure adhesive
Also called 100% solids epoxy, these adhesives

are not really ‘cold’ cure but are in fact room
temperature curing. They have no solvents and

The installation of strain gauges 55

are a little more viscous than other types of
strain gauge adhesive, so glue lines can be a bit
thicker. This makes them suitable for filling
porous and uneven substrates. They are very
stable and can be used for a service life of many
years. Once again, general-purpose epoxys
should not be used: these are entirely unsuitable
for strain gauge installation, especially as they
may be very viscous. Instead use a certified strain
gauge adhesive.

These adhesives are not as quick or as con-
venient as the instant adhesives. They must be
thoroughly mixed in accurately defined ratios.
This often leads to wastage as a minimum mix
quantity, typically 10g, must be made since
smaller mixes can result in large mixing ratio
errors. To ensure accuracy, these adhesives are
generally available in pre-weighed kits. Bulk
quantities are available but require a weigh scale
accurate to at least 0.1 g, calibrated pipettes, suit-
able clean glass containers and plastic stirring
and application rods.

Once mixed, they have a limited ‘pot life’ or
working time of around 15min, depending on
environment. They must be clamped for the
duration of cure, typically 6h at room tempera-
ture (overnight is ideal) or shorter at slightly elev-
ated temperatures. They will not generally cure
at temperatures lower than 20°C.

Cold cure adhesive application

The gauge must be picked up with cellophane
tape with the entire gauge inside the edges of
the tape. Approximately 100 mm of 20 mm wide
tape is generally suitable and convenient. Once
positioned, the tape is pulled gently up to
expose the back of the gauge ready for adhesive
application.

The adhesive is mixed thoroughly according
to the manufacturer’s recommendation; typi-
cally Smin of gentle stirring is necessary to
ensure even and essentially bubble-free mixing.
Then the adhesive is smeared on both the
gauge and the substrate using the stirring rod.
The smearing action should move away from the
tape-surface interface to remove any bubbles or
other inclusions away from the gauge location.

Gently the tape and gauge are brought down to
the surface using a gentle wiping action with a
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gauze pad. Then a small piece of silicone gum is
placed over the entire gauge and a small metal
backing plate contoured to the surface profile is
placed over the silicone pad; the assembly is
then clamped using a suitable spring clamp. The
clamping pressure should be within the range
recommended by the strain gauge adhesive sup-
plier. The system is left for the desired curing
time (overnight is preferable) and then the
clamp assembly is removed and the tape peeled
back.

Heat cure adhesive

There are many forms of adhesive that require
curing at elevated temperatures. As mentioned
briefly above, a cold cure adhesive can have its
cure time shortened by raising the temperature.
Heat cure adhesives, by comparison, simply will
not cure at room temperature. While there are
some 100% solids epoxy adhesives requiring
elevated temperature curing, this section is
concerned with the solvent-thinned epoxy
phenolics.

Adhesives in this group offer extremely thin,
high-performance gluelines for extended lives of
20-30 years or more. They are the first choice for
professional transducer manufacturers and are
used, for example, in commercial weigh scales in
‘legal-to-trade’ situations.

Most but not all, are two component systems,
so mixing is required. They will generally be sup-
plied in two half-full bottles, one to be poured
into the other and then shaken to mix. After
standing for 1h, they are ready to be used.
Owing to the elevated temperature cure require-
ments, the pot life can be from 3 to 12 weeks
depending on specific formulation and storage
considerations.

Cure times are dependent on temperature
and can be from 80°C for 4h to 175°C for
1h. Curing must start in a cold oven and the
temperature must be raised slowly to avoid
solvent entrapment. Furthermore stringent
clamping is required and a further post-cure
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may also be necessary after removal of the
clamps.

Heat cure adhesive application

Owing to the high curing temperature, cello-
phane tape is not suitable. Instead a high-
temperature alternative (Mylar) is required. This
should be placed across the terminals of
the strain gauge to avoid solvent entrapment.
Once positioned, the tape is peeled back to
expose the back of the gauge for adhesive
application.

Once the adhesive is mixed, it is applied to
both the back of the gauge and the surface by
painting it on with a small brush. This is often
supplied as a brush integral to the cap of the
adhesive bottle. The surfaces are allowed to
air-dry for the recommended time and then
the gauge and the tape are folded back on to the
substrate.

Clamping is a little different as the gauge and
the adhesive are now exposed. A thin Teflon slip-
sheet must be positioned to cover the area before
a silicone pad is applied plus a suitably con-
toured metal backup plate. Clamping can be
more stringent, so careful attention should be
given to the manufacturer’s recommendations.
Spring clamps are now essential, as raising the
temperature may cause a major change in clamp-
ing pressure if mechanical clamps are used,
owing to differential expansion between the
component and clamp materials.

The assembly is placed into a cold oven and
the oven is set to rise slowly to the required cure
temperature. The component must have reached
the desired temperature before the clock is
started, as a large component may take some
time to get to temperature. Once a suitable time
and temperature have been reached, the oven is
switched off and allowed to cool down slowly.
The clamps are removed and, if required, the
assembly is post-cured according to the manu-
facturer’s instructions. While not always necess-
ary, post-curing is essential for best accuracy
and repeatability.



Leadwire attachment

Soldering can be one of the most challenging
parts of strain gauge installation, and yet, with a
consistent technique and appropriate tools, it
can be both quick and easy. Common mistakes
may easily be avoided: use a good-quality solder-
ing iron (cheap irons are seldom suitable), use
fresh solder every time a joint is touched up
(fresh flux is actually what is needed) and try not
to be too quick. The 2s rule will ensure that
there is enough heat in the joint without danger
of burning the gauges or the terminals.

Suitable solder and leadwires should be chosen
for the job. If these are too heavy, they will be
difficult to handle, and there will be a danger of
damaging the gauges.

Finally, thorough cleaning and removal of the
flux residue is of paramount importance to
ensure a stable output over time.

Intra-bridge wires

Generally fine single-conductor enamel insu-
lated wires are used. Some have insulation that
can be burnt off with a soldering iron and some
must be mechanically stripped. In some situ-
ations, wire insulated with polyvinyl chloride or
Teflon can be used, but this can be more difficult
to work with.

Main leadwire

A multi-core cable, both twisted and shielded,
is ideal for the main leadwire. For full bridge
installations, this can be either 4 or 6 core and
can be of any suitable thickness. In general, a
thicker cable should be used for longer lead
runs, while a finer wire must be used if the
component is moving in order to maximise
flexibility and minimise chances of fatigue fail-
ure. Some 4-core cables are available with
diameters of approximately 1mm.

For quarter-bridge installations using a single
gauge for stress analysis, 3-core flat ribbon cables
are easy to work with.
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Solder

Ideally, lead-based solder with a rosin (flux) core
of a small diameter (0.5 mm or less) should be
used. However, as lead and rosin flux are both
toxic, there are many lead-free and rosin-free
products available. General-purpose solders and
fluxes should not be used as many of these can
be detrimental to the long-term stability of the
strain gauges.

Soldering station

A user-selectable temperature-controlled solder-
ing iron with an iron-clad screwdriver tip is
essential for achieving good connections to the
strain gauges and terminals. The iron must be set
to the correct working temperature, some 30 to
50°C above the melting point of the solder, and
the tip kept meticulously clean. Using a wet
sponge is not a good idea as this can cause the
tip to oxidise rapidly.

Soldering technique

To avoid damage and excessive solder flow, paper
drafting tape is used to mask all but the small
area where the wire is to be attached. This is
especially important on the strain gauge, as the
terminal area can be much larger than needed.
In general, the exposed area should be a third to
a half that of the terminal.

All points must be tinned, which means apply-
ing a small amount of solder to each wiring
point. This is achieved by placing solder over the
terminal, pressing the soldering iron firmly over
the terminal and holding for 2s. Immediately
the iron and solder are lifted simultaneously
from the terminal. A small low-profile mound
of solder should be present. If it is not, the
procedure is repeated.

The leads are prepared appropriately according
to the type. Only a small amount of wire should
be free from insulation to avoid possible paths to
the substrate. The end of the wire is tinned then
positioned over the terminal and secured using
drafting tape. It is then soldered using the
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same technique as above, remembering to use
more solder, as the flux core is essential to
achieve good joints. The joint is pressed firmly
and held for 2s. This is repeated if necessary.

The intra-bridge wires must be in close contact
with the substrate as they are routed. If they are
not, any small change in temperature will be
shown as a rapid zero shift because of the low
thermal mass of the fine wires.

Cleaning

All signs of flux residue are removed using a suit-
able solvent. A mixture of toluene and iso-
propanol is a good method that can quickly
dissolve the flux and also effectively remove any
drafting tape. As with any cleaning process, the
suspension of the contaminants must be blotted
off the surface using a gauze pad. The solvent
should not be allowed to evaporate as this will
redistribute the flux on to the installation.

Protection of the installation

Some form of protective coating must be applied
to the installation. This is to provide both
environmental and mechanical protection and
should cover the gauges, leads and the adhesive.

Suitable compounds must be used as recom-
mended by the strain gauge supplier. General-
purpose compounds must not be used. For
example, silicone rubber (RTV) is a good product
but must be free from corrosive ingredients. The
type used as a kitchen and bathroom sealant
is based on acetic acid and will destroy the
installation in minutes. Many other compounds
are slightly conductive and can, therefore,
compromise the installation.

There are many products available, and these
are selected according to the required level of
mechanical and environmental protection, as
well as the length of time the installation must
survive. Some examples are listed below.

Paint-on (air-drying) products. Acrylic and

polyurethane varnishes are convenient
single-component products. Painted on in
thin layers, they generally air-dry in 20 min
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but must be allowed to fully cure for 24 h if
further coatings are to be applied. If used on
their own, they are only suitable for low-
humidity laboratory conditions and provide
no mechanical protection as they form
only a thin layer. They are very useful for
anchoring the intra-bridge wires.

Silicone rubber. This is a convenient coating
that offers good moisture and mechanical
protection. There are both self-levelling and
non-drip varieties. Applied in 2-3mm
layers, it cures in approximately 6 h.

Microcrystalline wax. This is an excellent
moisture barrier and is used by many profes-
sional transducer manufacturers. It has obvi-
ous temperature limit issues as it melts
around 65°C and offers little mechanical
protection.

Polysulphide rubber. This two-component
coating offers excellent mechanical and
moisture protection, including for immer-
sion in water. It is conductive and is normally
used in conjunction with an insulating layer
such as bondable Teflon sheet or a paint-on
coating as described above. If used with an
air-drying coating, this must be allowed to
fully cure before applying the polysulphide.
Otherwise there can be an interaction
between the two.

Inspection and testing

To ensure a good installation, a continuous
inspection process should take place throughout
the installation procedure. This starts with visual
inspection and, in later stages, includes electrical
testing.

The adhesive

The first inspection should take place immedi-
ately after bonding. The gauges should be accu-
rately positioned to the alignment marks, within
0.4 to 0.5 mm is realistic. Furthermore, the glue
line should not have any voids (seen as lighter
areas) or inclusions (lumps) under the grid. The
bond cannot be checked by attempting to peel



the gauge as some adhesives have very low peel
strength.

Solder and leadwires

The intra-bridge leads should be neat and
undamaged. The tinned end should entirely
overlap the edges of the gauge and terminals to
avoid the possibility of shorting to the substrate.
Main leads should be similarly positioned and
the insulation must be free from burning from
the soldering iron. This is especially common
when polyvinyl chloride (vinyl) leads are used.

Solder joints are becoming more difficult to
inspect. Lead-based solders are easy to work with
and easily produce beautiful joints. An ideal
joint should be bright and shiny, with a low pro-
file (more like a small bump than a ball) and be
free from spikes and holes. Joints made from
lead-free solder must meet most of the above cri-
teria, but there is one big difference. Generally
they produce a slightly dull ‘crystalline’ finish.
This makes it more difficult to differentiate a
good joint from a ‘dry’ one.

Electrical tests

The installation may fail despite rigorous visual
inspection and so must be tested electrically.
These tests must be performed both before and
after applying a protective coating to ensure that
the coating or its application have not affected
or damaged the installation and to permit early
rectification of faults.

Basic continuity is the first check. Are all the
wires connected? Is there a short circuit?
Judgements can be made knowing the gauge
resistance as to whether everything is in order.
For single gauge (quarter-bridge) installations, it
is obvious that the resistance should be close to
the gauge resistance shown on the packet the
gauges came from, typically 120 or 350Q. For
full-bridge installations, the resistance between
the two power leads or the two signal leads
should equal the resistance of one arm. Between
any power and any signal lead, there will be
three-quarters the resistance of one arm. Thus
for a typical four-gauge bridge with 350Q
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gauges, the resistance across power leads should
be 350Q and the resistance between any power
lead and any signal lead should be approxi-
mately 262Q. These values are approximate
since they do not take lead resistances and
tolerances in the gauge resistance into account.

Finally, the installation should be checked for
isolation from the substrate. This cannot be
effectively measured with a multimeter in the
ohmic range as this instrument is simply not
sensitive enough. A purpose-built insulation
tester must be used. The test voltage must be
adjustable to a low setting; 25 V is typical but test
voltages of over 100V should never be used as
this can cause the insulation of a perfectly sound
insulation to fail. Before protection, it should be
possible to achieve a resistance of 2 X 101°Q
(20GQ) and this should not reduce to below
1 X 101°Q after protection.

Load tests

After performing all the above testing and
inspection, there is still no absolute way to
guarantee the installation. The only way to do
this is to connect it to a suitable instrument,
apply and then remove a reasonable load and
monitor the output. A good installation will be
stable at the initial zero, will be stable at load
and then return back to the original zero point.
Instability can indicate voids under the grid,
ineffective surface preparation or poor adhesive
application and curing. Further tests can be
carried out for a full bridge as it will normally
be desirable to calibrate it to a known load.
When checking calibration, the load is normally
applied and removed incrementally to ascertain
linearity, repeatability and lack of hysteresis.

Specialist applications

There are many applications that require addi-
tional information, skills, tooling and ingenuity.
For example, there may be restricted access to
the gauging area: perhaps in a narrow slot, an
internal bore or a small hole. Higher tempera-
tures or unusual substrate materials need special
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attention, and in some installation environ-
ments, there may be other suitable techniques
and products such as weldable gauges.

Leadwire attachment to unbonded gauges

It is obvious that after gauges have been installed
in holes or small gaps and channels, the gauges
may not be accessible to solder the leads. On a
large bore with gauges close to one end, there is
not really a problem, but smaller bores and gaps
will require the gauges to be pre-leaded. Gauges
can either be purchased with leads already
attached or fine wires can be pre-attached using
normal solder procedures with some slight modi-
fication. The main terminal can either be
installed in a more convenient and access-
ible location elsewhere on the component or
immediately inside the bore for easy access.

The leadwire used should be perhaps 34AWG
maximum to avoid damaging the gauge during
handling; enamel-insulated solid copper wire is
ideal. Firstly, a flat smooth-surfaced aluminium
plate is cleaned using degreaser and neutraliser.
The gauge is taped to the aluminium plate with
paper drafting tape and the procedure described
above is followed. The solder flux residue must
be thoroughly cleaned away and the tape
removed using rosin solvent. The top of the
gauge must be clean before it is turned over, with
the leads held, so that the back can be cleaned
with more rosin solvent. The gauge should be
gently blotted dry. Finally a cotton-tipped appli-
cator dampened in neutraliser is gently used to
wipe the back of the gauge. The gauge is placed
back into its packaging to protect it until it is
installed.

Gauge positioning

The problem is that gauges down a hole or bore
must be installed ‘blind’, so accurate positioning
can be a challenge. The leaded gauges must be
temporarily attached to a flexible carrier such as
Mylar film. Double-sided tape or rubber glue is
sufficient as it must be removable. This carrier
should be longer than the distance from the edge
of the hole to the desired location so that the
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carrier can be marked with a line. It can then be
rolled back, inserted to the line and secured with
tape to the edge of the hole.

Clamping

This is the most difficult part of the process and
may require the building of custom clamping
rigs.

For larger holes, a rubber bung with a hole
through the middle can be machined, the bung
being slightly smaller than the bore. The central
hole has a bolt inserted with washers at each end
of this ‘cotton reel’ so that the rubber bung will
barrel out when the bolt is tightened and so
clamp the gauge.

For smaller holes, a narrow silicone tube,
blocked at one end and then pressurised, can
be adequate. Alternatively, a round bar can be
inserted and then pushed in the opposite direc-
tion to the gauge location; this does not give
even pressure over the gauge and so must be
used with caution.

For other situations a custom rig can be built,
with arms that can be moved by a cam con-
nected to a threaded bar or bolt similar to an
adjustable reamer. As the bolt is turned, the arms
move outwards to apply pressure. The custom rig
requires some ingenuity to design and build and
it can be expensive. For obvious reasons, this
solution should only be pursued if there are
many installations of the same type or if there is
simply no other way.

High-temperature installations

Conventionally bonded strain gauges can be
used up to 260°C for extended periods and up to
400°C for special or short-term applications.
Careful selection of adhesives, leadwires and
solders is necessary to ensure survival. Beyond
400°C, the conventional gauge can no longer be
used.

For temperatures up to perhaps 1000°C, free-
filament gauges are available. These are basically
a special strain gauge with a temporary ‘strip-
pable’ backing or fibreglass carrier. The film is
bonded using ceramic slurry or flame-sprayed
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high degree of operator skill is necessary and so
this task is best left to specialists.

Weldable strain gauges

For some applications, it is possible to spot-weld
a gauge to a surface. The weldable strain gauge
consists of a carrier (stainless steel or Inconel)
with a gauge attached with epoxy-phenolic
adhesive or ceramic cement. A capacitive-
discharge spot-welder is then used to run a series
of miniature welds around the edge of the shim.

This offers advantages in some situations. The
necessary surface preparation is limited to basic
grinding and degreasing and the installation time
is greatly reduced. Many weldable gauges are pre-
leaded and some are even pre-protected, so they
require no further installation time after welding.

The disadvantages are obvious. Hitherto
emphasis has been laid on mounting a gauge
with a thin adhesive line, but we have now
added a shim perhaps 0.1 mm thickness. This
can reduce the sensitivity of the installation and
reinforce thin sections. Further, it is only suitable
for ferrous substrates. Gauges of this type are
mainly used for stress analysis applications on
large structures such as bridges, rails and oilrigs.

Special materials

Some materials need special treatment during
surface preparation to ensure the bond will be
successful and that the substrate will not be
damaged.

Titanium must be heat treated to 175°C three
times and degreased at each return to room tem-
perature. Failure to follow this regimen has
resulted in reports of the gauge falling off.

Copper and some copper alloys should not
come into contact with ammonia, so the neu-
traliser stage should be replaced with thorough
cleaning with distilled water.

Porous materials including cast iron should be
locally warmed with a heat gun after surface
preparation as some of the chemicals may still
be in the surface layer and compromise the
long-term stability of the installation.
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Plastics and composites can be sensitive to sol-
vents and so compatibility must be established.
Unfortunately these materials may also be con-
taminated with silicone-release agents during
manufacture and so the degreasing stage cannot
be ignored. Isopropanol is a good choice for
degreasing, followed by a thorough cleansing
with conditioner solution that has been heated
to 65°C. Some plastics, most notably polyethyl-
ene, are completely resistant to cyanoacrylate
adhesives so epoxy adhesives must be used.

There are many other materials that need
special attention, but the above examples are
given to demonstrate common pitfalls. If there
is any doubt, then the strain gauge supplier
should be able to advise on surface preparation
procedures and adhesive compatibility.

Tools and installation accessories

Some tools necessary for successful strain gauge
installation can be found in a general-purpose
toolkit, but many are specific to strain gauging
and fine electrical work. Some general-purpose
tools, especially some soldering irons, are simply
not suitable for use in this environment.

Consumables

Chemicals

A form of degreasant is required, ideally in an
aerosol container to avoid contamination of the
contents. Isopropanol is an effective product
that is safe on many plastics.

Surface conditioner is normally a weak phos-
phoric acid solution for effective contaminant
removal.

Surface neutraliser for final surface preparation
is usually a weak ammonia solution.

Rosin solvent is used for flux removal after
soldering. Aqueous solutions are unsuitable for
this, but a mixture of toluene and isopropanol is
ideal.

There is a wide choice of adhesives (around 30
from one manufacturer alone), but a shortlist
can generally be made with advice from the
strain gauge supplier.
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Abrasives

Surfaces can be ground, filed, polished, grit-
blasted or hand abraded. Files are acceptable
for removing large amounts of material but not
for the final polishing stages. Here are some
other recommendations.

Silicon carbide papers can be used wet or dry.
Usually they are used wet to avoid clogging and
to assist in the cleaning process. Conditioner is
recommended as the wetting medium where
compatibility has been ascertained. Various
grades are available from coarse to fine, and gen-
erally three grades (220, 320 and 400) are useful
for a variety of materials and surface finishes.

Grinders of many descriptions are available,
ranging from angle grinders and drill attach-
ments to hobbyists’ tools. The larger tools are
suitable for large rough structures but can be
too aggressive. Hobbyists’ drills, normally small
12V powered hand-held devices, are available
cheaply and have many attachments, ranging
from small wire brushes and hard grinding
wheels to abrasive flap wheels and flexible
disks.

Cleaning materials

The chemicals used in installation will require,
at various stages, to be dried from the surface
or applied vigorously (described as ‘scrub-
bing’). Clean tissues from a box can be suf-
ficient, but gauze pads from medical suppliers
are ideal. Cotton-tipped applicators are used
extensively for scrubbing and should be of the
wooden-handled variety.

Leadwires

A range of wire types is necessary for different
applications. Solid copper enamel-insulated
wire, 34AWG, is ideal for intra-bridge wires.
Main leads should ideally be 4- or 6-core twisted
and screened in either polyvinyl chloride or
Teflon insulation for full bridge installations.
When installing quarter-bridges, three-lead
ribbon cable is convenient to use.
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Solder

Solder is preferred to be of low melting point,
normally lead based (60% lead, 40% tin, some-
times called ‘60/40’) with a flux (rosin) core.
Lead-free solders have a higher melting tempera-
ture (greater than 220°C compared with 183°C
for 60/40) and require greater skill to use. Solders
of smaller diameter are easier to work with:
0.5mm is ideal for most if not all strain gauge
work. Larger diameters are not generally required
or recommended.

Terminals

All strain gauge installations require an interim
terminal between the gauge and the main lead-
wires, though some gauges are already fitted
with an integral terminal. Terminals are nor-
mally in a ‘dog-bone’ shape and can also be in
a ‘Y-I' configuration for three-lead quarter-
bridge installations. They are available in many
sizes, and can be cut to suit the application as
they come in strips of eight or more. They
must be bonded in a similar way to the strain
gauges, usually during the same bonding
process.

Gauge-handling materials

Suitable gauge-handling tape comprises cello-
phane for room temperature curing or Mylar for
elevated temperature curing. The tapes must be
of good quality and preferably from the strain
gauge supplier to ensure they do not react with
the adhesive or leave a mastic residue behind
during gauge placement.

Paper drafting tape (low tack) is used for
anchoring leads during soldering and other situ-
ations where temporary fixing is required.
Masking tape is not recommended as this has a
high tack and can leave residues on removal.

Clamping consumables include Teflon film,
silicone gum (2-3 mm thick) and some form of
backup plate such as 1 mm aluminium plate that
can be formed easily by hand.



Gauge protection

A couple of protection materials can be useful to
have available for general applications. Air-
drying polyurethane or acrylic varnish is con-
venient and dries in approximately 20 min.
Corrosion-free silicone rubber (RTV) is a single-
component room temperature coating offering
good mechanical protection. For more specialist
applications, the strain gauge supplier will give
advice.

Tools

Tweezers

Small tweezers are useful for handling at various
stages of the installation process. The most
obvious requirement is for gauge handling.
Tweezers must be round-nosed, flat (i.e. unser-
rated) and undamaged. This is to ensure easy
cleaning and that they will not damage the
gauge during handling. Finer needle-point
tweezers can be used for intra-bridge wiring, as
can locking tweezers, but they must be used
with care to avoid scratching or damaging the
enamel insulation.

Layout marking tools

Once the position of the gauges has been
decided, clear unambiguous lines must be
marked on the surface. Ball-point pens that have
run out of ink are good, as are 4H pencils. To
locate the lines, a surface table with a height
gauge, ‘V’ blocks and a dividing head is ideal, but
vernier callipers and a steel rule are useful,
though with a lower accuracy.

Cutters

Diagonal or end (flush) cutters are used for lead-
wires. These can be used for wire stripping but
purpose-made strippers are preferable to avoid
damaging the conductors. Surgical scalpels are
good for trimming and scraping operations if
necessary.
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Soldering

A good-quality temperature-controlled iron with
a 1.5mm iron-clad screwdriver tip is essential.
The tip temperature must be adjustable by the
operator for a variety of situations. General-
purpose ‘hobbyist’ soldering irons are not
recommended as the tip temperature can be
extremely high. Fixed temperature controlled
irons are usually unsuitable as the hysteresis
(temperature variation) can be excessive.
Portable gas irons should never be used.

Other hand tools

Miniature snipe-nosed pliers, small scissors (sur-
gical shears) and dental picks can be useful ad-
ditions to the toolbox as are spatulas, small
camel-hair brushes and, for clamping during
adhesive curing, a variety of spring clamps. A
heat gun may also be useful when leads need
to be spliced and protected with heat-shrink
tubing.

Complete kits

For the dedicated strain gauge installer, complete
kits are available that contain all the tools and
accessories required in a variety of situations.
These will generally also include adhesives, lead-
wires, protective coatings and a high-quality
soldering station.

Professional assistance

Strain gauge installation can be daunting but
there are many resources available to assist.
The costs to set up strain gauge installations
can be significant and it may not be economic
for only one or two installations. Therefore,
there are many professional companies who
can offer the full service, from recommending
the products and gauge arrangement to provid-
ing a complete service from specification to a
working product.
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If installation is part of a continuous pro-
gramme, there are training courses provided by
both strain gauge suppliers and independent
organisations. The British Society for Strain
Measurement (BSSM) provides programmes as
well as a certification scheme that gives evidence
of competence in strain gauging. Additionally
BSSM provide a s handbook showing many com-
mon types of installation (Pople, 1979) and a
Code of Practice booklet detailing standard pro-
cedures for ensuring quality and consistency
(British Society for Strain Measurement, 1992).
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The measurement of displacement

Peter Ridgway Watt

Introduction

Displacement, in the context of tablet press
instrumentation, generally involves such actions
as the movement of a punch into a die or the
rotation of a machine component. It may, there-
fore, be a linear movement of a few millimetres
or perhaps an angular movement of some
degrees. Such movements as these can be
measured quite accurately in a variety of ways
with commercially available transducers. There
are, in fact, many types of displacement trans-
ducer on the commercial market, and it is poss-
ible to classify them in a variety of ways, but for
the purposes of this chapter they have been
grouped into those that generate an analogue
signal and those that give a direct digital output.

In general, those in the first group provide a
signal that is directly related to the position in
space of some movable sensing element. The
output may be described as ‘absolute’ in the
sense that it uniquely defines that position, even
if power to the device is interrupted and then
reconnected. The conventional sliding poten-
tiometer, used as a volume control in amplifier
systems, has just such a characteristic.

In the second group are those transducers that
generate a direct digital output rather than an
analogue voltage. Some of these, like the ana-
logue devices in the previous group, also provide
absolute positional information. However, the
simpler digital devices do not do this but only
give incremental signals as they are moved. Thus
each pulse of the output signal represents a given
displacement of the sensing element from its
previous position. Although the incremental
type of digital transducer is generally much less

expensive than the absolute type, it must be
re-set whenever its power supply has been
interrupted.

Both these forms of transducer measure the
position of some sensing element in relation to a
particular reference point. However, there is an
alternative possibility of inferring the sensor
position indirectly, and that is from continuous
measurements of its velocity or acceleration dur-
ing a known time. Some dynamic measurements
of this kind have been reported in the general
literature of tablet compression studies. For
example, laser Doppler velocimetry was used by
Depraetere et al. (1978) to study punch move-
ment in a tablet press. Punch travel itself tends
to be limited by the mechanics of the press to
relatively short distances, seldom exceeding
50mm. Transducers for that particular range
were reviewed in 1979 by Garratt. In practice,
the range of particular interest for compression
studies is likely to be even more limited and will
only involve those few millimetres in which the
punches are in contact with the powder bed.
Short-range, or micro-displacement transducers
were discussed in 1972 by Sydenham in a paper
that contains much useful information.

Displacement transducers with analogue
output

The linear variable-differential transformer
The linear variable-differential transformer

(LVDT) is probably the most widely used form of
displacement transducer with tablet presses. As
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the name implies, the LVDT is a transformer. It
is, however, one of special construction, with a
straight tubular body that carries three sets of
inductive windings (Figure 4.1). The windings
comprise one central primary coil and two sym-
metrically disposed secondary coils, all in fixed
positions. Along the axis of the system, within
the tubular body, runs a guide rod that holds a
short ferromagnetic core. It is the position of this
movable core relative to the secondary windings
that determines the variable differential from
which the LVDT derives its name. When the core
is precisely central with reference to the primary
winding, the inductive coupling from that pri-
mary to the two secondaries is balanced. If the
primary winding is energised by an AC wave-
form of a suitable voltage and frequency, the
voltages generated in the two secondaries will be
correspondingly equal and can be balanced
against each other in a detector circuit.

The output signal itself may be considered as
being of essentially infinite resolution and is

AC bridge

Figure 4.1
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likely to have a value of around 5V rms (root
mean squared) at the full-scale displacement of
the core. The sensitivity and accuracy of the sys-
tem as a whole must, nevertheless, depend on
the external means used to detect that output
signal. Using a modern digital AC carrier ampli-
fier, it should be possible to achieve a sensi-
tivity corresponding to better than 1 ppm of the
total full-scale displacement. An analysis of the
inductive sensor has been given by Hugill
(1982).

The relation between signal and displacement
is reasonably linear over the rated displacement
range of the transducer, with an increasing non-
linearity at each end of the scale. It is, therefore,
important to check that the LVDT is installed
correctly, with its mechanical and electrical zero
points in reasonable coincidence. The maximum
departure from true linearity within the specified
range of movement depends on the form, the
size and the cost of the device, but it is usually
between 0.1% and 0.5%.
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The linear variable-differential transformer (LVDT). The mechanism comprises three coaxial coils with a mov-
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able ferromagnetic core. The position of the core determines the distribution of the signal between the two outer coils.



Zero setting

In principle, there will be zero output when the
armature is central, and the system precisely
symmetrical. In practice, it is possible to adjust
the zero point by offsetting the associated detec-
tor and amplifier, and this has the advantage
of making it unnecessary to position the
mechanical components with absolute accuracy.
Sydenham (1972) has pointed out that a device
capable of sensing to 0.1 nm need only be set to
the nearest 20 um.

Good-quality LVDTs with a range of a few mil-
limetres are expected to have a measuring
repeatability of the order 0.1 pm, and it is import-
ant to realise that repeatability may well be
more critical than linearity. In modern systems,
a departure from strict linearity can be corrected
by the use of appropriate computing routines.
Many articles on this can be found in the litera-
ture (e.g. Bolk, 1985). Lack of repeatability, how-
ever, cannot be treated in the same way. It
requires a programme of successive measure-
ments that can then be subjected to statistical
analysis.

Thermal effects

Changes in temperature inevitably introduce
errors into LVDT measurements, especially if the
symmetry of the device is affected, for example
by uneven expansion. The thermal drift of
the zero point is likely to be of the order of
0.01% of total stroke for every degree centigrade.
At the same time, there may be a change in sen-
sitivity of about the same general magnitude.
Although these error figures do not appear to be
particularly large, it is worth remembering that
the associated amplifiers, power supplies and
measuring circuitry may themselves also have an
element of temperature dependence.

Since the moving core that constitutes the
sensing element does not need to be in physical
contact with any part of the transducer body, the
movement itself does not generate frictional
heat. Nor does it absorb power from the mech-
anism being investigated. However, it is useful
to remember that the coils themselves will
inevitably dissipate some heat from the AC
input, and that thermal expansion of the central
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armature rod could possibly introduce an error
unless all parts of the system have reached
constant temperature. When accurate measure-
ments are to be made with an LVDT, it is, there-
fore, good practice to ensure that the whole
measuring system is switched on well in advance
and allowed to reach a steady equilibrium
temperature.

Gauging transducers

There are some varieties of LVDT in which the
core runs on linear bearings within the trans-
ducer body and is spring loaded to one end of its
range of movement. These are called gauging
transducers and are widely used in manufactur-
ing practice to check the dimensions of mechan-
ical components. As a rule, gauging transducers
operate over a relatively short range of displace-
ments, mostly from 0.5 to 5.0 mm. By compari-
son, the normal free-armature forms of LVDT
may extend to displacements of 600mm.
Gauging transducers are designed for operation
in hostile environments and are usually
equipped with elastomeric gaiter seals that
exclude dust or liquid contaminants.

If negligible operating forces, coupled with
very high operating rates, are needed, then the
free-armature transducers would be preferable.
In case of doubt, it would be advisable to check
with the transducer manufacturer.

Dimensions

When an LVDT is to be installed in some piece
of experimental equipment, it is naturally
important to have information about its length
and diameter so that it can be allocated ad-
equate space. As a very rough rule, transducers
in the displacement range of a few centimetres
tend to have a body length that is perhaps three
or four times their measuring range, although
the ratio of measuring length to body length is
generally less for gauging transducers than for
the free-armature types.

The diameters of these devices have tradition-
ally been derived from Imperial sizes, and most
of the free-armature models have been either of
0.75inch (19 mm) or 1.0inch (25.4 mm) gauge.
The gauging transducers are often smaller, and
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here the most common size is 0.375inches
(9.5 mm).

There are, naturally, many exceptions to these
simple rules; not surprisingly, the lower limits of
diameter have been extended over the years. The
miniature series transducers offered by Sigma,
for example, are only 6.0 mm in diameter; how-
ever, at this size the measuring range is restricted
to 1.0mm. Some even smaller versions have
been produced, although is it unlikely that they
would be required for use with a relatively large
machine such as a tablet press. Units in the
‘XS-B’ series from Schaevitz Engineering, for
example, have a coil assembly with an outside
diameter of only 4.76 mm: the overall length
of these very small LVDTs is from 10.16 to
38.1mm, depending on the measuring range,
while the maximum measurable displacement
is £6.35 mm.

Excitation

Since the LVDT is a transformer, it requires an
oscillator circuit that will provide an alternating
voltage to excite the primary winding. In gen-
eral, the excitation signal has a frequency within
the range 1-50 kHz - although exceptions exist —
and is only a few volts. Ideally, the optimum fre-
quency for the signal is one at which there is
negligible phase shift between the waveforms in
the primary and the secondary windings. Under
these conditions, the system is most stable to
temperature changes. A commonly used value is
around SkHz; the power level is small and is
represented by some 3-10V at approximately
10-35mA.

Demodulation

Apart from the oscillator, the LVDT also needs to
have a demodulator unit that will accurately
turn the AC output into DC levels for display or
analysis. Certain types of LVDT have both the
oscillator and the demodulator built directly
into their housing, giving a very compact
construction. They provide a DC output from a
suitable DC input and, therefore, have the
description of ‘DC-DC’ transducers. These self-
contained DC-DC transducers are undoubtedly
convenient and may be of good stability and
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sensitivity. They are inevitably less adaptable to
the miniature format, however, and so are not
usually offered in diameters below the industry
standard of 19 mm. If space is at a premium, it
may be necessary to use a conventional AC-AC
transducer with an external oscillator and
demodulator.

Virtually all the LVDTs with diameters of less
than 19mm are of the AC-AC pattern. Apart
from the sub-miniature devices mentioned
above, both the spring-loaded, sealed, gauging
transducers and the free-armature versions are
available with body diameters of 9.5 mm or less.
The SM series from Sangamo Schlumberger, for
example, are of this diameter: the length of the
SM1 body is 15mm, and the moving core
weighs only 200mg. At this size, the total dis-
placement range is +1.0 mm, while the linearity
may be either 0.3% or 0.5% of the total stroke,
depending on the grade of the device.

The linear inductive displacement
transducer

We have seen that the classical LVDT has three
sets of windings; one primary and two sec-
ondary. It is however, possible to omit the cen-
tral winding so that only the two symmetrical
secondaries remain. The physical disposition of
the components is then otherwise almost exactly
as in the conventional LVDT, but the mode of
operation is slightly different. In this instance,
the two windings form adjacent arms of an AC
measuring bridge, which is energised from an
external oscillator and may be balanced by
adjustment of the other two bridge arms in the
normal way. After the bridge has been balanced,
any change in the position of the iron core will
de-tune the circuit, generating an output signal
that is proportional to the displacement of the
core. Some commercial transducers of this type
have trimming controls with which their sensi-
tivity can be adjusted. In effect, these form a sec-
ond movable core that alters the inductance of
windings in series with the main measuring
coils. If an installation contains several such
transducers, the adjustment facility can be used
to set each one to the same level of sensitivity. In
some instances, this two-coil construction has



given an improved operating range for a given
body length.

A useful discussion of the different approaches
to inductive transducer design may be found in
the 1975 textbook by Neubert.

The variable turns-ratio transformer

A low-cost device for displacement measurement
has been described by Dann (1984). In this,
single-layer coils of copper wire were wound on
to rigid plastics tubes of different diameters, so
that one coil could be moved axially within the
other. The inner coil, used as a primary, was
excited with a sinusoidal signal at a frequency of
1kHz, while the resultant signal was measured
from the outer coil with an AC voltmeter. It was
found that the output was linearly related to the
position of the inner coil to within better than
1%. Clearly, this does not approach the per-
formance of a standard commercial transducer,
but the interest here lay in the very high pro-
portion of useful range to body length, where
the device described had a length of 1080 mm
and could apparently give an output at
displacements up to 1000 mm.

The linear variable capacitor

In the LVDT and its half-bridge variant, move-
ment of a ferromagnetic core alters the relative
inductance of windings along a non-magnetic
former. The same general principle can be
extended, by appropriate constructional modifi-
cations, to provide changes in other electrical
properties. For example, if cylindrical electrodes
are used instead of wire-wound coils, the axial
displacement of a third, smaller electrode can
be used to vary the relative capacitances of the
first two electrodes in a reproducible manner.
Sensors using this principle were compared with
inductive devices in a review by Hugill (1982).
Variable capacitance transducers are commer-
cially available. One type, from Automatic
Systems Laboratories Ltd, is sold under the name
‘Super-linear variable capacitor’ or SLVC. Like
the LVDT, the SLVC is of infinite resolution. It
can also be capable of an accuracy (defined in
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this case as the maximum departure from an
ideal straight-line calibration) of better than
+0.00065 mm. The system non-linearity, taking
both transducer and signal conditioner together,
may be better than 0.04% of full scale for the
best grade of SLVC.

The physical size of these transducers is some-
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