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PREFACE

Soon after its foundation in 1952. the Advisory Group for Aeronautical Research
and Development recognized the need for a comprehensive publication on flight test
techniques and the associated instrumentation. Under the direction of the AGARD
Flight Test Panel (now the Flight Mechanics Panel), a Flight Test Manual was
published in the years 1954 to 1956. The Manual was divided into four volumes:
1. Performance, IL. Stability and Control, Ill. Instrumentation Catalog, and IV.
Instrumentation Systems.

Since then flight test instrumentation has developed rapidly in a broad field of
sophisticated techniques. In view of this development the Flight Test Instrumentation
Committee of the Flight Mechanics Panel was asked in 1968 to update Volumes Ill
and IV of the Flight Test Manual. Upon the advice of the Committee, the Panel
decided that Volume Ill would not be continued and that Volume IV would be
replaced by a series of separately published monographs on selected subjects of flight
test instrumentation: the AGARD Flight Test Instrumentation Series. The first
volumn,- of the Series gives a general introduction to the basic principles of flight test
instrumentation engineering and is composed from contributions by several specialized
authors. Each of the other volumes provides a more detailed treatise by a specialist on
a selected instrumentation subject. Mr W.D.Mace and Mr A.Pool were willing to accept
the responsibility of editing the Series, and Prof. D.Bosman assisted them in editing the
introductory volume. In 1975 Mr K.C.Sanderson succeeded Mr Mace as an editor.
AGARD was fortunate in finding competent editors and authors willing to contribute
their knowledge and to spend considerable time in the preparation of this Series.

It is hoped that this Series will satisfy the existing need for specialized documen-
talon in the field of flight test instrumentation and as such may promote a better
understanding between the flight test engineer and the instrumentation and data
processing specialists. Such understanding is essential for the efficient design and
execution of flight test programs.

The efforts of the Flight Test Instrumentation Committee members and the
assistance of the Flight Mechanics Panel in the preparation of this Series are greatly

: appreciated.

T. VAN OOSTEROM
Member of the Flight Mechanics Panel
Chairman of the Flight Test

Instrumentation Committee

Otis Wh~ite Iscwa
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STRAIN GAUGE MEASUREMENTS ON AIRCRAFT
by

E Kottkamp, H Wilhelm, D Kohl
VIF-Fokker Test Laboratories

Lemwerder
Federal Republic of Germany

1.0 INTRODUCTION

This publication is intended to give the test engineer a comprehensive description of

the different aspects of strain and load measurements on aircraft. Theae measurements
are of outstanding importance as they are the only practical means of determining
material stresses during ground and flight tests.

As stresses cannot be measured directly but oust be derived by calculation from strain

measurements, an introduction to the fundamental physical and mechanical laws is given.
This is essential as the strain gauge is directly bonded to the specimen to be tested

so that its surface becomes part of the measurement system. Strain gauge behaviour can
therefore only be understood on the basis of some fundamental knowledge of these physical
and mechanical laws. The main concentration is on the directly applicable methods
but nevertheless some not directly applicable equations and techniques are mentioned,
thereby demonstrating:

- some straightforward techniques which look attractive but have proven
unsatisfactory for various reasons;

- special old and new strain measuring techn'ques which may become attractive in

the future (e.g. for orbital spacecraft) so that the reader will know
know the basic principles.

Once the strain has been exactly transferred from the surface of the specimen to the grid

of the strain gauge, the quality of the measurement is deterguined by the accuracy of

recording the resistance change. Techniques for recording resistance changes are there-

fo,e discussed. The main emphasis is put on the description of the Wheatstone bridge,

but other circuit techniques are also considered.

After discussion of possible errors, the various types of strain gauges and adhesives

are described. Practical advice is given on their application. In order to allow the

test engineer some judgement in less usual cases, special applications of strain gauges

are explained. This is followed by a consideration of the strain gauge behaviour under

adverse environmental conditions (e.g. extreme low and high temperatures). Finally,
an example is given of equipping an aircraft with a flight load measuring system.

The contents of this volume allow the test engineer to select the correct method
for strain measurements. For special problems, the basic mathematical relationships

are given to allow him to use more detailed calculations. Where special applications
are needed the contents of this book give an understanding of the basic principles.

This allows the necessary effort to be estimated and indicates the relevant documentation.

1.1 Measuring of strains on aircraft

The techniques for measuring strains, which are the subject of this paper, refer
mainly to measurements within the scope of flight testing. However, the greater part of

of the contents of this book is also applicable to non-aeronautical measurements.

A transducer used for measuring strains on a typical aircraft during flight nas to
fulfil the following requirements:

1. Strain range 0 to ±lOOOOum/m

2. Transverse sensitivity has to be negligible

3. Accuracy o? the measuring system

uncalibrated ±5% (as compared with the full-range value)
calibrated ±3% (as compared with the full-range value)

4. Pesolutioi. of the system ±10 Pm/m

5. Life

ý.eriod of application up to several years
l'-ad cycles up to 107 load cycles with varying

amplitude

6. F.'equency range 0 to 2,000 Hz (in exceptional
cases higher)

7. Temperature rarge 200 K to 400 K (in exceptional
cases higher)
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8. Pressure range independent of pressure

9. Other environmental conditions high alternating load with regard to
temperature and humidity

chemically corrosive environment
(e.g. for tank measurements)

physically hostile environment
(e.g. mechanical loads)

10. Installation conditions the effect on the test specimen of the
application method and mechanical or
thermal behaviour must be negligible.

can be applied easily even in limited
space

11. Measuring techniques easy connection even in the case of
numerous measuring points. Fast data
logging and processing must be possible

12. Price and installation costs must be low

Among all the available transducers, the strain gauge is the only one which is able to

fulfil most of the above requirements.

1.2 Strain measurements by means of strain gauges

The characteristic feature of an electrical strain gauge is the change in its electrical
resistance with the change in strain. It is therefore possible to determine the strain
change by measuring this resistance change. If the strain in a component has to be
determined, a strain gauge is bonded to the component and the resistance change Js
measured when different loads are applied to the component(Fig 1.2-1).The strain gauge must
therefore be securely bonded to the surface of the component. Optimum application of
strain gauges requires a comparatively detailed knowledge of the physical fundamentals
so that the significance of numerous marginal conditions can be correctly estimated.

This paper will deal with these fundamentals, but also with some flndamentals of
materials (Chapter 2) and with several aspects of measurement techniques (Chapter 3).

First, however, the basic characteristics of a strain gauge measurement system will be
described. The relation between the resistance change AR of the strain gauge and
the strain it expressed by

AR = k A - (1.2-1)

The gauge factor k (see Section 2.2) is a constant. The determination of the resistance
change is almost exclusively carried out by means of the Wheatstone bridge circuit
(Fig 1.2-2, see also Chapter 3).

In the balanced condition (I -0) the relation is

R1 R3 or R, - RH 3  (1.2-2)
R2 R4

The resistor BR i the strain gauge and R2 a cnlibrated variable resistor. The balanced
condition can be achieved by varying R2 . Balancing is carried out in the strained
and unstrained condition so that the resistance cbange AR, relative to the unstrained
condition is proportional to the strain.

AR1 can be determined by balancing the Wheatstone bridge and reading the value of AR2 .

R3  R3
Then AR1 - (R 2 + AR2 ) F - R21- (1.2-3)

R 3  AR1  AR2
So aR, - AR2W- hence --- -

In turn k-c AR, AR2 so that c can be determined.
R, R2
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The balancing method is not practicable for an in-flight strain gauge measurement;
the output voltage of the unbalanced bridge is therefore measured (Fig 1.2-3).

The following approximation is applicable:

Um [AR, AR2 AR3 AR4I (1.2-4)

_W -I4

U - bridge output voltage

Us - bridge supply voltage

The resistors R1, R2 , R 3 and R4 can all be strain gauges. With the same gauge factor k
for all strain gauges the following relation results fc. a Wheatstone bridge with four
strain gauges:

U m I1 - C22 - C33 + £14 *k (1.2-5)

ARi
with k.cii "

Once the strain of the specimen has been determined for the direction of the
strain gauge, the corresponding stress a can be calculated by applying Hookes law.

1.3 Other transducers

In general and especially for flight measurements the strain gauge plays a leading role I
in the determination of strains and stresses. In certain special cases, however, it
may be reasonable to occasionally use other transducers. As they are not generally
applied in flight testing, they will be presented here only with a brief description
of their fundamental mode of operation.

The oldest transducers known are the mechanically operating extensometers (Fig 1.3-1) I
where the change in length between a fixed and movable blade is converted into a rotary
motion. Because of the large measuring length required, the sensitivity to vibration,
the relatively complex assembly and the poor suitability for dynamic applications,
devices of this or similar kinds are no longer used today.

If the pointer is replaced by a light beam as in Fig 1.3-2, we have the well known
Martens extensotaeter. Because of its less complicated set-up, this device has some
advantages when compared to the mechanical arrangement.

Another non-electrical transducer worth mentioning here is the pneumatic transducer.
In its original form it was designed as a re-usable transducer. Fig 1.3-3 shows a
version with a differential pressure outlet. Investigations by the US Army are aimed
at the development of a strain gauge comparable to the electrical strain gauge in its
application and stress behaviour. These could result in some improvements for flight
measurements, in particular when electrical measuring equipment can only he us(d in a
protected system due to safety reasons or when electronic auxiliary devices are dispensed
with. (Ref (1)).

However, most of the transducers used besides strain gauges are based on electrical
principles.

The first device to be mentioned in this connection is the inductance transducer which
is also used, in its varying versions (Figs 1.3-4a-f), as a re-usable transducer for
measuring large distances. Its advantages are high sensitivity, sturdiness and simple
electrical circuit requirements.

Vibration and position sensitivity can lead to detrimental effects. In the medium
frequency range (20-50 Hz) contact resonances occur and at high frequencies (>50 Hz)
the transducer cannot be used at all because of the carrier frequency supply problems.
The same applies to the vibrating-wire transducer (Fig 1.3-5). It is used in those
cases where a high zero stability is required.

For some time, capacitance type transducers have been available on the market especially
for application at extremely high temperatures, A typical type is shown in
Fig 1.3-6. The disadvantage of this transducer lies in obtaining signal conditioning
hardware to meet the requirements of a flight environment.

It is also possible to use piezoelectric transducers for dynamic measurements.
However, due to the extremely high degree oi temperature sensitivity, applications
are very limited.
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Finally, the surface coating methods must be mentioned briefly. The best-known
and mostly used procedure is the brittle lacquer method. The lacquer is applied in
the unstressed condition. When tension strain is applied, and this is the only possible
application, cracks will occur. The direction of the cracks indicates the stress
direction and their density V'.e stress level. Thus the determination of the areas of
maxi.mum stress is the main field of application. For a more detailed analysis, strain
gauges can then be applied ini such areas. The above description demonstrates that
the method is only applicabl? for one load cycle. (Various cases of application are
shown in Figs 1.3-7A-D). Conpared to it, the photoelastic method is not subjected
to such limitatious. For V'is method an optically active material is applied to the
surface of the tesa specime.. The refraction characteristics of this material change
when stressed. T",ey can 1I made visible with optical eouipment and then photographed. In
a subsequent analysis, thy stresses occurring can be determined qualitatively and, with
limited accuracy, quanti ±tively in their distribution over the surface.

References: (1) (25', (B3), (B4), ('35), (B6).

1.4 Application J strain gauges

Basically a strain gauge is a device which measures strain in a single directiou at the
surface of a component. Though in some applications this strain may be the primary
quantity to be determined, in most cases strain measurements are used to obtain infor-
zration about the stresses that occur in the components to which the strain gauges are
bonded or about the forces which act on such components. In the latter case, more
information needs to be combined with the strain measurement.

The simplest case is a one-dimensional stress state, e.g. an infinitely long homogeneous
bar of constant cross section loaded by a longitudinal force. 1Ien a single strain gauge
measuring in the longitudinal direction can be used to measure the strain. The stress
will also be in the longitudinal airection and can be determined from the strain if the
Young's modulus and the Poisson's ratio for the material are known. The force can be
calculated by multiplying the stress by the cross-sectional area of the bar.

One-dimens.'3nal stress states rarely occur in practice, but a two-dimensional stress
state can ofter be used as an adequate model for actual stress distributions. In this
.ase the positions of the strain gauges must be carefully chosen, taking into account

the stresses which are of interest. In some cases a single strain gauge will provide
sufficient information, for instance in the case of a bar under pure bending; then a
strain gauge at the point of greatest curvature can measure the maximum strain and thestress distribution in the bar can be calculated from it. In many cases, however, two

or more strain gauges will be necessary to supply the information necessary to calculate
the stresses Ifothe principal direct4.. ns are known, strains of interest can usually
be measured y a 0 0/900 rosette. If the principal directionG are not known, three-arms3
rosettes or a combination of three separate strain gauges will be required.

In the generc.l case of a three-elmensional stress state it is necessary to define before-
hand the stresses that must be measurad. Often it is possible to use a two-dimensional
approximation for the part tha. is of special interest. But in other cases a truly
three-dimensional model must Ie made af the component and strain gauges will have to be
applied at several specific sots.

In many applications where only the load is of interest, the calculation of the load via
stress is replaced by a direct calibration of strain gauge output against load. This is,
for instance, common practice for all strain gauges used in transducers. The same method
but with multiple strain gauges and multiple applied loads, is used for measuring struc-
tural loads in aircrift.
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2.0 PHYSICAL BACKGROUND

An appropriate application of the strain gauge and the conclusive interpretation of the
measurement results are only possible with a thorough knowledge of the strain gauge
system.

One part of this syntem is the material to be tested. Section 2.1 describes the element-

a ry laws of the behaviour of metallic materials under load. Due to the outstanding
importance of metallic materials, other materials (such as fibre reinforced materials)
will be doalt with later in Section 7.13.

The other important part is the measuring grid of a atrain gauge. The fundamental
correlations between the load on the measuring grid and its electrical behaviour is
described in Section 2.2 Metallic measuring grids as well as semi-conductor measuring
grids are described here.

2.1 The behaviour of metallic materials under load

Each metallic body shows a specific behaviour under the influence of external loads.
Up to a certain load elastic deformation takes place, i.e. the deformation disappears
after unloading. However, if the load is increased beyond this point, first plastic
deformation and then fracture occurs. The correlations between load and deformation
are described in Chapters 2 and 7. Section 2.1 describes only the mathematical analysis
of the different states of stress and deformation. Known principal directions (and
principal stresses or strains) are the basis for the analysis. Using the formulae given
here, stress can be determined for each direction of interest from a knowledge of the
strain.

The field of experimental stress analysis, on the other hand, is described in Section 7.1.
Here the principal directions and principal stresses and/or principal strains have to be
found from the measured values of, for example, three strain gauges. In thiv case the
directions of the strain gauges serve as the reference system.

2.1.1 Metallic materials under static load

2.1.1.1 Lonkitudinal deformation and stress

If we consider a simple ci'- ular bar under tension having a cross-sectional area A and
loaded with longitudinal orce F, as in Fig 2.1-1, assuming a uniform force distribution
over the entire cross section, the force divided by the cross-sectional area is defined
as the stress a:

F

Under load F the length X of the !bar changes by At from to to R11, 91 - to + Ag.. The
change in length divided by the length to is defined as the longitudinal strain:

A - to2.-2
at- to to

Under load F the diameter of the bar changes by Ad from do to dj, dl - do- Ad. The
change in diameter divided by the diameter do is defined as the transverse strain or

transverse contraction:

at doW

The relation between transverse straint and longitudinal strain c, is a material
constant. The value -c E-A

known as Poisson's ratio, will generally be about 0.3 for metals.

With respect to the area this leads to

3A w3(0 2 ) to - 0ad _-A21
at to-J5TiA T-
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If the bar is successively submitted to increasing loads and the values of a are plotted
against the values of c, the result is a stress-strain diagram. The a values are
determined with reference to the original cross section A0 . The dashed line in
Fig 2.1-2 shows the a values as a function of the actual cross section. The lttter is
of no further importance and is show, only for illustrative purposes.

Up to up (proportional limit) the curv.o shows a linear section; then there is a slight

non-linEarity up to the elastic limit cE* Up to this limit the material shows no
remarkable permanent deformation. If the load is increased beyond aE, the material
will be deformed permanently. When it deforms without requiring a further increase in
load, the yield point oa is reached.

After completion of the yielding, the load can be increased until the stress reaches its
maximum possible value aB, the ultimate stress; then fracture occurs. Fig 2.1-2 shows
the a-c diagram for mild steel; for many other materials the limits indicated are not as
marked as in this case. Some materials, for instance, have a very small linear part,
others hardly show any yielding at all during load. The a-E diagrams together with
many other parameters are published in material handbooks.

As stated above, the c-c diagram shows a linear part from a - -a to +a In this

linear part

a - cE (2.1-4)

thus E (2.1-5)

where E is the modulus oi elasticity, also called Young's modulus. The value • - E is
constant for the linear part mentioned above.

This linear range is known as Hooke's law range; equation (2.1-5)is therefore called
Hooke's law for the uniaxial state of stress.

The modulus of elasticity E is, like 1, a material constant.Some typical parameters of
materials used in aircraft are given in Table 2.1-1. The exact values, however, have
to be taken from material handbooks.

The range beyond aE is of less importance for this paper as the limit load will not be
exceeded during flight and this load has to be reached without yielding of materials.
This will be demonstrated by static fracture tests. In some components, however,
the actual stress is larger than aE, for instance in the vicinity of cracks, but this

is part of fatigue life investigations.

Table 2.1-1: Some typical parameters of materials used in
aircraft. (The exact values have to be taken
from the material standards).

Young's Poisson's Specific
Material modulus ratio weight aE B TE (gl/cM 3 ) (N/mm 2 ) (N/l 2 ) (Um/m/K)

(N/Iu22 ) _____

Aw, 99.5% 72000 0.34 2.7 50-70 110-140 23work hardened

Al-Cu-Mg 74000 N0.30 2.8 300 420-580 23

Ti, pure,
work hardened 110000 "0.38 4.5 400-500 "700 9

TitaniumTitanu 115000 -.0.32 4.5 750-850 900-1150 9Ti A16 V4

Steel(1% C) 210000 0.28-0.30 7.84 180-200 350-400 12

Cr-Ni-steel
18%Cr-N8-te i 195000 ,0.43 7.88 300-400 550-750 1618% Cr, 8% Ni

_ _ _ _ _ _ _ _ _ _ _ _ I _ _



2.1.1.2 Shear deformation and stress

Fig 2.1-3 illustrates another kind of load by showing an element of a shear-stressed
panel to which the shear stresses T, which always occur in pairs, are applied. Under
load, the element is deformed by the angle y; the panel side lengths, however, remain
constant. If, in this case, the shear stresses T are plotted as a function of the
shear angle y, the result is the T-y diagram which is very similar to the O-c diagram
and shows the same type of limits as the latter. The notation generally used for the
Hooke's law range -Tp to +rp is

SG (2.1-6)

where G is the shear modulus.

This covers the basic laws of the linear theory of elasticity of metallic materials,
showing that the elastic behaviour of a metallic body can be defined by the parameters
E, u and G. These three magnitudes are governed by the relation

E
G 2(1 E (2.1-7)

Thus, it is possible to determine a third magnitude by means of two known magnitudes,

i.e. the linear theory of elasticity requires two material constants.

2.1.1.3 States of stress

A spherical element, cut from the inside of a three-dimensional body, will form an
ellipsoid if subjected to external loads. Maximum changes in length will occur in
three mutually perpendicular directions of this ellipsoid, the so-called principal
directions. In these directions the minimum and maximum stress values occur defined
as so-called principal stresses. In all other directions not only changes in length
but also angular displacements occur. A triaxial state of stress then exists.

The relations between principal stresses and principal strains in the principal direct-
ions are defined by Hooke's law for the triaxial state of stress

1
El = . [-I- U(02 + 03)] (2.1-8)

C2 = 12- V(o1 + 001 (2.1-9)

C3 . E3o- 0(oi + 02)] (2.1-10)

or
or 0! - , [£1 + (€C + C2 + £3)] (2.1-11)

02 m [2 + (C + £2 + CO) (2.1-12)

0F3 - E ++ +(2.1-13)

+ U [3 +1 (E + £2 + 3]O

Assuming that no stresses occur perpendicular to the component surface (exception: inner
surface of a pressurized tank), the relations of the plane or two-dimensional state ofstress are valid for this surface. Take o3 - 0, then:

1
E l (O0 - U02) (2.1-14

£2 E (2 -1OO (2.1-15)

E3 ---- (El + C)(2.1-16)
£2)~.4(0F1 + 02)

or
01 =•j--2(£1 + IJC2) (2.1-17)

E02 T ""-•_1,2(C2 + P•1) (2.1-18)



Thus strains in all three principal directious can occur even at a biaxial state of
stress.

The notationa (2.1-0) to(2.1-18) are related to the principal directions of a stress
state, but these are also notations for Hooke's law related to arbitrary directions.

The notation for any net of perpendicular coordinates in the biaxial state of strezs
can be found by changing the indices in equations (2.1-14) to (2.1-18) in the
following way:

din • a Ol 0 a

C2 eb 02 ab

C3 6 Lc

aa and ob indicate the stresses ca, Cb, and cc the strains in the arbitrary directions

(see also Section 7.1).

2.1.1.4 Mohr's circle for stress

The relations described so far will now be explained in detail with reference to their
practical use. The appropriato application of a strain gauge will be made easier and
often possible only if the elementary laws described here are taken into consideration
prior to the installation and during evaluation of the subsequent measurement results.

Firstly, again consider a plain tension bar, in this came with a rectangular cross-
section (Fig 2.1-4) which is loaded with a longitudinal stress oy (in this example ay

corresponds to 01 in an uuiaxial stressfield with o - 02 - 0). If a cut to performed
in the plane X-X',the area of the resultin[. sectionxwill be

A A

cos 4

The stress acting on the section parallel to oa and "released" by the cut can be

calculated under the assumption that the force F - Acy is constant for all sections:
y

F = ay-A =A'

-*A
y * - - 0y-CO5 4 (2.1-19)

Correspondingly, the components of y, the normal stress a and the shear stress T, are

0 y cos 0 - Oa cOS 2 # a ½y(1 + cos 2#) (2.1-20)

sin 4• ay sin 0 cos 0 a cy sin 24 (2.1-21)

After elimination of the angle #, the fundamental equation of Mohr's circle for the
uniaxial state of stress is obtained (see Fig 2.1-5)

1 2 2 ( 1o) 2
(o-Oy )2 + 1 a (2.1-22)

From this circle the normal strese and the shear stress of the uniaxial state of stress
can be read for each angle 4. It is remarked that the maximum shear streess max

is related to 4 - 450 and that -uax a

The case presented here is a special case, as ox ' s It refers to a uniaxial state

of stress. Only in a case like this, and then only for the direction in which load a
acts, can the formulae (2.1-4) and (2.1-5) be applied. The formulae (2.1-14), y
(2.1-15) and (2.1-17) (2.1-18) respectively, have to be applied for all other directions
and whenever a state of stress other than a uniaxial one exists.

If the plate of Fig 2.1-4 is also loaded with ao in addition to ay (see Fig 2.1-6),

the result is a biaxial state of stress. Analogous to Fig 2.1-4, the stresses

a oy-cos #

and
X - ox cos (900 - a) - x sin
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are now found in the directions of the axes. From this follows:

a = sin2 0 + a Cns2s - (Ox +y)C - (ax - a y) cos 2f (2.1-23)

1° •1 1X"+ -a)sn +( -4
a- sin2 - a sin 20 (ay a) sin 20 (2.1-24)

Normal stresses and shear stresses in the section are defined by the relations (2.1.-23)
and (2.1-24). Now the equation of Mohr's circle is as follows:

[0 ( + a )]2 + y2  [ (2.1-25)x y y x

Fig 2.1-7 shows Mohr's circle for the biaxial state of stress.

2.1.1.5 Mohr's circle for strain or deformation

A pattern similar to Mohr's circle for stress, where the shear stresses are plotted as
a function of normal stresses, is the circle for strain or deformation. The strain E

is plotted on the abscissa, half the angular deformation j on the ordinate. Mohr's
circle for strain or deformation can be derived from Mohr's circle for stress by
using Hooke's laws for the biaxial state of stress. As in Mohr's circle for stress,
the intersection points of circle and abscissa indicate the values of the principal
strains. Strain and shear deformation can be determined for any direction by means
of the deformation circle.

Considering the strains on the tensiou bar in Fig 2.1-4 ex = -e y* The behaviour of

strains on the component surface is shown in Fig 2.1-8 for the uniaxial state of stress
(polar diagram). Fig 2.1-9 shows the associated deformation circle.

If strain c and shear deformation are to be determined for any given angle ý, the
angle 2* hat to be plotted in the celtre of the deformation circle. The intersection
point of leg and circle indicates the quantities of co and

C can also be calculated by means of the relation

E -- e Ycoo 24 (2.1-26)

resulting from the geometric correlations of the doformation circle. It is the basic
relation for evaluation of strain gauge rosette measurements.

2.12 Metallic materials under cycling load

According to Section 2.1.1, a material is destroyed if a certain mechanical stress is
arplied. However, a fracture of the material can also occur at stresses far below
the elastic limit if the load is applied several times. A fracture thus obtained is
called an endurance fracture or a fatigue fracture.

In practice, fatigue fractures can occur on all machine parts subjected to alternating

load (all aircraft components, crankshafts etc).

The area of a fatigue fracture basically comprises two regions:

the region of the fatigue fracture

the region of the residual fracture.

The fatigue fracture first consists of one or more small surface cracks which mainly
develop in nicks, fillets or surface defects and slowly propagate into the component.
Thus, the remaining supporting cross section is consequently reduced until it is no
longer able to take up the load applied.

From the relation between residual cross section and original cross section, conclusions
can be drawn regarding stress level and number of load cycles. The smaller the residual
cross section, the smaller the nominal stress and the larger the number of load cycles.

In the course of time, load (stress) amplitudes of different magnitudes followed by
extended periods of rest occur in machine parts. This load distribution produces a
line structure in the fatigue fracture area allowing an evaluation of the crack propag-
ation rate. At a continuous loading with uniform load amplitudes, the formation of a
line structure does not occur.
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2.1.3 Dynamic loading

Up to now the material behaviour has been considered only under the aspect that it can
be idealized by a massless spring. In practice, however, this assumption is unaccept-
able if loads of a higher frequency act on the work. The representation as per
Fig 2.1-10, characterizing the structure by means of mere spring behaviour, has to be
replaced by a description as per Fig 2.1-11.

The structure has to be considered as a composition of a number of masses coupled via
elastic connections. The overall energy impressed into the object is distributed
between the spring energy proportional to deflection (potential energy) on the one hand
and the mass energy proportional to velocity (kinetic energy) on the other hand,
the distribution depending on the frequency of the impressing force. Furthermore, an
exchange of energies takes place which is perfect within the so-called natural frequency.
Due to the distribution or exchange of energy, e.g. for a beam, fixed at one end, a
static linear correlation between the force introduced and the resulting strain dis-
tribution over the surface of the specimen no longer exists within the elastic range.
Whereas quantity and direction of the load are the dominant factors for the resulting
strain when applying fatigue loads, this strain is, In addition, affected decisively
by load frequency and resonant behaviour of the specimen in the case of dynamic loading.
Coupling of the different structural elements results in local and time varying
loads. The body vibrates in defined inherent modes with points of absolute rest
(nodes) and maximum deflection (antinodes).

Figs 2.1-12 and 2.1-13 illustrate the first two flexural modes of vibration of a bar
supported at. bot~h ends. The result is a considerably varying stress distribution
which may cause (in the antiaodes) high lucal material loads. This condition,
together with the large number of alternating loads resulting from the high frequency
can rapidly lead to fatigue phenomena. An examIple of this is tIhe crack
development on aircraft panels caused by engine noise.

2.2 Physical fundamentals of strain causes

The strain gauge is a versatile measuring device. Effective application however
requires knowledge of the laws governing the measuring effect

xi - 1 (2.2-1)

In the following, the basic correlation between changes in the lattice structure of a
metal conductor and the elastic behaviour occurring under mechanical loads will be
discussed. In order not to complicate the item too much the following derivation is
limited to uniaxial stress states only. The electrical characteristics of conductors
are covered in Section 2.2.3.

2.2.1 Elasticity of metal conductors

The resistance wire of strain gauges consists of metal alloys (exception: semi-conductor
strain gauges, ref Section 2.2.7). The crystal lattice of an alloy is similar to that
of an ionic crystal. An the relations of Ionic crystals are easy to deal with they
will be used to describe mechanical behaviour under load (Fig 2.2-1).

The elements, i.e. atoms, atom groups and ions, of a solid body are retained in their
equilibrium position of a three-dimensional crystal lattice by predominantly orj
exclusively electrical forces and assume regular lattice positions at defined spacings.
Position within the lattice arises from the equilibrium between the repulsive effect
of the exchange force of the atomic trunks and the electric force of attraction of the
metal Ions (Coulomb force). Fig 2.2-2a shows the behaviour of the individual forces
as dashed curves; the resulting force is indicated by the sum of the two individual

The behaviour of the cumulative forces leads to the physical explanation of Hooke's law,
i.e. the proportionality between strain and stress existing for both tension and comn-
prea~sion. In Section 2.1, this phenomenon has been dealt with experimentally. The
lattice atoms are moved from their equilibrium positions If an external force is acting
on the crystal body. Any resulting restoring forces can be illustrated quite vividly
by means of Fig 2.2-2. If the curve of forces near the equilibrium position is
approximated to point A by me*an of a tangent (Fig 2.2-2b), proportional restoring
forces develop in both load directions (tension and compression). This means that
when unloaded atoms return to their original posit ion the crystal body again assumes
its Initial shape. This phenomenon of a reversible deformation describes the elasticity
on which Hooke's law in based.

2.2.2 Thermal expansion of metal conductors

Fig 2.2-2 can also be used to interpret the thermal expansion of a crystalline body.
Owing to the thermal effect, harmonic forces act on all atoms causing a vibration of
the latter. The excitation forces increase with rising temperature. Thus only small
vibration amplitudes occur at low temperatures. An shown in Fig 2.2-2b, the deflection
is the same for both displacemusat directions; the atom vibrates about its equilibrium
position.
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Fig 2.2-2a shows that this linear correlation between excitation force and deflection is
no longer true for higher temperatures. On the contrary, the amplitudes of both
displacement directions now differ from each other so that vibrational zero and equili-
brium positions no longer coincide. The crystal body's volume has increased. This
relationship between temperature and volume explains the coefficient of expansion aT
which is well known in engineering.

2.2.3 Current conduction in a metal conductor

The crystal lrttice shown in Fig 2.2-1 consists of positively charged atomic nucleii
which are circled by negatively charged electrons on discrete shells. Some of
these electrons can move freely within the crystal structure. Therefore, they are
called conduction electrons and altogether are defined as electron gas because their
behaviour is similar to that of a gas. If an external electrical field is applied,
this electron gas starts to move in the direction of the field. The body is electri-
cally conductive. The conductivity X is defined by the number of free electrons n per
unit volume, their elementary charge e0 and their mobility u, the latter describing the

mean electron velocity per unit field intensity with regard to a lipecific material.

x - n-e° *u (2.2-2)

The reciprocal value ot X, P, is defined as specific resistance. The resistance of A
conductor (e.g. strain gauge) is a function of its length k, its Gross section A and
its specific resistance p.

Ra - (2.2-3)

2.2.4 Chance in resistance of an unsupported wire under tensile and thermal loads.

2.2.4.1 Strain sensitivity

In the following the characteristics of a strain gauge wire will be examined. The
effects of the transfer of strain through adhesive and supporting material ave covered
in Section 2.2.5.

If a wire with a resistance R (equation(2,2-3))is subjected to a strain c - ,then

AR - •R(2.2-4) I3r C
applies for small changes in resistance.

The dependence of the relative resistance change AR on parameters p, 9, A (equation(2.2-3))
can be determined by partial differentiation.

R- JTcos ac Va W c (2.2-5)

Including the already known correlation (see also Section 2.1.1.1)

1 3A . -2W'aAW

The following applies: 226

\ -~rconst A(P 2Ii kD

where kD is the sensitivity factor of the strain gauge wire, called the gauge factor D

(Fig 2.2-3). For practical reasons AE is normally simply written as c.

Gange factor depends on the material of the strain gauge wire and is generally a function
of strain. This means that changes in wire resistance are a function of changes in the
geometric dimensions and the specific resistance. These characteristics are non-linear.
(Fig 2.2-4).

In the elastic range at P - 0.3, the gauge factor kD assumes a value of about 2 with the

typical strain gauge measuring grid alloy constantan. Thus, the proportion resulting
from changes in specific resistance is 20%. The effect of specific resistance does
not apply to the plastic range as the crystal lattice of the strain gauge wire will not
be deformed in this range, but each state of deformation has an identical lattice
dtructure due to a displacement of the lattice planes. Considering the fact that v
in the plastic range assumes the value 0.5, the result is again a gauge factor 2.
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Because of the abovementioned non-linearity, only alloys having a gauge factor that is
constant within broad ranges of strain are of interest for the xanufacture of strain
gauges (see Chapter 4). This requirement considerably reduces the number of possible
alloys available for strain gauges (Table 2.2-1).

Table 2.2-1: Survey of the most important characteristics of some grid
materials for strain gauges (Ref (95))

Gauge Factor Temperature Coeffic- Specific
Alloy Coefficients of ient of Resis-
Trade Composition Elas- Plas- Gauge Electrical expansion tance
Name in % tic tic Factor Resistance aT Remarks

--j/100K 106-K1 -6-1 c10 K 10 RC

Constantan 55-60 Cu, 2.1 2.0 +1 -20.+20 15 49 Low scale
Advance 45-40 Ni resis-
Eureka tance

Nichrome V
80 Ni, 20 Cr 2.2- -2 0t-2 60100" 15 108 SolidBrightray 2.5 * oxide skin;

"change of
crystal
structure

at 720K;
strong
effect of
cold
working

74 N 0C .- -2 =

Karma and 74 Ni, 20 Cr 2.0- -2 -1•-3** -10*+10 13 133 Change of
modifi- (Fe, Al, Cu 2.3 crystal
cations of structure

different at 770K;
quantities) strong

effect of
cold
working

ISO 36 Ni, 8 Cr, 3.6 2.0 0÷-1 40 7.2 88
Elastic 0.5 Mo, Fe
(Elinvar) (balance)

Platinum 8-lOW, 4t6 -2 -3.5 50f150" 9 75 Excellent
Tungsten Pt scale

(balance) resistance
stable

Amour 70 Fe, 20 Cr 2.2 -1.5 -110 16 176 Strong
alloy 10 Al effect of
"Do heat

treatment,
corrosion
drift part-
ly compen-
sated by
change of P

* according to cold working or heat treatment

• * according to temperature range
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2.2.4.2 Temperature sensitivity

According to equation(2.2-5) the dependence cf the relative resistance change - is

obtained in this case by partial differentiation according to the terperature.

From - L + AT (2.2-7)

R [p aT T -T

if a = coefficient of thermal zxpansion

it follows that

L0" P aT AT (2.2-8)

The term in parentheses defines the temperature coefficient a of a metal conductor

which again describes the change in resistance as a function of temperature

RI f RR *AT (2.2-9)
A k=0

Some numerical values for a are stated in Table 2.2-1.

Generally, a is a function of the temperature. As the temperature approaches absolute
zero, aR tenas towards a limit value; however, at a critical temperature the character-

istic of each conductor material suddenly drops to an unmeasureable value (p- 0), and
the conductor becomes a superconductor.

2.2.5 Strain sensitivity of a bonded strain gauge

The gauge factor kD of an unsupported conductor material at a uniaxial state of stresshas been described in Section 2.2.4.1 (equation(2.2-6)). However, if a strain gauge

is applied to a component which is then expanded, a very complex strain/stress state
occurs. This results in errors in the transfer of strain from the component via the
adhesive and supporting material to the measuring grid. In this case, the strain
sensitivity is mainly affected by the shape and characteristics of the measuring
grid, the supporting material and the adhesive resulting in a gauge factor k of the
bonded strain gauge, which is always smaller than that of an unsupported wire (kD)
i.e. k < kD.

2.2.5.1 A model for illustrating the strain relations in a bonded strain gauge

This chapter describes the conditions on which the geometric dimensioning of a strain
gauge is based. Referring to I(er (2) the strain and stress behaviour of the wire
strain gauge can be illustrated by a model as shown in Fig 2.2-5.

Assuming that adhesive and supporting material form a homogeneous structure and that
the overall modulus of elasticity of the supporting layer TS thus formed is smaller
than the modulus of elasticity of the wire (ED), the transfer of strain is
characterized by

ETo
the transfer length tBT and the transfer function f(x), respectively

indicating the strain behaviour between component B and supporting layer TS,
and

The transfer length TD and the transfer function 0 - f(ý), respectively

indicating the introduction of strain from the supporting layer to the
measurinj grid D. x indicates the linear length of the supporting layer
and C the linear length of the wire.

The gradual transfer of strain at the ends of supporting layer and grid, respectively,
is typical and also explains the differences between grid material and strain gauge
sensitivity factors. In Fig 2.2-5, the grid wire sensitivity factor is represented
by the area of the rectangle indicated by broken lines, while the strain gauge
sensitivicy factor is represented by the shaded area.

2.2.5.1.1 Transfer of strain from the component to the supporting layer
ETo

Photoelastic tests have shown that the transfer function C T f (x) is based on the
LB

effect of the shear stresses r in the supporting layer. The shear stresses are
concentrated at the strain gauge ends and rapidly decrease towards the centre of the
strain gauge (Fig 2.2-6b). Thus, only a minor part of the supporting layer, the
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transfer length tBT' is involved in the introduction of strain into the measuring grid

plane. This means that, contrary to some conceptions encountered in practice, special
care has to be taken with regard to perfect adhesion at the boundaries when bonding
strain gauges. In Fig 2.2-6c the elements involved are represented by zombined spring
elements while supporting material and adhesive are symbolized b7 bending springs and
the measuring grid by a tension spring. Fig 2.2-6d shows the resulting stiffness model
according to which the transfer function CTo -- Vfx)

LB

depends on the overall shear resilience of the supporting layer with the shear modulus
(see Section 2.1.1.2).

, ET
G = 2( 1 + T*) (refer equation (2.1-7))

The parameters identified by an asterisk indicate the material constants for the connect-
ion resulting from the interaction of adhesive and supporting materials.

The effective modulus of elasticity ET can be approximated from the moduli of elasticity

of the supporting material (ET) and the adhesive (EK) as well as the associated layer
thicknesses aT and aK,

Thus
Ek ET

ET ( + (2.2-10)
Ek + ET T k

k T

applies (Ref 2)).

Table 2.2-2 Shear modulus G for various adhesives and overall
shear modulus G* for various supporting layers
(Ref (3)

Supporting Material Shear Modulus Shear Strength
G, G*, N/Mm

2

2
N/mm

Agol cellulose adhesive 300 5.4

Agol + strain gauge paper 50C 4.2

BF2 hot-curing resin adhesive 1000 26.r

BF2 , phenolic resin 1250 10.8
suppor-Jng material

X 60 adhesive 1580 36.9

X 60 + acrylic resin 1170 27.5
supporting material

BC 6035 resin 2600 24.0

BC 6035 + phenolic resin 2370 23.1
supporting material

Sonue typical numerical values for G* and G, respectively, at room temperature

are stated in Table 2.2-2.

rig 2.2-7 shows the associated tempcrature dependence for some examples.

... .. .. .. .. .. .. ......... ................ ......
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2.2.5.1.2 Strain transfer from Ve supporting layer to the measuring wire

When applying the strain gauge, t,:r relations occurring during the transfer of
strain from the component to the mlasuring grid plane can be affected by the adhesive
used, the thickness D and the length XT of the supporting layer, the strain transfer

from the supporting layer to the measuring wire is determined by the geometric dimensions
of the wire reversal poiats and by t'e material characteristics of supporting layer and
ineasuring wire. Both factors are pi.eset by the manufacture of the strain gauge.

Fig 2.2-8 indicates the effect of the wire reversal points and shows, particularly by the
development as per Fig 2.2-8b, thut not all wire sections of the meander-like
measuring wires are in the direct'on of strain.

O-ing to the geometric shape of their reversal points, the section beginnings and ends
are expanding less than the component strain c which is as3umed to be constant,
a biaxial state of stress prevailing in thp cogponent or witi a iuniaxial state of stress
due to the effect of transverse contraction, even negative strains (linear compressions)
may occur.

Theoretical studies have shown (Ref(3))that the relative transverse strain absorption,
i.e. the transverse strain as a function of the strain absorption of the straightened
measuring wire in the direction of strain, mainly depends on the measuring length u,
the radius of the reversal points as w•ll as the relation between moduli of elasticTty
of wire and supporting layer. The resulting errors will be covered in Chapter 4.

The relation FD/Eirhas a decisive effect on the behaviour of co/Tc'f( = f(M) and thus on
gauge factor. Fdr commercial strain gauges the value for ED/E.? at room temperature is
about 100, If the plastic supporting layer softens e.g. due to .ncreasing temperature
(dE/dT (plastics) >dE/dT (metal), the supporting layer cau no -longer accurately impress
the strain into the measuring wire resulting in a flattening of the transfer function
E 0 1 ITo and thus an increase in the transfer length LTD* This is one of the reasons
for the temperature dependence of the gauge factor.

2.2.5.1.3 Conclusions

Important findings for practical utilization arc:
The gauge factor k associated with each strain gauge refers, among other things,
to the geometric dimensions of the gauge. A shortening of the supporting
material in order to deal *ith spatial limitations on the component to be tested
can result in an overlapping of the transfer function cTo/EB and co/CTo
and thus cause a reduction in the gauge factor. It should bc noticeable only
if a shortened strain gauge is calibrated. The associated expenditure of time
and equipment can be avoided if strain gauges of smaller dimensions are used.

Stiff supporting layers have short transfer lengths tBT' However, it has to

be taken into consideration that a large shear modulus G of the adhesive results
in a separation of component and adhesive in the case of inadequate adhesion.
In the case of an adequate adhesion, the shear stress reaches its peak values
at the ends of the supporting layer. Studies on this matter have shown that
in the case of strain gauges with brittle supporting material, these shear
iltress peaks can reach the shear strength of the supporting material and the
subsequent destruction of the supporting material results in an uncontrolled
separation of the strain gauge from the component. This behaviour becomes very
obvious during strain measurements in the cryogenic temperature range if an
unfavourable adhesive-supporting material combination is selected.

The transfer length XBT increases with risinK temperature because the shear

modulus G and G,-, respectively, diminishes. As in the case of the strain gauge
shortening already mentioned, this can also result in an overlapping of the
L.To/CB and co/eTo and cause a reduction in the gauge factor.

At cyrogenic temperatures this pheuomenon does not occur.

If sufficient ýipace is available on the component, strain gauges with large
measuring grid lengths are recommended. These enable more reliance to be placed
on the gauge factor stated by the manufacturer, P reduction in temperature
coefficient, smaller transverse sensitivity and finally & minimum deviation in
the linearity of the characteristic curves. (Ref(94)).

2.9.6 Thermal behaviour of a bonded strain Zauge under mechanical load

So Zar the mechanism of a strain gauge wire has been consi.dered under mechanical load
(Section 2.2.4.1)or under the effecL of temperature (Section 2.2.4.2) alone. This
section will explain the behaviour of a bonded strain gauge under combined thermal and
mechanical load. In this case the following applies to the change in resistance:

* 2 .. .. , ,±Ji .'K.A.. - ~ ~ ., i.,. k ..LŽJk AI...I,4
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AR -3 + a- AT (2.2-11)

Disturbing variables affecting the neasuring signal, such as mechanical and
mechanical/thermal reactions of the strain gauae, will be neglected (see Section 8.1.3).

If, for example, a tension bar is subjected to load, a stress a will be present in the

bar (e ) aud stress aM in the strain gauge (EM). An additional increase in temperature
resultd in

£z + a5 AT - c. + al AT (2.2-12)

where ac and iM are the coefficients of linear expansion for bar and strain gauge

respectively.

Thus, the result will be

EM C + (az - a) AT (2.2-13)

If the equations (2.2-6) and (2.2-8) are incorporated into equation (2.2-11), (see also
Section 2.2.5) then

AR *k + a AT (2.2-14)
R M R

If the equation(2.2-13)is now incorporated into equation(2.2-141 then

AR Cz.k + k(a - aM)AT + aRAT (2.2-15)

or

AR E zk + + k(a a,)] AT (2.2-16)

Thus a thermal term is superimposed on the mechanical term. The thermal term is composed
of the difference between the coefficients of linear expansion of the specimen (a ) and
strain gauge alloy (aM) and of the resistance temperature coefficient of the strain gauge

alloy (aR). This is also the case when a biaxial state of stress is present in the

component surface.

by caruful selection of the strain gauge materials it is possible to keep the effect of
the second term in equation(2.2-16)very low. In this respect, the manufacturers offer
a great variety of so-called adapted temperature coefficients for all important component
•t.t,,rials, However, this self-compensation is effective only for a limited temperature
,anE.E (Fig 2.2-1!b). In the case of large temperature changes AT (see Chapter 8), it
has to be considered also that all parameters stated in equation(2.2-16)are functions
of the temperature. By means of correct circuitry however, the effect of the temper-
ature chargs can bL' largely compensated (refer to Section 3.1.1.1).

2.2.7 Semi-conductor strain gauges

Sometimes semi-conductor strain gauges have been used. However, disadvantages have
become apparent during their application. As a result, semi-conductor strain gauges
are mainly used in the manufacture of transducers where accurate application and
subsequent calibration ensure near perfect conditions.

The basic structure of a semi-conductor strain gauge is shown in Fig 2.2-9. Its essent-
ial advantage as compared to the metal strain gauge is its higher sensitivity. Many
problems typical of strain gauges largely disappear due to the larger output signals.
Measurements can often be performed without an amplifier. In addition, the smaller
dimensions and the larger variety of resistance values (from "600 up to several ka) are
important. On the other hand, there are grave disadvantages, non-linearity being the
most inconvenient factor apart from the considerable temperature dependence of the
resistances and the sensitivity. Their application is only practical when small strains
have to be measured. The so-called piezoelectric effect that causes the change in
resistance of a semi-conductor and its effect on the application of semi-conductor strain
gauges will be discussed later. (Ref(22)).
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2.2.7.1 Correlation between electric conductivity and mechanical strain

2.2.7.1.1 P- and n-type conductivity of semi-conductors

A semi-conductor is any material of crystalline structure that is not held together
by metallic bonds so that its conductivity is inferior to that of metals.

A typical semi-conductor material is silicon. Its atomic structure shows in the
undistorted state an equilibrium between the positive charge of the nucleus and the
negative charge of the electrons circling the nucleus. However, the binding of the
four electrons circling on the outer shell to the nucleus is not very strong so that
there is a tendency to lose an electron evern at the slightest increase in energy.
This characterlstic becomes particularly apparent if positively (such as arsenic) or
negatively (such as indium) charged atoms are incorporated in the semi-conductor
crystalline structure. (This process is called doping).

The conduction process will now be considered for a case where positively charged atoms
ar'e incorporated. If an electric field Is applied (supply of energy), electrons separ-
ate from the outer shell of the silicon atoms. These negatively charged electrons are
"drawn in" by the positive charges of the impurity atoms (acceptors). (Fig 2.2-10).
The electrons then move in the opposite direction to the applied field. The process
resembles a movement of positive charges (hole conduction) in the direction of the field.
The conduction resulting from the positive charge of the impurity atoms is called a
p-type conductivity. Unlike metallic conduction where an electron cloud is moving
freely and continuously, the conduction of doped semi-conductors is characterized by a
discontinuous electron exchange.

If negatively charged impurity atoms (donors) are incorporated in the crystalline form-
ation, they lose their electrons when an electric field is applied. The lost electrons
are replaced by electrons from the outer shells of the silicon atom. An n-typo
conductivity occurs (Fig 2.2-Il).

2.2.7.1.2 The piezoelectric effect

Changes in the resistance of metal strain gauges are caused mainly by changes in the
conductor volume (see Section 2.2.4). Changes in the resistance of semi-conductor
strain gauges are largely based on changes in the movement of the charge of carriers
i.e. the change of the specific resistance. This is a result of the piezoelectric
effect described below.

As already indicated, the conductivity of semi-conductors will develop only after supply
of defined energy quantities, as the electrons are at certain energy levels below the
conductivity threshold. These levels shift under load. This shift appears as a
change in conductivity and is called the piezoelectric effect.

2.2.7.1.3 Strain sensitivity of a bonded semi-conductor strain gauge

Equation(2.2-6) can be used to interpret the gauge factor of a semi-conductor strain gauge.
Unlike maetal strain gauges which always have positive gauge factors, the gauge factor of
semi-conductor strain gauges can be negative. The value and behaviour of the gauge
factor depends on the semi-conductor material used (Ge or Si), the type of conductivity

(p-type or n-type), the crystal orientation and the component strain value (Fig 2.2-12
and Fig 2.2-13).I

The relation between the change in resistance shown in Fig 2.2-12 and the strain is largely
non-linear, The non-linearity generally increases with growing gauge factor as can be
seen by the slope of the curve in Fig 2.2-12. For example, a p-type Si strain gauge
with a gauge factor 120 shows a non-linearity of about 1% at a strain of 1000 lum/m.
The non-linearity of the respective n-type Si strain gauges is larger by a factor of
two or three. In order to obtain as large a measuring effect as possible, a large
specific resistance and thus a large gauge factor (see Fig 2,2-13) will be selected.
Fig 2.2-14, however, shows that the errors caused by temperature change increase with
the gauge factor, Thus, the advantage of high sensitivity has to be paid for with the
disadvantages of larger errors caused by temperature changes and non-li. ?arity.

The statements of Section 2.2.5 concerning the strain transfers also apply to semi-
conductor strain gauges.

2.2.7.1.4 Thermal behaviour of a bonded semi-conductor strain gauge

The thermal behaviour of a semi-conductor straisu gauge can also be described by the
equation (2.2-16) already stated in Section 2.2-6.

The gauge factor as well as the resistance temperature coefficient aRof the most
coimmonly known Si strain gauges are positive for p-type Si. A self-compensation of
thermal effects would thus be possible only if the coefficient of linear expansion H
of the strain gauge were larger than the coefficient of linear ezpansion a of the
component. Construction materials, however, do not comply with this cond~tion so that
a relevant compensation can be obtained only by using appropriate circuitry (see
Section 3.1.1.1).
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The gauge factor in the case of n-type Si is negative with positive aR, so that for
self-compensation of thermal effects it is necessary that UB R.

It is technically possible to realize self-compensation in this case if the condition

aR -k*(B - a (2.2-17)

is met by an appropriate setting of the gauge factor.

Fig 2.2-15a finally shows the apparent strains (see Section 8.1.3) of a p-type and an
n-type Si strain gauge, each bonded to steel. The compensating effect of the n-type Si
strain gauge can be clearly identified.

In consequence, n-type Si is mainly used for semi-conductor strain gauges.

2.2.8 Determination of the gauge factor k

Each strain gauge package contains among other things the following supplier information:

- gauge factor k

- gauge factor variance

- relationship between gauge factor and temperature within a defined
temperature range.

A verification of these values can be gained by applying the following calibration method
as described in NAS942, ASTME251-86T and VDE/VD12635 (Refs (31), (26), (28)).

For this purpose several sample strain gauges are bonded on to a bending beam. The
bending moment is introduced by defined deformation, not by force. This has the
following advantages:

- the bending radius is independent of temperature

- creep effects are negligible

- easier handling because of reduced tendency to oscillate.

Either a triangular beam fixed on one end or a bending beam with constant cross-section
being supported at four points is used. By measuring the relative resistance change
and calculating the corresponding strain, the gauge factor can be determined by
equation (1.2-1).

The major disadvantage of this calibration method is its high sensitivity on:

- variations of beam thickness

- variation in thickness of adhesive

In order to get confident results therefore extreme care must be applied.

References: (2), (3), (22), (61), (62), (76), (31), (83), (84), (94).

3.0 THE MEASUREMENT OF THE RESISTANCE CHANGES OF STRAIN GAUGES

As a strain gauge changes its resistance when strain is applied, it is necessary with
respect to the resolution and accuracy of the meas, rement to carefully select the most
appropriate method of recording small resistance changes.

Resistance is a specific quantity; it is the ratio of the fundamental quantities
voltage and current:

U
R = (3.0-1)

In view of this a resistance can be determined only indirectly by means of the
fundamental quantities. The simplest measuring circuit is the voltage divider circuit
shown in Fig 3.0-1.

With the resistance R known and the constant supply voltage Us, the relation between
UM and Rx is

Rm
U R . U (3.0-2)

m R +R, a

If Rx is slightly changed by ±ARx, then the relation becomes

U
Um ±AUm = R +R ±ARx, x x
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As ARx in case of strain gauge measurements in very small with respect to (R *ARx)

equation(3.0-3) can also be written
Rx ±Ax RU= .am us -R+-( 1 i-x)(3.0-4)

According to equation (3.0-4) the total voltage to be measured is composed of the

relatively small but interesting component aUm and the many times greater dc voltage

portion U5 . As resolution and accuracy of the measurement device are determined by

the overall voltage, whereas only AU, needs to be measured, the arrangement as shown

in Fig 3.0-1 possesses severe disadvantages.

Because of the big dc voltage portion it is practically impossible to amplify the output
voltage in order to get a higher resolution concerning AU . Any amplification would

imnmediately lead to an overloading of the signal conditioning equipment.

The analysis of equation (3.0-4) has shown that the very simple circuit of Fig 3.0-1 is
not useful for static strain measurements- It has been used nevertheless in some
cases for dynamic measurements where it is possible to eliminate the influence of

the dc voltage portion by means of a capacitive decoupling.

To allow some judgment about the correct usage of this technique in specific cases,
the elementary mathematical laws are given below.

For the purpose of a dynamic resistance change Fig3.0-2 can be replaced by an
alternate circuit with the power source

ARx
Ux - R + xURXL

and the internal resistance
R'Rx1i " ._W (see Fig3.0-3)

From this, the measuring voltage results in

U- 1 jwRmCUm - -- R.R RxUs (3.0-5)1 + jw( R,- x + R )C

If, in addition, the following applies

Rm >> R

R >> Rx

then we have

1 iJ&SmC
u J-- ARU S x a (3.0-6)

The amplitude behaviour and thus the frequency dependent relation of measured and actual
unbalance is described by

UM 1 (3.0-7)

Fig 3.0-4 demonstrates that sufficient accuracy will result only at WCRm •5.

Despite its very simple structure this circuit is not used often. Two reasons for this
are firstly the fact that in most cases the static unbalance is important and secondly
the circuit is very sensitive to interference existing on the supply voltage.

A measuring technique adapted to the requirements has to be independent of the dc voltage
as it appears in equation (3.0-4). Fundamentally this leads from the absolute measure-
ment of one voltage to a comparative measurement between two voltages. Thus the
voltage drop occurring at the measuring resistor in the unloaded condition is compen-
sated by a reverse voltage. The easiest way of realizing this circuit is paralleling
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two voltage dividers. The resulting circuit is the Wheatstone bridge circuit (Fig 1.2-2)
Here the measuring voltage Um is only a function of the unbalance AR2 .

The Wheatstone bridge is the predominant measuring circuit for strain gauge measurements.
It is therefore necessary to investigate its characteristics in some detail.

3.1 Current and voltage distribution in a Wheatstone bridge

It is not intended to deal with the complete theory of the Wheatstone bridge in this
paper. However, as it is of critical importance for the measurement of strains and
related quantities such as stresses and loads, the fundamental laws will be investig-
ated. In individual cases it will then be possible to handle a special problem for
which otherwise normal simplfications are not applicable.

The measuring circuit of Fig 3.1-1 can be described by the four bridge arm resistances
Ri (i1-, 2, 3, 4), the supply voltage Us including its source resistance Rq, the output

resistance R. and the resulting currents Io, I, and 12.

According to Kirchhoff's laws the following mesh equations are valid:

U, - (R 3 +R4+R ) I -R3 11 -4 12
q 0 111

O -RaI0 +(RI+Rs+Rm) Ii -R 12 (3.1-1)

o - -R41O -Rm I +(R2+R4+Rm) 12

or in matrix form

(U)- [R] {I) (3.1-2)

with the supply voltage vector (Us), reply vector MI} , and the symmetrical 3 x 3
bridge matrix LRJ.

R3 + R+R -R3
ER] - -13R 1 + R3+Rm (.XS

-R I+R3R I (3.1-3)

-R4 -Rm R2 + R4 + Rm

by solution for{I) equation(3.1-2)leads to

{IM US (3.1-4)

with re,,aru .o the mesh currents.

Now it i possible to determine all other quantities with the bquation(3.1-4).

wi t h .
- ,[:L-•L.-.-[adj R]

(R1+R3+Rm)(R2+R4 +Rm)-Rm2 R3 (R 2 +R4+Rm)+R4Rm R4(RI+R3+Rm)÷R3RM

[adj HI-) R3(R2+R|4+Rm)÷R,4Rm (R3+H,4+Rq)(R2+R4+Rm)-R42 R,(R3+R1+Rq)+R3R1

L R4,( R!+R3+Rm) +R3RM Rm( R 3 R4+R q ) +R3R, ( R!+R 3+Rm) (R3+R4 +Rq )-R3 2_

the loop currents are

10 -M [(Rj+ R3+ Rm) (-2+ R+ RM) RUs

detER) R M + R4Rm] U5

det [W1]12 = [R4(Rl+ R3+ Rm) + R3Rmj Us (3.1-7)

det [RJ can be written as

det[R1 -Rq(RI+R 3 )(R 2 + R4 )+RIR 3 (R 2 + R4)+ R2R4(Ri+ Ri)

+Rm1 RQ (R 1 +R.+R 3+R,,)+(R1+R 2 )(R 3 +R4)]
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The output voltage is then (see also Fig 3.1-1)

u, - is. - (1I - 12) O.
UM - 1 (1 2 R 3 - R1R4) R.U (3.1-8)

*s

Equation (3.1-8) clearly demonstrates the factors decisive for the final result

power supply voltage Us

source resistance R

* bridge arm resistances Ri (1-1, 2, 3, 4)

output resistance R.

Taking into account a number of technical factors, the correlations can be considerably
simplified. It can be generally assumed that the output resistance is very large
compared to the bridge arm resistances. Ou the other hand it is permissible to neglect
the supply voltage source resistance R for most of the applications. Thus based on
the notations as shown in Fig 3.1-1 wilh

S£ 0
q

dot [•] can be written

det [R]' RM(R 1 + R2 )(R 3+ RO)

The rapid development of electronics has led to the situation where more and more current
controlled bridges are used because it is possible to control more effectively the
influence of the lead wires. However, this technique has the disadvantage that the
result is given in the dimension of resistance.

The following therefore contains a comparison of the most important fundamental relations
for voltage-controlled and current controlled bridges (Ref(23)).

U• is constant Ia is constant

( ft. aQ+ 0) (Rm÷-, Rq q -)

Bridge output voltage

I' R2 R 3 - RRi UM , 23 -RIR31

- +R2)(R3 R4) I Re W+R 2 +' 3+R4

Bridge input resistance (resistance between A and D, seen by the power sourze, see
Fig 3.1-1)

(RI+R, )(R 3 +R4 ) 
(RI+R2 )(R3+R4)

Re -RI+R 2 +R 3 +R4 Re -+R 2 'R3 +R4 (3.1-10)

Bridge internal resistance (Resistance between B and C if the bridge is represented by
a voltage UM as source voltage and a corresponding source resistance)

RIR 2  R 3R4 (RI+R 3 )(R 2 +R4)
ai - aFi 2 + R+R R I R"+R 2 +R3*i (3.1-1)

Bridge power dissipation

U 2
N - No Is Re (3.1-12)

o 1e
e
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Power dissipation per bridge arm

E1 2 R1 +R2  2
N1  - ( -2 ) 2 U N1  ( -+R2  2 R11 

2  (3.1-13)

N2  a - R •2U2 N2  " (Ri+R + +R )2 R 1-2 (3.1-14)

R$ R3 +R3 2

N3 - (R3)2U 2  N3 - (Rl+R2 RW3-+R) 2 R3Is 2  (3.1-15)

R R3+R2
N4 " R 2Us N, - (R 1 +R2 +R3 +R) 2 R4Is 2  (3.1-16)

3.2 Practical application of the Wheatstone bridge

Before going into details with regard to the dependence of the output voltage on the
relevant unbalance, some basic characteristics need to be discussed first in the light
of equations (3.1-9) to(3.1-16).

3.2.1 Choice of the supply voltage with respect to power dissipation

The bridge has two points of intersection, namely the connections to the power supply
line and to the output measuring equipment. The bridge input resistance R is a
decisive quantity for dimensioning of the bridge supply. According to equition (3.1-9)
the measuring signal is proportionally linked with the bridge voltage which is therefore
to be stabilized with utmost precision. For this purpose it is necessary to guarantee
that the power required is available.

In a normal 120 ohm bridge with a 5 V supply voltage there exists a current of 42 mA
and thus a power of 210 mW is dissipated. Owing to the large amount of measurement
points which have to be parallel in the individual sections of an aircraft, relatively
efficient power supply units are required. Only if this requirement is met may it be
assumed as above that the source resistance Rq is negligible.

3.2.2 Choice of the output signal conditioning equipment

The dimensioning of the output signal conditioning equipment is to a large extent
influenced by the bridge internal resistance. Normally this equipment consists of a
differential amplifier. If the bridge has a voltage source U and an internal
resistance Ri it can be describeU in the circuit diagram of Fil 3.2-1.

Assuming a very large amplification factor, it is sufficiently correct to consider the
amplifier input current being negligibly low. Based on Fig 3.2-1, the followiug
equation can be derived

U U m

thus leading to
Rr 1

Ua = R R Um (3.2-1)

1+

The amplifier output voltage is influenced by the relation of the bridge internal
resistance to the amplifier input resistance. The amplification resulting from the
external connection Rr being diminished by the factor 1

1+ R

This fact has to be considered when adapting the signal conditioning equipment.

3.2.3 Power dissipation in the bridge resistors

The performance quantities N (i-1,2,3,4) determine the magnitude of the thermal power
converted in the individual Bridge resistors. In view of this it has to be taken into
account that a reduced size of a strain gauge results in a corresponding increase of
the heat transfer resistance. Thus it is possible that an unduly high temperature
could develop in the gauge within a short period of time (Ref (4)).
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Another point to be considered is the effect on the specimen of the thermal energy
transferred. It can happen that materials with poor thermal conductivity will
experitace locally heated areas which in turn can lead to a change in the material
characteristics (e.g. plasticization of plastics).

When selecting the bridge resistance, various performance aspects have to be considered
as well. As will be shown later, the sensitivity of the bridge depends directly on the
supply voltage (see also equation (3.1-9)). Equations (3.1-12)to(3.2.-16) indicate on
the other hand that the thermal power dissipation is a function of the supply voltage
squared at constant resistance. Therefore relatively high resistive strain gauges
should be applied in critical cases. Then maximum sensitivity can be achieved for a
given performance due to the fact that the corresponding relative resistance change of
a strain gauge depends only on strain and not on the magnitude of its resistance.
Nevertheless, it should be remembered that as a result of equation (3.2-1) the
conditions for the determination of the values measured deteriorate with increasing
resistance.

The above remarks demonstrate that a number of questions have to be carefully investi-

gated before applying a measuring bridge if errors are to be avoided or minimized.

3.3 Behaviour of the Wheatstone bridge in unbalanced conditions

The behaviour of the bridge in unbalanced conditions is the next point to be discussed.
At first, the type of application must be briefly mentioned. Strain gauges are used in
aircraft for measuring strains and determination of stresses, forces and moments etc.
and, in transducers, for the determination of pressures, accelerations etc. Distinction
has to be made between calibrated and uncalibrated systems. Uncalibrated strain gauge
bridges, the relation of which to the expected unbalance is known only theoretically,
show an accuracy between +3% and +5% referred to the full range of the strain. Among
other things, the accuracy is infTuenced by the gauge factor tolerance which depends on
the production batch, the transverse sensitivity of the strain gauge, the type and
quality of the bonding, the alignment of the strain gauge on the specimen as well as
the fluctuation range of the resistance values which also is subject to the manufac-
turing quality (see Chapter 4). A considerable improvement in the accuracy to values
better than +2% can be achieved if it is possible to carry out a thorough calibration
before the actual measurement.

It is important to know these factors when comparing the influences of non-linearities,
resulting from the theoretical characteristics of the Wheatstone bridge and the signal
conditioning equipment against the overall accuracy of the strain values finally measured.
Thanks to the degree of errors occurring in strain gauge measurements, these non-
linearities can normally be neglected so that quite clear linear relations result.

Depending upon application, the strain gauge can be configured as quarter, half and
full bridges, characterized by 1, 2 or 4 active strain gauges. Fig 3.3-1 shows these
types of bridges.

It becomes apparent that it is possible to arrange three different types of half-bridges.
Fer reasons of circuitry however, the arrangement of Fig 3.3-1B is almost exclusively
used in practical application. The arrows mark the sign direction of the individual
un' lance. With the combination shown in Fig 3.3-1, the maximum sensitivity of the

luge is then achieved. Thus it is necessary to reflect about the most suitable
,.ssibility of application and circuitry before the bridge is installed (Ref Chapter 7).

In contrast to the above considerations, the strain is directly incorporated into the
equation when calculating the output voltage. For this the relation

AR
-A-R kc is used (see Section 1.2, Fig 1.2-1)

The relations mentioned apply with voltage control. They are compared with the
relations referring to current control for some commonly used simplifications.

3.3.1 Quarter active bridge

The following calculations are based on the sign directions of the individual unbalances
as shown in Fig 3.3.-1. Regarding a bridge balanced in zero load condition
(RIR 4 - R2 R3 )the bridge output voltage Um can be calculated for an unbalance +AR1 with
reference to equation G3.1-9)as follows:

Ur R2 R 3-(Rl+aR,)R 4  R2R3 -R1R4-R 1 R4 A

Us- (R 1 +AR1 +R2 )(R 3+R7) " (R 1 +R2 )(R 3+R4 )+(R 3+R4 ) ARI

ARI
with ~--k 1cl1 this results into



24

Um __RIR_1

S"" (R 1 +R2 )(R3+R1) kicii (3.3-1)
1 -+-p.+- k 1 cll

In case of a fully symmetric bridge (Rj-R 2 -R 3 -R4-R) this equation is reduced to

Um
"* 1¼ 1

Sk1 cl1 1 -+------ (3.3-2)

The gauge factor k is approximately 2 for metal strain gauges. Because of the magnitude
of the strains occurring in strain gauge technique the non-linear portion can be
neglected as shown in Fig 3.3-2. There the non-linearity factor

1

1 + kicil

is plotted as a function of the strain. Now it is possible to state the linear
correlation

Um
k1 ell (3.3-3)

This leads to

Um 1
Is - Rklcll for the current-controlled bridge. (3.3-4)

A fact illustrated by both relations is their proportional dependence on the supply.
Besides this the current-controlled bridge requires the exact knowledge and uniformity
of the bridge resistance.

It is no longer permissible to assume a linear correlation for the semi-conductor gauge
due to the considerably higher gauge factor (-100 up to +200) as Fig 3.3-2 also shows.
However, a linearization effective at least for small ranges of unbalance can be achieved
if the fixed resistances R2 and R4 (Fig 3.3-1A) are evenly increased. Fig 3.3-3
indicates which values result for the factor

RI1

k -- where (ni * )RI+R2 njR,

This is responsible for the non-linearity, when nj is increased.
With nj - 9 an error of 2% results for an unbalance of 103 1-. When using this circuit

some secondary effects have to be considered: m

the bridge sensitivity decreases

the bridge internal resistance increases

the bridge input resistance increases

Before discussing typical characteristics of the half-bridge, some important facts
concerning the installation and wiring of quarter-bridges need to be mentioned.

3.3.1.1 Temperature compensation

Different temperatures applied to the constituents of the bridge cause output signals
which are not related to load generated strain. One way of suppressing temperature
effects often used is the installation of a passive strain gauge (dummy gauge). In
Fig 3.3-4 a half-bridge is practically arranged for this case. The compensation
gauge is bonded on a non-deforming area of the component to be measured in the direct
neighbourhood of the active gauge which is strained by deformation. As it is normally
impossible to find a non-deforming area, the gauge is usually bonded on u small sheet
of a material corresponding to that of the component. This sheet is attached to the
structure as close as possible to the active gauge. It is recommended to use activo
and dummy gauges from the same batch in order to obtain the same tolerances for the
gauge factor and to keep temperature effects as low as possible.

When using an auxiliary sheet, it should be realized that in nearly all cases therv are
very large differences in the thermal capacity of the sheet and the component and that
furthermore the thermal transfer resistance between these two elements is relatively
high. In the case of rapid temperature changes it is possible that a deteriorating
effect occurs because of temperature differences between component and sheet.
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Therefore this application has to be carefully investigated in each individual case.

3.3.1.2 Three-wire method

If only two wires are used for connecting the active gauge to complete the bridge in
the case of a quarter-bridge (Fig 3.3-5), large errors can occur. With the wire
resistances RLl and RL2

Urn k _ R
U- " R+ R results for the measuring voltage. (3.3-5)

Even if it is possible to balance the rels.tively large bridge asymmetry resulting from

the arrangement, the temperature effects tn the wires often exert considerable
influence even though a self-compensating gauge is used.

In order to avoid these effects a three-wire method (Fig 3.3-6) is used for the quarter-
bridge circuit if the effects cannot be compensated by means of a passive gauge in the
manner described above.

In this circuit R.I and 1., are located in adjacent bridge arms and their influences
compensate each other if Tfe arms are of identical length, i.e. installed parallel.
R is located in the high-resistive closed output circuit and its influence is thus
nkligible.

3.3.2 Half-active bridge

Mainly due to reasons of wire routing, the arrangement of Fig 3.3-1B is normally used
when applying half active bridges. Furthermore, the measuring quantities of the
Individual circuits differ only slightly against the bridge described below.

However, it has to be stated that an arrangement according to Fig 3.3-1C can be
advantageous too when using semi-conductor gauges e.g. in transducers. In the case
of complementary resistances occurring in the relevant longitudinal arms being
considerably higher than the active gauges, the arrangement looks very much like an
arm-controlled current supply which will be discussed later.

Applying equation (3.1-9) to the arrangement of Fig 3.3-1B leads fara bridge balanced
in zero load condition (R 1 R4-R2R 3 )to

Um (R2-RA2)R3-(R1 +AaR)Re
UIa a (Ri+R 2+ AR1 -AR2)(R3+R4 Y

Introducing

R klell and 7--

kRad k 2 c2 2

results to

Um R1R4 (kxc11 + k 2 C2 2 )

U"5 _ RI R 2  (3.3-6)
(R 1 +R 2 )(R 3 +R4 )(1 +RRklcll- R- k 2 c 2 2 )

In most cases fully symetrical bridges and identical gauge factors will be applied.
Then equation (3.3-6)reads:

UM k Ell+ C22"U - £ 22 (3.3-7)
1+k

Normally the gauges are installed in such a way that £11-C22-E (refer to Section 7.12).

In this case the result is

Um k
C (3.3-8)

Under the assumptions laid down above, the half active bridge with regard to linearity
shows considerably better characteristics as compared to the quarter active bridge.
In addition it is more sensitive by a factor of 2 for the cases discussed.

------------------
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The output voltage of the current controlled bridge results in

Um
- kc (3.3-9)

3.3.3 Full active bridge

Based on equation (3.1-9) the output voltage with the bridge balanced in zero load
condition (R 1 R4-R 2 R3 ) is

UM RIR4 k1 c1 1 + k 2 C2 2 + k 3 C3 3 + k4€4

(R 1 +R 2 )(R 3 +R1 ) RI R23 H3

1+*f-W2k1i 1 ! - RI-R2 1C22 - 113+B- 3C 3 3 + R3•'4 4C4

(3.3-10)

Equation (3.3-10) is again based on the signal directions of Fig 3.3-1E. As only small
unbalances are considered, the products and powers of unbalances are neglected.

In case of a fully symmetric bridge (R 1 -R 2 -R3=R 4 -R) with identical gauge faccors and an
appropriate installation of the gauges (see Section 7.12) that leads to

C1ll"22" 3 3 =C4 4=

the following equation results:

U
UM- ke (S.3-11)
77

and for the current-controlled bridge

Um R

Thus under the assumptions laid down above the full active bridge possesses the highest
degree of sensitivity among all bridge types discussed.

3.4 Bridge balancing and compensation

Different techniques are used to get defined starting conditions at the beginning of
methods are based on balancing resistora which form a part of the bridge itself and

by adjustmen+ lead to a zero bridge output signal. Indirect methods are based
on the compensation of the bridge output voltage by means of electronic or computing
networks outside the bridge circuit.

3.4.1 Bridge balancing

The most common balancing circuit is the shunt bridge (Fig 3.4-1). The efficiency of
this network can be calculated by replacing the star-shaped circuit by a corresponding
triangular circuit (Fig 3.4-2), thus leading to

= +2p-X2
-a Ro l+x (3.4-1)

Rb = Ro •2 (3.4-2)

110 - Ro i+p- (3.4-3)
!p

Rc occurs only as a supply voltage loading and does not influence the bridge behaviour.

Ra and Rb,however, appear as parallel resistors for R3 and R4.

The followiug criteria do apply to the selection of Ro and p:

the maximum zero unbalance &hall be compensated by adjusting x to 1

the values of Ra and Rb shall not change the bridge sensitivity compared to

a non-sbunted bridge; their influence shall be negligible

the compensation performance shall be as linear as possible

the power supply shall be loaded as low and continuous as possible by Rc
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Using the power supply load requirement the elementary conditions can be formulated

R0 >> Re (R - bridge input resistance)

p >1

The performance of the circuit shall be discussed on the basis of its main use as a
generator of defined calibration signals. This method is always applied when it is
not sufficient to simply connect known resistors in parallel.

Another main field of application is the compensation of zero load bridge unbalances.

Using equation(3.1-9)and assuming R1 -R 2 =R 3 -R4-R it follows

Um 1 AR3* AR4*Um R 4 -- -R1 (* indicates R31IR and R41IR (3.4-4)

U - ~ (* 4 "a "R 3 :Z R R4 zRsta

Under the assumptions laid down above, equation(3.4-4)can be written

Um 1 *
-" (AR* - AR)

3 3 )

AR3 and AR4 can be calculated as follows

AR3 = * - =( 1+2p-x 2  1+2p
-3- (x=0) =(R(l+x)+l+2p-x 2(A o+P)

0

AR* - R * *R w R(R l+2p-x 2  1+2p4 4o-) ( -x)+I+2p-X2 R(op

o 2(R 0 +p)
This leads to

2 R
U (l+2p-x ) o x

S - (+l+2p-x 2 ) 2  (X)
0O

Um 1 R 1 
1 - -

-x l R2x21+2 (3.4-5)
(R 0 (l+2p) + +--+) - R0 2(l+2p)2

Taking into account

R x

R (l+2p) 1+2p

R2
x 2

0uto02(1+2p)2

the relation between Urm and x can be described with good accuracy

Un 1 R x

p l=+- (3.4.-6)

Thus under the above assumption the bridge unbalance is directly proportional to the
displacement x. When used for calibration therefore defined signals can be generated.

The counterpart of the shunt bridge is the use of compensatory balancing as shown in
Fig 3.4-3. Based on a servo loop the bridge output voltage is always zero-balanced.
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The relationship between the displacement x and the strain shall be calculated for
a quarter bridge as an example by using equation (3.1-9)

R R
R2 (R3 + (-x) + R - RI(R+ 2- (l+x)) - 0 (3.4-7)

Introducing RI-R 2 -R 3 -R 4 =R andAR3 - kc leads to
R3

R
x Rk (3.4-8)

0

The displacement x is directly proportional to the unbalance. In addition to being
independent of the supply voltage, owing to the complexity and the low dynamics caused
by the motor, the use of this arrangement is nevertheless limited to exceptional. cases.

3.4.2 Compensation

Besides the use of direct methods, indirect compen..ation is often used. This can be
aone by analogue or digital techniques using either analogue amplifiers to add a com-
pensating voltage to the bridge outpu.t voltage or when using digital computers which
can store the zero load condition in the core for later calculation oz the unbalance
in the case of multi-channel equipment.

3.5 Bridge power supply

Voltage or current-controlled bridges are mostly used for the applications considered
in this report. in addition, it is possible to have an a.c. voltage supply and a
bridge with separate current-fed arms. Some general aspects of the power rupply :AilI
now be explained in a comprehensive form.

3.5.1 Voltage control

A voltage-controlled bridge is shown in Fig 3.5-1. The handicap of this arrangement
can be realized at first glance. The voltage actually applied to the bridge, as com-
pared with U., is reduced by the voltage drop at the resistances R of the leads.

Since there is a proportional relationship between the output and the supply voltage,
with the exception of the self-balancing bridge, (see equation (3.1-8))short leads
with a low resistance should be used.

These difficulties, which must be balanced against the advantage of a fairly simple
circuit, can be eliminated by connecting a sensing line. This line serves to determine
the actual bridge voltage which is then readjusted to the rc~quired value by means of
a control circuit (six-wire circuit, Fig 3.5-2).

A variant of this circuil. is often used in aiicraft. In this case power supply support
points are provided with said sensing lines. The lead wires between these suppor'•
points and the surroundi.ng bridges are then so short that their influence is negligible.

3.5.2 Current control

If the uncertainties of voltage control are to be avoided, current control can be used.
However, circuit arrangements are now more complex. Each bridge needs a separate
supply and the measured signal is proportionally influenced by the bridge resistance.

3.5.3 Separate-arm-controlled current supply

The sepaTate-arm-controlled current supply as shown in Fig 3.5-3 is used in particular
in multi-point measuring techniques. This bridge is marked by absolute linearity.
A disadvantage is again the dependence of the output signal on the magnitude of the
arm resistance.

3.5.4 A.C. voltage supply

In the case of static long-term measurements requiring a good amplifier drift behaviour,
almost exclusive use is made of the carrier frequency metLod (Fig 3.5-4) with the bridge
being supplied wita an a.c. voltage.

This circuit has a band-pass characteristic. Its transmission frequency range is
determined by the magnitude of the carrier frequency f and the band width B of the
band-pass filter. These characteristics ensure a particularly low interference
susceptibility. Thermoelectric voltages, amplifier drifts, mains disturbances as
well as high-fiequency interferences (excess noise etc) have no effect. By using
phiase-selective demodulation and subsequent filtering a d.c. voltage signal U is
obtaiaed which is largely free from interference. However, the magnitude of the
carrier frequency is normally limited by cable capacity. There'ore, this circuit
is only used for the determination of dynamic measurements in exceptional cases.

References: (21), (25), (26), '34).
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3.6 Immunity from ilectrical and magnetic disturbances

In concluision, some elementary aspects regarding the circuit technique to be applied
will be dealt with. Observance of Lhese aspects will considerably improve immunity
from disturbance. The immunity from disturbance of the measuring chain described
depends, in the first line, on the type of grounding and on the connection of the
individual elements of the measuring chain. Two basic influences have to be taken
into consideration:

3.6.1 Common-mode voltages

In the case of a power supply connected according to Fig 3.6-1, both inputs of the
measuring amplifier have the same potential relative to ground. Although, theoreti-
cally, there should not be a measurable signal, a voltage which is dependent on the
amplifier quality (common-mode suppression), is built up at the amplifier output.
For the circuit shown in Fig 3.6-1 the common-mode voltage amounts to U5 .

In the case of common-mode suppression of 60 db and if Us = 5 V the apparent measuring
voltage is:

2.5m 2.5V 
2 5 VUm c.M. = -- 56 ,5W

Taking a maximum measuring range of 10 mV, which applies to quite a lot of bridges,
this would currespond to an uuacceptaole measurement error of 25%.

This effect can be mitigated by a balance-to-earth supply (Fig 3.6-2). In this case
with symmetrical bridge resistors, the common-mode voltage disappears completely in the
balanced condition.

3.6.2 Electrical and magnetic disturbances

Interfering voltages way be induced in the leads and measuring grids by electrical and
magnetic disturbances (Fig 3.6-3). This influence can be substantially reduced when
the iadividual cables are twisted and shielded. Twisting is the only practicable
protection against magnetic disturbances, whilst shielding suppresses the influence of
electrical disturbances.

References: (23), (!4), (25), (34), (56), (99), (1O).

3.7 Filtering

In practical applicationsof the Wheatstone bridge in strain gauge measurements it is
often helpful and advantageous to use filtering techniques in the signal conditioning
stage to improve the result.

When the static portion within the signal is of main interest, but this part is submerged
by a big noise level, a low pass filter can be used to improve the signal/noise ratio.
If on the coatrary, the dynamic portion of the signal is of interest but is practically
hidden within a big dc part, decoupling can be achieved by introducing a high-pcss filter.
Most often a band pass filter is applied which allows concentration on the interesting
frequency range.

In any case, when evLluating the resulting signals, the filter characteristics have to
be taken into account with respect to amplitude and phase response in order to avoid
errors.

4.0 ERROR EST:MATION FOR STRAIN GAUGES WITH METALLIC MEASURING GRIDS

The advantages of strain gauges are simple handling, high adaptability to the various
measuring tasks, suitability for static and dynamic loads up to the highest structural
frequencies prevailing.

In general, gauge factor tolerance, linearity and hysteresis, response to temperature
change, time/temperature creep behaviour, fatigue behaviour, insulation defects and
others are considered to determine the accuracy of a strain gauge measurment. This
shows that a simple strain gauge (Fig 1.2-1) is actually a very complex system when
applied and that the resulting total accuracy of measurement depends not only on the
strain gauge itself but also on the properties of the adhesive, the component under test,
the protective materials and the br'.dge circuits (Chapter 3). Thus change in any one
c! these elements produces a change in the measurement characteristics.

4.1 Resistance tolerances of strain gauges

Most strain gauges are manufactured with nominal resistances of 1200 to 6000. The
question of optimum resistance value can be answered only if the entire measuring
arrangement (supply voltage, lead resistances etc) is taken into consideration (Chapter 3).
During manufacture, however, certain toleranc.s of the resistance nominal value cannot be

S. i



aoided. Criteria for this are the basic material, the metal heat, mechanical and

thermal treatment and others. Strain gauges manufactured in the same production process
form a so-called batch. Basically, strain gauges connected together in one bridge
should have very close resistance values in order to avoid extensive balancing. This
is usually achieved when the strain gauges are from the same batch. Balancing may not
be necessary however if, at a given resistance tolerance band and using a computer, the
Initial bridge unbalance is taken into consideration. (This is particularly cost-
effective in the case of a large number of measuring points.)

Foil strain gauges normally have a tolerance of ±0.5% of the nominal resistance but the
same tolerances can also be obtained with wire strain gauges by using selection proced-
ures.

Only the resistance of the applied strain gauge can be used as a reference value when
measuring the resistance, as pre-stressing of the strain gauge conductor cannot always
be avoided due to the setting of the adhesive.

According to VDE/VDI 2635 (Ref(28)) the resistance of the bonded strain gauge at room
temperature and the resistance at delivery must not differ by more than 0.2%.

4.2 Gauge factor k

4.2.1 Gauge factor tolerances

The ga~uge factor is the most important parameter of a strain gauge (equation(2.2-6)).
It indicates the correlation between the strain of the component and the resulting
resistance variation.

The gauge factor is determined on a calibration beam having a constant flexural moment
and a transverse contraction u~ - 0.3. As the gauge factor can only be determined for
a honded strain gauge, it can only be defined with characteristic tolerance ranges
obtained by continuous sampling. In general the sample is approximately 1% of the
batch according to type and repeatability of the manufacturing process. The tolerance
of the gauge factor directly affects the measurement accuracy. Normally, foil strain
gauges show better characteristics in the rolling direction than in the perpendicular dir-
ection (Ref(27)), This naturally results in smaller tolerance ranges and furthermore in
different gauge factors for the various legs of a strain gauge rosette, for example.

The strain gauge measuring grid in the supporting material is generally in a triaxial
state of stress caused by a shrinking of the supporting material during curing as well
as changes in volume of the supporting material caused by humidity and temperature
this state of stress and it is unevenly distributed over the entire grid length so that
the yield point may be locally exceeded. The result is that large deviations of the
gauge factor against those given by the manufacturer may occur even with exactly the
same conductor material, According to Ref(27), this uncertainty can amount to several
percent. This shows that the gauge factor obviously depends on the bonding conditions.
Only a strain gauge bonded by means of a hot-setting adhesive is within the tolerances
of ±0.5% stated by the manufacturer.

Furthermore, abnormal changes of the gauge factor can occur after several load and
temperature cycles although the strain gauge shows no defect. Therefore, it is necessary
to ensure that strain gauges are stored under nearly constant climatic conditions prior
to their application to avoid possible faulty measurements.

The temperature dependence of the gauge factor at high temperature is covered by Chapter 8.
A constantan grid type strain gauge used mainly in the lower temperature range shows a
gauge factor increase of n- +0.6% per l00K.

4.2.2 Transverse strain sensitivity tj,

Each strain gauge not only responds to deformations in the direction of its longitudinal
axis with the gauge factor k Qbut also to those perpendicular to its longitudinal axis
with the gauge factor k

t - k/k, (4.2-1)

As already mentioned in Section 4.2.1, this effect has been taken into consideration as
the gauge factor is determined on a bending calibration beam with a transverse strain
ratio of ', 0.3 that shows no shearing.

During measurements on a biaxial stress field however, transverse strains deviating from
thereltio E ranvere/longitudinal '~-0.3 may well affect the result (Section 2.2).

The transverse strain sensitivity (t) is kept low by means of narrow flat-grid winding
in the case of wire-grid strain gauges and by means of enlarged end points in the case of
foil-grid strain gauges. To a small extent it also depends on the adhesive and on
the measuring grid supporting material. Generally, however, the transverse strain
sensitivity (t) can be assumed to be below 1%. (Ref(18)).

A _-----------~' .A,4tC~
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4.3 Errors caused by hysteresis and non-linearity

If a component is loaded and subsequently unloaded, the same loads can result in different
stresses. The effect causing these errors is called hysteresis.

The deviation of the relative resistance change AR/R from the straight line k EB based on

the gauge factor also causes errors called non-linearity. As this deviation is the
result of a mechanical hysteresis in the strain gauge, it is difficult to separate the
two error sources from each other.

Non-linearity errors caused by the circuitry will be neglected at this point (Chapter 3).

According to Fig 4.3-1, non-linearity and hysteresis can occur for various reasons:

*plastics (plastic supporting materials and adhesives) do not always
act according to Hooke's law (Fig 4.3-la);

* according to Fig 4.3-1b, structural changes as well as geometric variations
in the plastic deformation range of the measuring grid material can also occur
and result in permanent changes in resistance.

A strain range up to approx 10000 um/rn is of interest for strain gauge measurements
during flight. It can be assumed that the non-linearity and hysteresis error will be
< ±1% after the first loading if good adhesives and strain gauges are used. After
completion of the first load cycle, in most cases this error will hardly exceed ±0.1%.

4.4 Maximum static elasticity of strain gauges

The maximumn elasticity of a strain gauge is that strain at which the strain indication
deviates by more than 10% from the straight line defined in Section 4.3.. It depends on
the grid geometry, the material characteristics of grid, supp-,rting material and adhesive
as well as on the ambient conditions (temperature, humidity and component surface). At
room temperature, most flat-grid wire and foil strain gauges with grid lengths of 10 mm
endure strains up to 120000 to ±40000 Un/rn. Shorter strain gauges with measuring grid
lengths of <~6 mm can be strained up to approx t10000 to ±20000 Urn/rn. Precise data
on this subject is difficult to obtain.

4.5 Creep effects

If a strain gauge is strained for a sufficient period of time, relaxation phenomena can
occur in the supporting material resulting in an enlarged transfer zone at the measuring
grid ends (Section 2.2)

The forces counteracting the restoring force of the strained measuring grid can partly
relax. This slowly developing process is called "creeping". Creeping is stimulated

parameters also affect the creep phenomena. So, for example, long strain gauges are

less susceptible to creeping than short ones due to the small share of the transfer
zones (Fig 2.2-6) in the overall measuring grid length. A favourable configuration of
the measuring-grid reversal points as well as the selection of the thinnest possible
supporting material foils also reduce creeping.

The creep behaviour of applications is extensively illustrated by so-called time-temper-
ature creep diagrams (Fig 4.5-1) which show lines of similar relative creeping for a
certain application as a funiction of time and temperature.

Thus a user must try to apply a highly creep-resistant combination for measurements
extending over a prolonged period of time.

4.6 The temperature coefficient of a strain gauge

According to Section 2.2.6 the temperature coefficient cl6, of a bonded strain gauge is
composed of the parameters k, aR, az and a., which are all a function of temperature.

By special pre-treatment of the strain gauge grid material, such as work-hardening and
heat treatment, a R in particular can be predetermined by the manufacturer so that the

strain gauge bonded on a certain component will have an extremely small a (urn/r/K)
(Fig 2.2-14). Normally information on %T is supplied with each strain gluge.
In practice, circuitry compensation methods are used in addition so that these errors
are compensated for twice and can normally be neglected (Section 3.3.1.1 and 7.12).

4.7 Fatigue strength of a strain gauge

A strain gauge can be loaded several times up to the limit of its maximum elasticity.
The number of allowable repetitions depends on the materials used for the strain gauge,
on the strain amplitude and on the type of loading. As in the case with other materials,
the measuring grid and the strain gauge connecting parts also show material fatigue.
Fatigue failure initially appears as zero drift and finally as a fatigue fracture.
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According to Ref (30 ),the fat-*'.gue strength diagram shown in Fig 4.7-1 can be considered
as typical for high-quality universal str`ain gauges. This figure shows the zero drift
and failure zones as a function of the alternating strain amplitude and the number of
load cycles.

4.8 Effects of the thickness of the adhesive layer

It is pointed out in other chapters of this report that a strain gauge can only measure
surface strains (except in plastics or building materials). Owing to the thickness
of the adhesive layer a strain gauge subjected to flexural load measures a slightly
larger strain than the actual component strain. This is due to the distance of the
measuring grid from the component surface. The usual thickness x of the adhesive
layer varies from N~10 Pmn up to 40 um, according to the adhesive used. The errors
for components of various thicknesses h can be calculated and the result of the measure-
ment can be corrected according to the relation

m Cm (4.8-1)

where cm -strain measured and £ component strain.

This does not take account of stiffening effects (see Section 4.10).

4.9 Angular errors during application of the strain cauge

In order to avoid angular errors it is necessary to carefully adjust the strain gauge in
the direction of the strain to be measured. Otherwise the result for a uniaxial state
of stress has to be corrected using the relation

Cis the cmoetstrain to be measured in the x direction and C is the strain maue

Adirection a (see Section 7.1.5.2 for references to rosettes).a

4.10 The stiffening effect
Abonded strain gauge stiffens the material to be measured. Thin stiffening cannot be
negecedin the case of thin specimens. Its effect depends on the cross sectional area

and temoduli of elasticit~y (Ref (31). In the case of normal application, a mean modulus
of elasticity between 5000 and 10000 N/mm2 can be assumed for adhesive, supporting
material and strain gauge. For a 1 mm thick aluminium sheet, for example, the error then
amounts to about 2%. Equation (4.10-1) can be used for a rough estimate in case of
tensile loads or compressive loads:

E G DG 
-1

GF(%) - - 100 (4.10-1

and aB thickness of base material
B__________________________

4.11 Insulation resistance effect

The insulation resistance of a strain gauge may be reduced by environmental effects
(humidity, oil, dust etc), resulting in an uncontrolled adulteration of the measured
values. Variations in the intculation resistance during the measuring process are
a particularly important source of errors.

The insulation resistance of a bonded strain gauge including leads should exceed 1000 Mo~.
To ensure this value even during long-term measurements, the measurement point must be
adequately covered (see Section 6.6).

A detailed description of this effect on accuracy is given in Section 8.1.3.

4.12 Averaging effect of the strain gauge over the entire w.easuring grid area

The output signal of a strain gauge is determined by the strain behaviour below the
measuring grid; the measured results always represent the mean value of the local strain
distribution. Thus an accurate strain measurement can only be performed by using a
point-like strain gauge. But it is practically impossible to manufacture such small
strain gauges.

Thus, a reliable measurement requires some knowledge of the strain gradient which must

be very small over the entire measuring grid area.
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Fig 4.12-1 and Fig 7.2-1 show the basic corrv•lation between the measuring grid length and
the measured strain cm of a notched bar wh~i.c has a highly inhomogeneous strain dis-
tribution with regard to the strain indicated.

4.13 Estimation of the total errors

The accuracy of strain measurements with strain gauges is limited by the properties
described above but can be improved by calibration in some cases. For this reason.
a total error of approximately ±5% has to b. expected under normal conditions. In
addition, special ambient conditions require an individual error investigation. Errors
of approximately ±2% can be expected in the ý.ase of calibrated measuring points.

References: (18),(26),(27),(28),(29),(30),(31),(52),(64),(66),(67),(68),(72),(77),(83),(86).

5.0 TYPES OF STRAIN GAUGES

5.1 Strain gauge configuration

The multitude of known strain gauges can be cAsified into two main groups: strain
gauges with supporting materials and free-grid strain gauges. For most practical
applications, strain gauges with their measurI!,g grids firmly attached to an electrically
insulating material or embedded in a supportine material are used. Only the terminals
emerge from this supporting material. Fig 1.'-1 shows the basic configuration of these
strain gauges. The many possible variations c4 this basic tvpe will be described in
the following sections.

As indicated by its name, the free-grid strain :avge (Fig 8.1-li consists of the measuring
grid only which is normally attached to a secondtry supporting material. This is removed
from the measuring grid during installation. Istellation of a free-grid strain gauge
is difficult because of the frailty of the thin cQialuctor material. They are generally
used only in temperature ranges where comon uypoting materials cannot be used and when
the use of special applicatiou techniques can 4e jmstified. Apart from type and shape,
the measuring grid size has to be taken into consi6ration when selecting a strain gauge
(see Fig 5.2-1).

5.2 Grid types and shapes

There are several hundred different strain gauge configurations which, however, can all
be assigned to one of the five basic types shown in Fig 5.2-1.

5.2.1 Wire-grid strain gauge

The wire-grid strain gauge is the most comonly used strain gauge, the measuring grid

consisting in this case of a drawn wire (measuring grid materials have been described
in Section 2.2) which is arranged meander-like on the supporting material by means of a
jig. Thicker lugs consisting mainly of copper alloys are soldered or welded to the
ends of the very thin measuring wire. Then another supporting layer is placed on
the wire, lugs and supporting material and subsequently cured at elevated temperature.

The bend at the reversal points of this type of strain gauge have an adverse effect as
part of the active grid is located crosswise to the measuring direction so that trans-
verse strains are included in the measuring signal.

In the case of ^ uniaxial state of stress however, this error will have no effect if
the Poisson's ratio of the material to be tested and the material on which the strain
gauge factor was determined comply with each other. As the Poisson's ratios of commonly
used metallic materials do not differ very much from each other, the transverse sensitiv-
ity can generally be neglected in this case.

Other conditions prevail in the case of a biaxial state of stress and with plastics,
particular fibre-reinforced plastics (see Section 7.13). There, considerable errors
may occur if the trausverse sensitivity of a strain gauge is neglected.

This error source is not important for strain gauges in transducers since it is removed
by calibration.

5.2.2 Flat-coil gauges

The flat-coil strain gauges (Fig 5.2-1B) are less important. In this case the measuring
wire is wound around an intermediate supporting material. A major disadvantage of this
strain gauge is its considerable thickness which may introduce errors in the measurement
strains in thin components (refer to Section 4.10).

5.2.3 Cross-bridge gauges

The cross-brid~eu strain gauge (Fig 5.2-iC) is hardly used any more but will be described
here for reasons of completeness. In this case, single wires are laid parallel to each
other and are subsequently connected by relaLively thick cross bridges. The numerous
Soldered joints, however, have an adverse effect. The advantage of this type is its
low transverse sensitivity and good strain response in the active measuring wires.
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5.2.4 Metal-toil ga ne

The metal-foil gauges (Fig 5.2-ID) are of increasing importance. During manufacture,
the metal foil is attached to the supporting material, then the desired grid shape In
printed on the Zail with acid-resistant paint. The grid shape can also be applied
photochemically by coating the metal foil with a light-sensitive medium and then
exposing It, an required. The hare metal areas are then removed by etching in an
acid bath so that the desired grid is retained. By this method any desired grid shape
and size can be produced which is a great advantage. In particular, any desired
rosette shape can be obtained with considerable accuracy. Another advantage of this
strain gauge is its small thickness (<25 us.) allowing it to be used an very thin
components. In early types a disadvantage was the low fatigue strength of the metal
foil strain gauges (due to strain and current peaks on poorly etched conductor paths).
Fortunately this disadvantage has largely been eliminated by improving the manufacturing
process. Metal-foil strain gauges are already equivalent to the conventional wire
strain gauges as far as their dynamic range is concerned. Another advantage of the
metal-foil gauge type is the better heat dissipation from the measuring grid via the
supporting material to the adhesive and component. It can thus be subjected to a
higher current than a wire strain gauge of the same size.

Unlike the wire strain gauge which only shows positiv6 transverse sensitivity values~metal
foil strain gauges can have a positive or a negative~ value according to the design.
The description in Section 2.2.5.1 of the wire strain gauge also applies in this case.

5.2.5 Strain cauges with metal supporting materials

Apart from the free-grid strain gauge which can be designed either as a wire or a
metal-foil strain gauge, strain gauges with metal supporting materials (Fig 5.2_lE)
are used mainly in cases of high temperatures. For this type of strain gauge, the
manufacturer uses high-temperature adhesives to bond the measuring grid to a metal
lamina which will be spot-welded to the component to be measured.

Another type has the measuring wire isolated and embedded in a metal tube which again
is attached to a weldable lamina.

5.3 Supporina materials and their configuration

The transfer of strain from the component to the strain gauge i& determined by the
following properties of the supporting material:

* adhesive power

* modulus of elasticity
electrical ±&usulat ion

* hygroscopic behaviour
* thermal conductivity

* thermal strength

* creep strength
elasticity

fatigue strength
aging resistance

* temperature dependence of all properties

The supporting material is used to transfer the strain from the component to the measuring
grid as efficiently and accurately as possible. It must therefore be properly bonded to
the component. This requires an adhesive that adheres well not only to the component
but also to the supporting material (Section 2.2.5.1).

Another pre-requisite is the smallest possible thickness of the supporting material.
An excessively thick supporting material causes stiffening in thin components and thus
leads to errors in the measured values (refer to Section 4.10). The minimum radius of
curvature of the strain gauge is considerably affected by the thickness of the supporting
material. Tbus only a very thin strain gauge can be used if a small radius of curvature
or a smaall wall thickness is concerned. Component stiffening and the minimum radius of
curvature are, of course, also affected by the modulus of elasticity of the supporting
material. An increased modulus of elasticity results in a growing stiffening and a
decreased flexibility so that the smallest possible modulus of elasticity is desirable.
However if the modulus of elasticity becomes too small, the supporting material
(generally plastics) can no longer transfer the strain from the component (generally
metal) to the metallic measuring grid. So here, too, a compromise has to be found when
selecting the supporting material.

In order to ensure an adequate electrical insulation even with exti mely thin supporting
material foils (see Section 4.11 and Section 8.1.3), the material must be an efficient
insulator. Insulation is affected by the ambient humidity, therefore a good supporting
material must not be hygroscopic.



The supporting material should also be as good a therml conductor as possible. On the
one hband, the beating of the measuring grid caused by the supply voltage must be

efficiently dissipated and on the other, the temperature of the strain gauge should be
as close as possible to that of the component in order to avoid measuring errors in the
case of considerable ambient temperature variations.

The supporting material should not creep under load in order to avoid measuring errors
in particular during static long-term measurements. Furthermure, it should also be
able to endure high strains (> iOOO0m/m) without being damaged and should have an
adequate dynamic strength. The values for maximum elasticity and dynamic strength of
the supporting material should be higher than the values of the same quantities of the
measuring grid material in order to take full advantage of the measuring grid properties.

The supporting material should retain the properties previously described with the
greatest possible stability for as large a temperature range as possible from cyrogenic
up to the highest temperatures.

None of the materials so far used meets the stated maximum requirements. Some of the
materials, however, are particularly suitable for specific fields of application. Thus
it has to be determined in each case which of the available strain gauges is best suited
to meet the specified requiremente.

The characteristics of some of the more commonly used strain gauge types are stated

below to facilitiate decision making.

5.3.1 Strain gauges with paper supporting material

Paper supporting materials are not used to any extent today. The paper supporting
materials impregnated with acrylic or epoxy resin were hygroscopic so that their
application was limited to a very small temperature range (150 to 350 K).

3.3.2 Strain gauges with epoxy or phenolic resin supporting material

Supporting materials using epoxy or phenolic resin bases were developed. Most of their
properties have been considerably improved (temperature range 70 to 400 K), but they have
now been replaced to a large extent by more advanced supporting materials. Today strain
gauges on an epoxy or phenolic resin supporting materials are manufactured only for some
specific fields of application. Examples are highly vibration-resistant wire strain
gauges on phenolic resin bases and metal-foil strain gauges on an epoxy resin base.
These are commercially available and particularly recommended for the manufacture of
transducers. However, these types require special application methods so that in spite
of their good characteristics their use in normal fields of application is not recomm-
ended.

6.3.3 Strain cauges with polyimide-foil supporting material

Today, metal-foil strain gauges on a polyimide-.foil basis are almost the only ones
recommended for standard measurements. They are available in many sizes, shapes and
with different resistances. They are flexible and easy to apply. The special
advantagem of this supporting material are its extended thermal field of application,
its relatively large flexibility, its improved hygroscopic behaviour and its easy
application.

5.3.4 Strain gauges with alass-fibre-reinforced supporting material

3train gauges with glass-fibre-reinforced epoxy, phenolic or polyimide resin supporting
materials are recommended for very accurate measurements or measurements under severe
environmental conditions (such as elevated temperature). However. the application of
these strain gauges requires an increased effort if their improved properties are
to be utilized.

5.3.5 Strain gauges for large strains

Wire strain gauges on a cellulose basis and metal-foil strain gauges on polyimide-foil
basis are available for measuring very large strains. These specially treated strain
gauges can be used to measure strains up to 100000 um/m or 200000 Pm/m. Table 5.3-1
shows aome typical parameters for various strain gauge groups. The values stated are
approximate values that may aiffer considerably for the individual manufacturers.

The latest manufacturers data and, if necessary, consultory services should be requested
if the application of strain gauges is planned as this paper cannot deal in detail with
special problems associated with installation.
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5.4 Vapour-deposited strain gau•es

The new technology of vapour-depositing strain gauges is of increasing importance,
at least for the manufactureof transducers. In this case, the gauge area of the
transducer is first provided with an insulating layer. Subsequently, the measuring
grid is vapour-deposited over a mask particularly adapted to the absorptivlty required.
This method results in a considerably simpler application process since the relatively
complicated bonding procedure in not required.

On the other hand, the procedure is only suitable for large scale production as a
relatively large amount of tooling Is necessary. Furthermore, its use other than for
the manufacture of transducers is impracticable because gauge factor variations lead
to the need for calibration.

Reference: (71)

6.0 APPLICATION OF STRAIN GAUGES TO STATIC AND DYNAMIC SHORT AND LO0NG TERM
MEASUREMENTS UNDER NORMAL CONDITIONS

6.1 Preliminary remarks

6.1.1 Technical boundary conditions

First let us define the normal conditions under which a strain gauge is used in aircraft
flight test. The temperatures prevailing on an aircraft are between 350 K on the
ground (solar influence) and approximately 200 K during flight at high altitudes.
Stagnation-point and friction temperatures (which may exceed 475 K on aircraft flying
at high speeds) as well as temperatures found close to the engine will be neglected for
the time being. Chapter 8 describes the strain gauge technique used under those
specific conditions of application.

Furthermore, there are various complicating environmental conditions such as high air
humidity, condensed water, icing etc. A special effort is required during the
installation of strain gauges in order to obtain reliable measuring results under the
conditions described.

As with other bonding techniques, the most important pre-requisite for the bonding of
strain gauges is extreme cleanliness. Even the slightest traces of contamination,
in particular of grease and oil, will prevent the attainment of an efficient bond.
If the areas to be bonded are insufficiently cleaned, faulty measurements can be
expected. The resulting costs for reinstallation, recalibration etc may considerably
exceed the originally estimated installation expenditure. Quite often, reinstallation
is not possible (e.g. in the case of closed wing boxes).

Engineering work is also required to determine the most favourable positions of the
strain gauges for a certain measurement.

No difficulties are encountered if the strains at critical cross sections only have to
be determined. The measurement of forces on control linkages that can be replaced
at any time without major difficulties, is no particular problem.

However, the accomplishment of flight load measurements on the structure (refer to
Section 7.14) requires very accurate planning in order to determine the most favourable
measuring positions.

The available space, in a thin tail profile for instance, has to be considered too
if possible. New passages in the supporting structure should not be provided for
connecting cables access.

All of these boundary problems have to be settled prior to the application of the strain
gauges.

6.1.2 Organizational boundary conditions

Nearly all flight load measuring points have to bo installed inside the structure, thus
impeding direct access after completion of assembly. Strain gauge installation has
therefore to be included in the production process. This requires exact coordination
between test department and production to ensure the furnishing of material and the
assignment of installation personnel. The fact that several years may pass from
installation to calibration or measurement also has to be considered. From the above
it follows that major projects require the early preparation of a time and material
schedule.

The numerical system required to identify the measuring points will be neglected for
the time being as it is almost alwayq predetermined by the gencral measuring point
system.

In spite of the brtefnesu of the statements included in this chapter, the extreme
importance of the cganization with regard to a perfect and cost-effective performance
of the installation work must be clearly emphasized at this point.
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0.2 Material selection

The material most suitable for the various applications has to be selected from the
numerous materials available taking into consideration the abovementioned technical
boundary conditions. In this connection, a number of factors have to be considered:

Selection of the strain gauge manufacturer:

the manufacturer has to have sufficiently large otock of required strain
gauge types and shapes;

he must have the necessary adhesives, protective materials and pretreatment
media;

the nearest branch or agency of the manufacturer should not be too far away;

at least it should be located in the same country;

. delivery times should not be too long, even for somewhat unnsual types;

* the price should be within reasonable limits;

apart from the values stated in the data sheets, the manufacturer should also
describe the test procedures which were used to determine the values.

Seleution of the materials:

selection of strain gauge materials (measuring grid and supporting material)
to suit the ambient conditions to be expected and providing the required
"acuracy;

selection of adhesives, pretreatment media, protective and other secondary
materials;

• doteriination of the minim size (Nef 4) for the selected strain gauge
1e4sistance and the selected supply voltage;

. determination of thermal compensation coefficients;

. s8  ic~ion of thS necessary strain gauge shapes (uniaxial strain gauge,
0 /90 - or ±45 - rosettes, triaxial rosettes).

Sach individual user of strain gauges will, of course, attach a different importance
to the *tated selection criteria.

For the frequent user having to perform not only flight tests but also static and dynamic
ground tests, it is advisable, taking account of the required number of strain gauges,
to have a sufficiently large stock of special strain gauges available. He will then
be more independent and flexible so that neither the variety of types of the individual
manufacturers nor the delivery times will be a decisive factor.

Moreover, it is advisable to order the required secondary materials such as adhesives,
pretreatovnt media and protective materials, fron different manufacturers. Based on
our own experience and by means of comparative tests regularly performed with new
materials entering the market, it is always possible to use the most suitable secondary
material in each case.

Less frequent users who for example have to perforn only routine flight tests, must
be sure that the manufacturer can readily and quickly supply certain special strain
gauges; for only then will the user be able to treat new measuring requirements with
adequate promptness.

In this case, all secondary materials available from one manufacturer should be preferred
in order not to waste time and money on lengthy preliminary tests. Furthermore, each
manufacturer will be ready to give assistance, if necessary, which will be facilitated
by small geographical distances.

The price of the individual strain gauges is less important for both users as it will
not exceed 10% of the entire installation and calibration costs. Thus, using the least
expensive strain gauge would be of only minor consequence to the total price even in
the case of large quantities.

However, the selection of suitable adhesives, protective materials and pretreatment
media will have a considerably larger effect on the total price. These media can affect
the work time required which contributes considerably (-,80%) to the installation costs.

The selection of hot-setting adhesive with a lengthy and complicated curing cycle, for
example, would repult in high installation costs. If, however, a cold-setting adhesive
is selected that is simple to work, the costs are considerably lower.
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This reflection on costs, however, should not result in the selection of the simplest
and least expensive adhesive particularly when the quality is very much inferior to that of
hot-setting adhesive. The costs possibly arising due to reinstallation and recalibration
have already been mentioned. As in many other respects, here too a reasonable comn-
promise has to be found.

Some boundary conditions remain to be considered; however, they can only be approximated
as they laraely depend on the conditions of application such as purpose and method
of application, time available, access to the bonding areas and last but not least the
component materials.

First, the strain gauges must endure the expected application temperatures. When
selecting the measuring grid material it has to be determined whether accurate results
are expected at the assumed maximum temperatures or whether measurements are to be
performed at normal temperatures only. Constantan measuring grids, for example, can
be heated up to 450 K, but accurate results cannot be expected at thiese temperatures
due to a~ructura] changes (refer to Chapter 8).

It is recommended tha~t a small safety margin be included in order to avoid possibl
destruction of measuring points in case of over-temperatures.

Table 6.2-1 shows the acceptable thermal limits for some of the strain gauge families.
However, when planning their use it is recommended that the manufacturers be consulted.

The same applies to the dynamic load capacity of strain gauges which, however, is not
importtut for conventional materials. Increased attention has to be paid to this lact
only if high-strength steels or titanium alloys are to be loaded to a value just below
their load capacity.

In general, strain gauges and adhesives need not be resistant to chemical attack.
Appropriate materials have to be used to protect them against these influences (see
Section 6.6) if injurious chemicals are present.

The minimum size of the strain gauge is determined by the supply voltage selected,
the resistance selected and the thermal conductivity of the material to be tested
(refer to Section 3.2.1 and Hef (4)).

The thermal compensation coefficients of strain gauges and component should match.
However, in particular cases strain gauges actually designated for another materialI.can also be used Jn order to avoid a profusion of types. For example, a strain gauge
With %T - 23 pm/M/K (Al) should not be installed on a titanium component (O - 9 Om/m/K).

However, a strain gauge designated for steel (mT *12 tim/rn/K) can well be used for

titanium. Special care must also be taken that within a single full-bridge (only here
in this method permissible at all) strain gauges from only one package are used in
order to avoid excessive dependence of the zero point on the temperature.

Table 6.2-1: Acceptable temperature ranges for strain gauges

Temperature limits (K)
Supporting material Lower Upper limit Upper limit

limit for sustained for short-term
loading loading

Paper impregnated with 70 350 370
acrylic resin

Phenolic resin 70 420 470

Phenolic resin-glass fibre 70 500 520

Polyimide 70 450 480

Polyimide-glass fibre 4 600 650

Epoxy resin 70 400 450

Epoxy resin-glass fibre 4 550 650

Asbestos 100 670 700

The values refer to the supporting materials; the limits for the
measuring grid materials are stated in Table 2.2-1 and those for
the adhesives in Table 6.4-1.
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The selection of the strain gauge types will differ considerably from one user to the
other. If a strain gauge is to be used only once, a simple strain gauge will probably
be selected in order So keep the vagiety of types and thus the storing costs as low as
possible. The 0 /90 - or the ±45 - rosettes required can also be formed by single
strain gauges. The angle errors occurring are compensated by subsequent calibration.
(Ref(7)).

6.3 Pretreatment of bonding areas

As already mentioned, extreme cleanliness is required if successful measurements with
strain gauges are to be performed. Thus the bonding areas have to be thoroughly cleaned
and prepared for the selected type of adhesive. After precleaning, two cleaning phases
are generally required (mechanical and chemical cleaning) which may, however, overlap.

6.3.1 Precleaning

First, all coarse contamination and surface treatment media, such as varnish, grease,
rust etc, have to be removed. This can be effected mechanically by means of abrasion,
polishing with emery, sand blasting etc or chemically by means of solvents or pickling
media; in the latter case the compatibility of adhesive and pickling medium has to be
proved by preliminary tests. The very active pickling media might penetrate into porous
materials from where they are difficult to remove and may affect the properties of the
adhesive. Furthermore, irregularities of the bonding surfaces should be removed if
possible.

6.3.2 Mechanical pretreatment

Subsequent to the removal of surface contamination, the bonding areas have to be thoroughly
degreased by means of lint-free tissue (Kleenex, Kimwipes etc) impregnated with an
adequate solvent such as MEK (methyl-ethyl-ketone), freon, chlorotene or equivalent.
The tissue has to be changed frequently until it no longer shows any colouration.
Care has to be taken that a first large, then steadily decreasing area is cleaned
thus avoiding new contamination and grease particles being transferred to the bonding
surface from the periphery.

Subsequent to cleaning the bonding surface should again be roughened uniformly with
circular grinding movements using emery paper or cloth (grain 250 to 400). Then
degreasing as described above is repeated.

Anodized and clad Al components should be handled with care as they are generally -'.ry
sensitive to notches. Deep scratches and nicks have to be avoided by all means.
However, care has to be taken that the oxide layer is completely removed.

6.3.3 Chemical pretreatment

In addition and subsequent to the work described above, chemical pretreatment is possible
to remove even the smallest remaining contamination and oxide layers. For this
purpose, a slightly acid medium (metal conditioner) has proved useful.
It is best applied to the bonding surface with circular movements by means of wet-type
emery paper, grain 250-400 held by tweezers, if possible.

After having removed the conditioaer with a piece of tissue, the surface has to be
treated with a neutralizer as most adhesives do not or poorly adhere to acid surfaces.
Neutralizing should be repeated several times to obtain a perfect bonding surface.

The strain gauge should be bonded as soon as possible following the pretreatments
described above to avoid reoxidation of the surface. After treatment the bonding
surface should, of course, not be touched again.

It is P.lso useful to treat the bonding surface of the strain gauge with a neutralizer
right before bonding.

I general, the pretreatment procedure described here can be used at any time.
However, it is possible that the manufacturer of the strain gauges and adhesives
prescribes a procedure differing in detail from the one described. The instructions
and remarks of the manufacturer should be complied with.

6.4 Adhesives

The adhesive is of decisive importance. It must be able to transfer the strain from
the component to the strain gauge in the best possible way within the entire temperature
range. It may neither creep nor should it lose its adhesion even after several years.
Its insulation resistance should be as high as possible.

6.4.1 Cold-setting adhesives

Adhesives curing at room temperature generally do not wholly meet the above stated
conditions. As a rule, they are less age-resistant than hot-setting adhesives and
their load-capacity is slightly lower. However, they are well suited for flight
measurements if used with special care.
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A considerable number of adhesives are offered. Most of them can be assigned to one of
the groups mentioned in Table 6.4-1.

Table 6.4-1: Survey of some groups of adhesives

Temperature Elasticity Curing time
Type of adhesive range (K) (cm/m) (h)

1) Cold-setting
adhesives

a) acrylic resins 70-350 2-3 0.3-0.5
b) cyanoacrylates 100-370 2-5 0.1-0.25
c) epoxy resins 4-400 1-3 8-16

2) Hot-setting
adhesives

a) epoxy resins 4-650 1-2 4-8
b) phenolic resins 20-450 1-2 6-8

c) polyimide resins 10-650 1-2 5-8
d) ceramic adhesives 10-1300 0.5-1 4-8

6.4.1.1 Acrylic resin adhesives
Acrylic resin adhesives are usually two-component adhesives, their temperature limits
ranging between 70K and 350K. At lower temperatures the adhesive becomes very brittle.
If the temperature exceeds 370K, it softens and creep phenomena, i.e. zero shift,
occurs. At temperatures exceeding 420K the adhesive is destroyed. If temperatures
from 350K to 420K only occur when no load is applied, static loadings and measurements
can be resumed as soon as the temperature has fallen below the 350K limit.

Acrylic resin adhesives are fast-setting. The pot-life for temperatures from
290 to 295K is 1 to 2 minutes so that dynamic measurements can be initiated after
10 to 15 minutes and static measurements after 20 to 30 minutes. Low temperatures
retard while higher temperatures accelerate the curing.

For flight measurements acrylic resin adhesives should be used only for short-term
measurements. As they are very hygroscopic, the strain gauges should be adequately
protected after bonding (see Section 6.6).

This type of adhesive is most suitable for the fastening of (light) cables, as well as

for deformation and acceleration pick-ups.

6.4.1.2 Ctanoacrylates

Cyanoacrylates are fast-setting single-component adhesives. Polymerization is initiated
by humidity. Temperatures from 290 to 295K and an atmospheric humidity from 40 to 70%
have proved to be the most favourable conditions. Curing at low temperature or low
humidity requires considerable time. At more than 80% humidity shock hardening takes
place and prevents the formation of good adhesive joints.

If the limits indicated (290 to 295K, 40 to 70% relative humidity) are observed, dynamic
measurements can be initiated 10 minutes after bonding and static measurements 15
minutes after bonding.

Cyanoacrylates give good results and can also be used for dynamic flight me'Lsurements
over extended periods.

The various adhesives available on the market differ from each other only as far as their
setting time is concerned. An accelerator is required for some cyanoacrylate adhesives,
but for some applications the use of an accelerator will result in shock hardening or
embrittlement and thus insufficient bonding.

6.4.1.3 Other adhesives

Apart from the adhesives described above, there are a few other cold-setting adhesives
based mostly on epoxy resin. These adhesives can be used for static measurements from
4K to 400K by making proper selection from different manufacturers and types.
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Further adhesives are offered for large strains. The temperature limits for these
adhesives are 70K and 340K respectively.

Ail of these adhesives require a curing time of up to 24 hours at room temperature,
the strain gauges having to be applied with a pressure of 5 to 20 N/cm2 .

At higher curing temperatures the curing times are reduced and bonding quality 'n
considerably increased.

The authors obtained excellent results with an araldite resin system from CIBA, the
AV 138 + HV 998 types. The curing time at room temperature is about 8 hours and
the strain gauge should be applied with a pressure of 5 to 40 N/cm2 (higher contact
pressured result in thinner bonding layers). At higher temperatures a conslderable
reduction in curing time can be achieved; at 350K it is approximately 30 miDutes,
at 370K it is only 10 to 15 minutes.

The adhesive was loaded within a range of 20K to 420K. In the unloaded condition
the adhesive withstood thermal loads up to 470K without noticeable deterioration of
its bonding properties. It can be used for long term flight measurements as well
as for the manufacture of transducers.

6.4.2 Hot-setting adhesives

Hot-setting adhesives can be used within the entire temperature range from 4K to 1300K;
however very few of the types will reach the maximum temperature.

Hot-setting adhesi, p can also be used for normal temperature ranges if the bonding
has to meet pý7ricalarly stringent requirements.

The availability of hot-setting adhesives is quite emtensive so that only a selected
number is described in some detail. They can also be classified into various groups
of adhesive systems.

6.4.2.1 Epoxy resins

Apart from tho cold or hot-setting adhesives described in Section 6.4.1.3, a number of
epoxy systems are offered which can only be artificially cured. The types offered
by different maniufacturers can be used for the temperature range 4K to 650K.

Some types (solvent-diluted single component types) have to be pre-dried at room
temperature or elevated temperatures at about 320K.

Curing temperaturea are between 400K and 480K,depending on the type. Some adhesives
require different temperature cycles during curing, some require additional ageing after
bonding.

The curing time is up to eight hours at different temperature levels.

Tho contact pressure applied during bonding aimunts to 5 to 100 N/cm2 depending on type.

A proper selection and comparison of different types is recommended.

6.4.2.2 Phenolic resins

One of the few adhesives in this group has to be cared for two hours at 400K applying a

ininimum pressure of 150 N/cm2 . No contact pressure is required for ageing.

6.4.2.3 Polyimide resins

Tktis type of adhesive can be used for static measurements from 4K to 600K and for dynamic
measurements up to 670K. Due to the complex curing procedure its use is limited
almost exclusively to The manufacture of transducers.

6.4.2.,' Ceramic adhesiwvýs

This group again comprises t ver, large number of adhesives. Ceramic adhesives are
preferred for free-grid strain gauges manufactured from high-temperature resistant
alloys. qut ceramic adhesives can also be used in connection with strain gauges
having asbestos supporting materials (Japanese manufacturer). The application
technique for free-grid strain gauges with ceramic adhesives is described in some
detail in Chapter 8.

However, all ceramic adhesives should he used for flight measurements only if extreme
conditions prevail. The very difficult arplication of free-grid strain gauges and the
high curing temperatures require installation conditions which can p~actically only be
achieved in laboratories.

Ceramic cements can be used for high temperoture measureme•ut• up to 1250K.

............. .
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6.4.2.5 Special procedures

Flame-upraying is a special application procedure. In this case the free-wire measuring
grid is embedded in A12O3which is sprayed on to the measuring object and strain gauge at
very high temperatures.

Another special procedure coucerns the welding of strain gauges. The measuring grids
are bonded to a metal lamina by means of a ceramic adhesive and the metal lamina is
spot-welded to the measuring object.

The special procedures are less useful for flight measurements than the ceramic adhesives.
They ahould be used only at temperatures that cannot be endured by other strain gauges
and adhesives (refer Chapter 8).

6.5 Wiring technique

The conaection of the extremely thin strain gauge lugs to the relatively thiell lead wire
3hould normally be effected via a solder terminal bonded in front of the str, I gauge.

Special attention should be paid to the connection from the strain gauge to the solder
terminal. The lug should never be connected to the solder terminal under mechanical
stress as a fatigue fracture of the lIg will rapidly occur in the case of dynamic
loading. The risk of a premature fatigue fracture can be reduced by a small bend in
the lug (Fig 6.5-1).

Another procedure is recommended for the strain gauges which are provided with pre-tinned
connecting points (diameter .0.3 mm). Here the lead should first be stripped over a
length of 15 mm. Now one or two of the single wires will be bent away from the lead;
the remaining wires are cut short to a length of 12 mm and soldered to the solder
terminals. The remaining long wires are bent in a bow to the connecting point where
t:jey are soldered by means of a special soldering iron (Fig 6.5-2). Thus a connection
is made which can endure even extreme dynamic loads.

Strain gauges offered with integrated solder terminals are an exception. Here the solder
terminals are permanently attached to the strain gauge. The tiansition from the thin
measuring-grid cross section to the thick connecting cross section is such that it can
resist eeen high dynamic loads.

All strain gauge manufacturers incorporate solder terminals of various sizes and
arrangements, including those for rosettes, in their delivery programmes.

Care must be taken that the solder terminals are not affected by maximum temperatures
occurring during application and that they can be bonded in a single step with the
adhesive selected for the strain gauges.

Furthermore, the melting point of the solder used should be higher than the maximum
working temperature in order to avoid a separation of the solder joint.

Special connecting techniques described in detail in Chap.ter 8 have to be used for high
temperature measurements.

Teflon or kapton-insulated leads are recommended as connecting wires for flight measure-
ments. They resist temperatures ranging from 4 K to 530 K (teflon) and to 600 K (kapton).
The wires should be shielded and twisted to avoid interference. Stranded wires should
be given preference to solid wires due to their better flexibility.

Three or four core cables are used according to the type of bridge applied (semi or
full bridges).

PVC-insulated wires should not be used for flight measurements. They are far more
sensitive to faels and hydraulic oils than teflon, or kapton and are less age resistant.

For high temperature ranges, only glass-fibre insulated wires and strips should be used.

Up to approximately 520 K, tin-plated or silver-plated Cu is used as a conductor material.
Strips of Cr-Ni alloy can be used in the high temperature range but up to 750 K nickel-
plated Cu conductors are also stable.

6.6 Protective materials

The protection of strain gauges against environmental conditions is of great importance.
Fuel and hydraulic oils used in an aircraft as well as their vnpours detrimentally affect
strain gauges and adhesives. Condensed water and ice change the insulation resistance
thus altering the measured result. Measuring cables and terminals are mechanically
loaded due to vibration.

Precautions against all these adverse effects have to be taken as far as possible by
using an adequate protective material.

Various protective materials such as microcrystalline Nax, vaseline, greases etc that
are easy to work can be used for ground tests if only smuall temperature deviations from
room temperature are likely to be encountered.
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In the case of higher temperatures between 220K and 420K, cement-like self-adherent media
or certain types of solvent-diluted natural rubber can be used. Combinations of the
media stated can also be used.

The combination of seme types of cement with Al foil has also proved quite successful
for ground tests. Subsequent to bonding and connection of a strain gauge, the latter
is covered by a layer of cement. Then the Al foil is placed and pressed on to the
self-.adharent cement.

However, none of the procedures stated is suitable for long-term flight measurement.
In this case, silicone resins should be used. Only resins that contain no acid
solvents may be used to ensure they have no corrosive effect on the contact surface.

As with other media, the strain gauge, soldering terminals, connecting cables and a
certain area surrounding the strain gauge have to be thoroughly cleaned prior to applying
a primer coat to the measuring point.

Teflon cables, moreover, have to be prepared for bonding by means of an etchant.

After curing of the primer, the silicone resin can be applied to the measuring
point. Under the influence of air humidity, the resin is cured forming a rubber-like
mass which is resistant to various solvents, water, and mechanical loads.

Other methods have to be used for measurements in fuel tanks or under the influence of
SKYDROL. The silicone resins suggested swell if affected by fuel or SKYDROL thus
destroying wiring and strain gauge. Furthermore the primers will be dissolved.

Even another protective layer on top of the silicone resin will be ineffective. Small
fuel quantities can diffuse through nearly all resins and any riveted joint, The
swelling of the silicone layer results in a destruction of the upper protective layer
and thus a destruction of the measuring point.

The period between installation and destruction is very large and may extend over several
years. For this reason, prelir nary teste are very time-consuming if they are to give
accurate information on the qua-Ity of the protection. Preliminary tests covering only
a few months do not give sufficient evidence.

Tank sealing media can be used as protective materials. These media are resistant to
fuel and do not swell. It is essential that strain gauges and adhesives are not
affected either by the cured or by the uncured protective material. Furthermore,
strain gauges and adhesives should not be affected even by small fuel quantities.

Similar requirements apply to measuring points having contact with SKYDRIOL. Here too
silicone should not be used. HowevDr, the fuel-resistant materials suggested above
are not resistant to SKYDROL eithe~r. They have to be protected by an additional
layer of NYCOTE protective coating type 7-11 or PN1005 of PRC. The first protective
layer has to be completely covered by this additional layer with sufficient overlapping

the latter at the edges.

6.7 General instructionsI

The handling of strain gauges during application has been covered in detail in the
references (manufacturers documents). Nevertheless, the basic facts will be described

&Fgain at this point. .
Th,,; best positioning accuracy can be obtained by securing the strain gauge to the bonding
surface with adhesive tape such as scotch tape, subsequent to its preparation (degreasing
and neutralizing). It is advisable to fix the solder terminal to the same adhesive tape.

Now it is possible to accurately position the strain gauge on the measuring point without
having to touch the former and to fix it provisionally by means of the scotch tape. The
adhesive tape can be removed from the component as often as necessary to correct the
straiin gauge alignment until the proper position has been found.

Then one side of the adhesive tape is again detached and the strain gauge/adhesive tape
combination folded back in a longitudinal direction so that the bonding surfaces of strain
gauge and soldering terminal are turned upwards. Using the relevant instructions, the
strain gauge and/or bonding surface are then coated with adhesive whereupon the adhesive
tape with strain gauge and soldering terminal is folded down and pressed on to the
bonding surface. During the subsequent curing operation, the adhesive tape prevents
slipping of the strain gauge.

In the case of fast-setting adhesives, it is sufficient to press the strain gauge with the
thumb for some minutes to the bonding surfaces. It is reconmmended first to exert
pressure on the centre of the strain gauge and then to press out excessive adhesive from
below the strain gauge by rolling the thumb along the gauge. It is advisable to use
teflon foil placed above the adhesive tape as an intermediate layer.

If longer curing periods are required, the strain gauge has to be held by G clamps,
spring clips, weight-loading or similar devices. In 'the case of artificial curing it
has to be ensured that the contact pressure is neither too low nor too high even at
elevated temperatures. In this case, the use of G clamps is excluded.
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In order to obtain a uniform loading, the strain gauge should be covered with a rubber
cushion above which a metal plate is placed. After the adhesive has been :ured, the
clamping devices and adhesive tapes can be removed.

Prior to connecting the measuring cables, visual inspections as well as measurements of
the strain gauge resistance and of the insulation resistance should be performed.
After connection to a sensitive measuring device (strain gauge measuring bridge) even
the bonding can be tested by simple means. The measured value is recorded, then an
eraser is pressed on to the measuring grid and the value read again. In the case of
large deviations it has to be assumed that an air bubble is enclosed below the strain
gauge. If so, the strain gauge has to be removed and a now one applied.

The example given in Chapter 9 illustrates how several strain gauges can be applied at
the same time if slow curing adhesives are used. In the case of fast-setting adhesives
however this procedure cannot be used.

Care has to be taken when marking the measuring position. A hard pencil or even a
scriber should not be used in order not to damage the surface (notch effect). If
strain gauges are to be bonded to sheet metal in positions exactly facing each other
(Section 7.12), the dimension should be referred to the component edges etc. If this
is impossible (e.g. in the case of riveted joints), a pointed magnet on one side and a
thin steel needle or small steel ball on the other side of the sheet metal can be used
to obtain exact reference lines.

Strain gauges for long-term measurements should not be installed too close to rivet
holes. The irregular strain distributions prevailing in this case may result in a
local excessive loading of the measuring grid. Furthermore, small quantities of water
and fuel may penetrate through the rivet holes to the strain gauge and destroy the
measuring point. Here even the best and most expensive protecting procedures will be
ineffective as no rivet can be considered absolutely leakproof.

If measurements are performed in fuel tanks, the voltage supply of the strain gauge
should include a power limitation. If individual measuring bridges are damaged in
spite of efficient insulation and protection (visual inspection of the measuring points
in the tank is seldom possible and then only under adverse conditions), it is possible
that in certain cases short circuits and thus sparking will occur leading to the danger
of explosions if the tanks are empty (saturated air/fuel mixture). This can be
prevented by a properly adjusted power limitation. (Rcl|s (4),(7)).

7.0 STRAIN GAUGES FOR SPECIAL APPLICATION

The previous chapters have only dealt with descriptions of the function and application
of uniaxial strain gauges. Quite often, however, it is impossible to obtain a suff-
iciently accurate measurement of the strain or stress conditions prevailing on a
component by means of uniaxial strain gauges. Special measures have to be taken to
determine, process and interpret the values to be measured properly. The various
possibilities are described in the following sections.

7,1 Measurement of multi-axial strain conditions and the determination of mechanical
stress conditions

In the case of multi-axially stressed components the measurement of strain in only one
direction in inadequate. Generally, ;he principal stresses and thus the magnitude and
direction of the maximum shear stress have to be determined for these components. It
is, of course, impossible to measure a tria'ial state of strain in metallic components
by means of strain gauges as this state only orcurs within the component whereas strain
gauges can only measure su81'faceP Stl'rainS. S)h tli, trinxinl stati, will bf, Iimgi(c(c•d in
the following as it is not consistent with expei-rimhntwrial si 't'5 analyso's. It shu41id he,
pointed out, however, that according to 'qualion(2.1-16)(ScE iorn 2.1.1..) a third
calculable strain component occurs at a bia1ial state ()I str(ss.

Fortunately, the biaxial state of stress on the component surface is easy to determine.
For this purpose, strain gauge rosettes of various configurations and types are available.
They consist of two or three individval strain gauges arranged on a common supporting
material with various relative orientations. The function of these individual strain
gauges complies with the information given earlier, the difference consisting solely
in the assessment of the importance of the relations betwecn the individual strains.

Each user can, of course, produce his own rosettes by the application of two or three
single strain gauges. However, coriercial rosettes should always be given preference
to self-made rosettes. The angles between the individual grids have to be exactly
observed and the individual grids should be as close to each other as possible to obtain
a sufficiently accurate measurement especially in areas with large strain gradients.

The price difference (e.g. a triaxial rosette is typically 1.5 times as expensive as
three single strain gauges) is offset by the reduced effort required in bonding the
rosettes. Generally, three steps are required for thrce single strain gauges whereas
the rosettes are auplied in one step. In addition, the angle between individual gauges
must be accurately determined while in the triaxial rosette these are already fixed
and defined.

......................................
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7.1.1 Triaxial rosettes

In general, it can be assumed that the principal stisain directions are only known for a
few components. Thus, for example, control linkages are only loaded with tensile or
compressive forces so that in this case a uniaxial state of stress with known principal
directions prevails. Torque shafts and to some ev~tent also wing and tail spar webs
are only shear-stressed by torsional moments and i-bearing forces respectively. Also
in this case the principal directiorna are known.. Most other component surfaces however
aiways show biaxial states of stresa with unknown principal directions. The determ-
mination of the principal strains by magnitude and direction can be performed by means
of the triaxial roetsalr~ady mentioned of wiht0 diffgrent configurations are
considered here: the 0 /45 /90 rosette and the 0 /60 /120 rosette (see Fig 7.1-1).

Both rosettes function according to the same principle. The strains in three known
directions are measured and from this the principal stresses are calculated by magnitude
and direction.

Both types of rosettes show the same absolute result, neither being superior to the other.
Manual evaluation of the 0/45/90 rosette outputs requires slightly less effort than for
the 0/60/120 rosette. However with modern computer data reduction, this superiority
is relatively unimportant.

It is, of course, possible to determine the principal stresses by magnitude and direction
from any combination of angles. However, the derivation of a general calculating method
would exceed the scope of this report. Therefore, only the two types already mentioned
will be considered in the following discussions.

For this evaluation of rosettes the following definitions are used:

the three rosette legs are identified by 'a', 'b' and 'c;

* the 'sense of rotation' of the legs is positive in a mathematical sense
(counter-clockwise) as per type A (Fig 7.1-1) for the 0/45/90 rosette and
type D for the 0/60/120 rosette.

* Types B and C correspond to type A as only the direction but not the sense (sign)
of the strain measured depends on the measuring grid arrangement. The same
applies to types E to G which are variations of type D;

* the location of the largest principal stresso 1, with regard to the rosette leg
a is defined by angle a, the sense of rotation, starting from a, is also positive
in a mathematical sense

amay be defined by 00 < *<160 0

These definitions are extremely important for the assessment of rosettes. Accurate
measured results with the formulae developed below can be expected only if the definitions
are carefully observed. If slightly different formulae are stated in the referenced
literature this only means that different definitions have been used. The respective
relations apply if the definitions indicated are observed. Furthermore, this analysis
is also referenced again to the relations prevailing at a biaxiaJ. state of stress
(Mohr's circle for stress and deformation, Section 2.1.1.4, 2.1.1.5).

As the evaluation of both types of rosette is based on the laws described by Mohr, it is
ex~tremely important to understand these laws.

While the mathematical analysis of the biaxial state of stress has been described in Sect-
ion 2.2.1.4 taking the principal stress directions as a basis, the followingt consideration
is made under the aspect of experimental stress analysis where the directions of the
individual strain gauges serve as reference systems. Then the actual direction of the
principal stresses has to be determined from the measured outputs of the three individual
strain gauges.

It appears necessary to deal with this derivation in some detail to illustrate that the
origin of these correlations (which are very important for practical applications) are
independent of a mere tabulation. For in practice serious errors repeatedly occur
caused by a lack of knowledge and wrong application of the boundary conditions.

7.1.1.1. 00/45r)/900 rosettes

The formulae required for the assessment of rosettes can be derived from the relations
of the deformation circle. As defined above, the strain c a is measured for the reference

direction 'a'(a = 0 0), strain c b is measured at 450 (mathematically positive rotation)

and strain c. at 900, subsequent to the applicatio7 of rosettes.

The following derivation is used to determine the direction a as well as the values of
the principal strains and principal stresses from the measured quantities.

Fig 7.1-2 shows a 00/45.1.900 rosette; the associated deformation circle for assumed
values of ca Cb and cis also shown.

a'., b~ c M ~
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Fig 7.1-2 illustrates that

£a = m + r-cos 2a - + cos 2a (7.1-1)

cb - m + r-sin 2a - + sin 2a (7.1-2)

c m - r*cos 2a - coL••a cos (7.1-3

where
-+C a + c (7.1-4)

is the L-0oordinate of the centre of the circle aud

r - �- , (ca-b)+ (Cb-c) 2  (7.1-5)

is the radius of the circle.

Now it is possible to determine the reference angle. From equation (7.1-2) it follows
that

r-sin 2a - cb-m Lb - c (7.1-6)

and (7.1-1) reoults in
C a +C c

r*cos 2a a Li-m w &a - - (7.1-7)

After dividing equation(7.1-7)by equation(7.1-G)using the relation sin a tan QcoS a

it follows that Ca+c

tan 2 a - -Lb!S 'b (7.1-8)
Ea-M Ca +Cc

Ca -

or

2 Lb - (La+o)
tan 2 a - (7.1-9)

Angle a is thus

1 2 Lb - (Ea+Lc)= arc tan - (7.1-10)SCa - c

giving the location of the largest principal strain el with regard to leg "a" of the
rosette. As C2 is always acting perpendicular to cl, the location of the smallest
principal strain E2 is determined too.

As defined above, however, the reference angle a may become 0 a < 180 which means
that formula (7.1-10) is not yet definite. For a definite determination of a the signs
for numerator and denominator must be considered for the quotient which is an argument
of the tangent.

1 Z
1 arc tanW (7.1-11)

Z - 2 Lb - (Ea + cc) (7.1-12)

N a - Ec (7.1-13)

Table 7.1-1 shows the assignment of the different sign variations to angle a which is
thus definitely determined. Now the directions of L3 and C2 determined by reference
angle a can be added to Fig 7.1-2 according to the above definition.

~ t~ -
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Table 7.1-1: Assignment of the signs of numerator Z and denominator N
(formulae (7.1-11) and (7.1-51)) to reference angle a.

i(

Z .0 o0 -0 (0

N > 0 0 < 0 2-0

2a 0<2a<90° 90°< 2o<180° 1 8 0 0<20 1 <2 7 0 ° 2700 _2a<360 0

1 1ar It-1arc tnz

a *2arc tanINI .2 - -ar tanIN "f + ar an1l , -1 anN

O<a< 450 450.C 01<900 900<.a<1350 1350< ( 1800

The parameters c, and c2 are determined from the relevant directions. According to

Fig 7.1-2

c, - m + r and L2 = m - r (7.1-14)

From (7.1-1) it follows that

r w a- m (7.1-15)

If this equation is substituted in (7.1-14) then

£a "m £' -mI
SNM+Lit- In and L2 a M tt o (7.1-16),

coo 2am- -Oand- 2 -, o~A

After substitution of (7.1-4) the relations for the principal strains are

C + C Ca -C C, + j; Va -I*ac a and C2 C s (7.1-17)

A second approach is also possible. It yields the same results for i, and L2; however,
the function of gngles cos 2a has been eliminated.permitting the calculation of tr and f2
even with a . 45 and ( U 1350. (cos 2a - cos 90 - cos 270° 0)

(7.1-14) is again taken as a basis.

From (7.1-2) it follows that
c b - M

sin 2a - b (7.1-18)

and using the auxiliary equation

cos 2u 1 -

this re--sults in

cos 2a I fEb r (7.1-19)

If this equation is substituted in (7.1-1) then

Ca - m +J r2 - b - r)- (7.1-20)

and after substitution of(7.1-4)the radius of the circle for strain will be

=r _ C ( (7.1-21)
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If (7.1-21) and (7.1-4) are substituted in (7.1-14), the principal strains are as
follows

C + Ca c 1C! 2 • + -- /( - b)2+ (%b - c7

Ca + CC 1
-2 2 'b),÷ (7.1-22)

The principal strains of the plane strain state and the directions are found in
equations (7.1-10), (7.1-17) and (7.1-22). Now only the principal stresses remain to
be determined.

As the principal strains and their diret.tions are known and as the directions of principal
strains and principal stresses are identical, Hooke's law can be used to determine the
principal stresses:

E
0oIn T= V (C1 + VC2) (7.1-23)

j-Mz (C2 -C 1  (7.1-24)

Subotituting (7.1-17) in (7.1-23) and in (7.1-24) results in the following relation

01,2" 0 2 2 (1+p)cos 201) (+ for a,, - for 02) (7.1-25)

If the result (7.1-22) is substituted in (7.1-23) and (7.1-24), then the relations for the
principal stresses are

E(Ca + +c) E (61t - cb)2 + (cb - CC)2 (7.1-26)

(+ for a,, - for 02 )

Furthermore, the diameter of Mohr's circle for deformation corresponds to the maximum

shear deformation

2r 1 02 " Y max (7.1-27)

r 2 (11 -28)

If (7.1-15) is substituted in (7.1-27) then

Y1,- 2 c a " m'a,- - (7.1-29)
¾,cog 2M

Inclusion of (7.1-4) results in

y Ca -cc (7.1-30)

If (7.1-21) is applied, (7.1-27) will change to

1,2 v/2 •(a - 'b)2 + (eb - Cc)2 (7.1-31)

Considering (2.1-6) and (2.1-7) the maximum shear stress from (7.1-30) will be
£a - €C o1-02

max - E ,a - cc 2 11-C2 (7.1-32)
max 2( 1+W )COS

or from (7.1-31)

T E Ca b b)2 + (Lb '-C)2 (7.1-33)
•max /2 ((1+ )

0 0 0This comprises the derivations for the 0 /45°/90° rosette. The most important formulae
have been summarized in Table 7.1-2.

loeforencou: (8), (12).
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7.1.1.2 00/600/1200 rosettes

As ih the case of the 0 /450/900 rougtte, here too the necessary formulae can be derived
from the geometric relations of Mohr's circle forodeformation. As defined above,
Strain ca is measured in the direction 'a, (a - 0 ), strain cb at 60 (mathematically

positive rotation) in direction 'b' and c at 1200 in direction 'ca.

Figure 7.1-3 shows 00/600/1200 rosette and the applicable circle of strain for the
assumed measured values of cap cb and cc.

Figure 7.1-3 illustrates that:
L1 +C2  L1 •L2

a - m + r con 2a - 1T + -i--- cos 2a (7.1-34)

Lb - m + r cos(1200 -2m) -r-+- + I-- cos(120°-2a) (7.1-35)
b ~ 2  L 1 2

c a m + r cos(2400 -2a) - - + ------- cos(2400 -2a) (7.1-36)

Furthermore
C a+C b +6c CI+C2.. b+ = M = 2  (7.1-37)

These are the basic equations from which the relation for the reference angle can be

derived.

Using the auxiliary equation

cos(a-O) - cos Gcos 8 + sin a sin 0 (7.1-38)

then (7.1-35) is

Lb " m + r(cos 1200 coo 2a + sin 1200 sin 2a) (7.1-39)

and (7.1-36) is

-c 0 m - r(Cos (00 cos 2a + min 600 sin 2a) (7.1-40)

Using the additional auxiliary relations

sin 2 a - tan 2a (7.1-41)

and

cos 2a w (7.1-42)

then the relations (7.1-34) to (7.1-36) are
r

La- ta-n (7.1-43)

r
- (1 - V3 tan 2a) (7.1-44)

cr (1 + 4/3 tan 2Q) (7.1-45)

Equations(7.1-44) and (7.1-45) will be

2(m-c b) • l+tan22,

r - (7.1-46)
I /3 tan 2,

2(m-c ) 1-+-ta-?2o,
r w 7.1-47)

1 + /V tan 2a

Equating (7.1-46) and (7.1-47) results in

M - cb m - •c- (7.1-48)

1 -/3tan 2a 1 +/3 tan 2a
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and, after having substituted (7.1-37), the relation for the reference angle a Is

tan 2a a-b-cc (7.1-49)

6bc

hence

a I arc tan b- (7.1-50)
2bca '-b-'c

Its magnitude having to be determined from (7.1-50) analogous to the 00/450/900 rosette -
by considering the signs of numerator A and denominator N:

I - arc tan (7.1-51)

Z -VI (c - c) (7.1-52)

N - 2ca - lh - C (7.1-53)

For this purpose Table 7 .1- 1 ghoulg be used which applies not only to the 00/450/900
rosette but also to the 0 /60 /120 rosette.

After having determined a, the principal directions 1 and 2 can be entered into Fig 7.1-3
taking into consideration the above stated definitions; direction 1 should be entered
at an 8 ngle a, (proceeding from a mathuomatically positive rotation), direction 2 at
a+ 90.

Now the principal strains c, and C2 can be determined. Fig 7.1-3 shows that

el o m + r, c2 m m - r (7.1.-54)

From (7.1-34) it follows that

r m a - m
r Caff (7,1-55)

If this term is substituted in (7.1-54) then

Ca - m ca - m
C1 " m + €o-o••'• o'8•(7. 1-56)

osa 20 2 .~

After substitution of (7.1-37), the relations for the principal strains are

Sa 4 gb + cc 2 ca - cb - Cc
C1.2 a J 3 cos 2a ; (+ for Li, - for C2) (7.1-57)

Here, too, a second approach will be adopted whiSh evades theofunction of angles cos JQ
so that a calculation is possible even at a 45 and a - 135

From (7.1-34) it follows that

r w (ca - M) •+t2 2 a (7.1-58)

If (7.1-49) is substituted, then

r (a - M)2 +4 C¢- Cc) 2  (7.1-69)

and if (7.1-37) is substituted the relation for the radius of the circle of strain is

l(2ca-•-C~c)2+

r eb c + 1 (Cb - c)2 (7.1-60)

2- •J 2 + Cb 2 -C C2 - CC -CE C

If(7.1-37)and(7.1-60)are substituted in(7.1-54),then

c + + -1a1,2 b 3ca +b 2 + 2c 2  
-(7.1-61)

(4 for £l, for C2)
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These are the formulae for the determination of the principal strains. Now the
formulae (7.1-57) or (7.1-61) can be substituted in the equations of Hooke's law
(7.1-23) and (7.1-24) resulting in the formulae of the principal stresses.

From (7.1-57) it follows that

cA + C + c 2ca - " - '
12• ELa '(- a bs C , (+ for ol, - for 02) (7.1-62)

then (7.1-61) is

oI,2 E Ca + cb + rC 2E 2 + 2 + £ 2 - C -(7.1-63)
T-i1 '3 -3(1+u) j a 2 b c abb +cacc (.b-6

As already described in Section 7.1.1.1, the diameter of Mohr's circle for deformation,

2 r, is equal to the maximum shear deformation. Formulae (7.1-27) and (7.1-28) apply.

Having substituted (7.1-55) in (7.1-27) then

cat - m
Y2 -2 (7.1-64)

and having substituted (7.1-37) then

y2 2Ca - 'b - C
1,2 - coso (7.1-65)

Substituting (7.1-60) in (7.1-27) results in

Y - •,• •a2 b2 c ab + Ca2c 2 _bCL (7.1-66)

Using (2.1-6) and (2.1-7) the maximum shear stress from (7.1-29) will be

T 2c a - cb - cc 01+ 02
Tmax L 3(l+lj) cos 2,t (7.1-67)

or from(7.1-66)

2E Ea2+ 2+C C -bC c (7.1-68)
xmax 3 C2- j a ab ac b

Thus the derivations for the 00/600/1200 rosette are also defined. The most important
formulae for this type of rosette have been summarized in Table 7.1-2).
References:(8),(12)
7.1.2 Biaxial rosettes

If the directions of the principal stresses of a component are known, then the magnitude
of the principal stsesses and the maximum shear stress can be determined by means of bi-
axial rosettes (90 rosettes). The directions of the principal stresses might be seen
from the component type or from the type of load; they can also be determined for example
by means of preliminary tests using brittle varnish (refer to Section 1.3).

In this case a 900 rosette is applied so that one strain gauge 'a' is parallel to the
direction of the largest principal stress and 8 ne strain gauge 'c' is parallel to the
direction of the smallest principal stress (90 from 'a'). The reference angle a of
Section 7.1.1.1 is now 0 . With this strain gauge combination the strains Ca and co
are the same as the strains cl and C2.

Thus the formulae of Hooke's law for the plane state of stress (7.1-23) and (7.1-24)

can be directly applied to determine the magnitude of the principal stresses.

Fig 7.1-4A to C, shows various types of biaxial rosettes.

The determination of the shear deformation is also quite simple since the diameter of
the circle of strain, 2r, is equal to the maximum shear deformation,

, y - 2r -c - cc = cl- E2  (7.1-69)
-•1,2 a c

Thus the maximum shear stress can be calculated by means of the formulae (2.1-6) and
(2.1-7)

Cmx aE a 
(7.1-70)

Reference: (8).

--' -
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7.1.3 Shear stress measurements with 90 rosettes

Section 7.1.2 describes the evaluation of biaxial rosettes if stresses and shear stresses
are to be determined. In that case both rosette legs had to be considered as independent
strain pick-ups. Sometimes, however, only the shear stress is important, for instance
on wing and tail spar webs that can be considered, in a sense, as pure shear panels.

Now, a strain gauge cannot be used for the direct measurement of shear deformation as it
only responds to normal strains but not to shear deformation. On the other hand, there
exists a defined correlation between shear deformation and normal strain due to the laws
of elasticity.

It is therefore possible to obtain a signal directly proportional to the shear stress by
proper interconnection of two or four strain gauges in one Wheatstone bridge. Referring
to Section 7.1.2, the attempt must be made to measure the term (ca-Cc) in formula
(7.1-70) directly. This is possible by interconnecting the strain gauges 'a' and 'c'
of a 90 rosette to a semi-bridge as shown in Fig 7.1-5A. Then the bridge output voltage
um is directly proportional to the term (ca-Ec) so that

U .CTac - E ) G.Um.C = G.y (7.1-71)

with Um'C= a

If La - L1 and Lb £2, then Ta,c "max

The measured signal and thus the sensitivity is doubled if a "shear rosette" or"full-
bridge rosette" according to Fig 7.1-4D is used and if the four strain gauges of this
rosette are interconnected to a full-bridge as per Fig 7.1-5B. Here, the measuring
voltage corresponds to the term

Um- C 1•Ta,c =E. U 1 cG-UM.C _ G.y (7.1T72)

where

Um Cn = C a - Cb + Ec C d

If La . c c land Eb= ad £2, then Tac Tmax

Reference: (16).

7.1.4 Boundary conditions for the application of rosettes

The formulae stated in Sections 7.1.1 to 7.1.3 only apply to a homogeneous isotropic
material (equal modulus of elasticity and equal transverse contraction in any direction)
and only in the range of Hooke's law. These formulae cannot be used either for plastic
materials or for anisotropic, inhomogeneous materials such as fibre-reinforced materials
(refer to Section 7.13). In the latter case, other complex considerations are generally
necessary for the determination of principal strains and stresses.

7.1.5 Error estimations for measurements with strain gauge rosettes

Even if all instructions given until now are carefully observed, considerable errors may
occur during measurements with strain gauge rosettes. Three main groups can be
distinguished:

insufficient knowledge of the material constants

orientation errors (also mounting errors)

systematic errors

Their effect on the measured result will be explained below, proceeding in each case from
the occurrence of a single erro.'. In addition the different errors can occur simultan-
eously and cause large total errors.

7.1.5.1 Errors of material constants

The constants stated in the material standards are generally used to calculate the
principal stresses. However, the values actually occurring may deviate considerably
from the standard values.

Differences up to +5% can be observed in Young's modulus of elasticity. According to
Table 7.1-2, they Fave a proportional effect on the measurement. In the case of rolled
sheet metals in particular the moduli of elasticity can differ considerably from each
other in rolling direction and perpendicular to the same, thus also cauuing errors in
the measured result. In this case even the required isotropy mentioned above is no



55

longer met.

If accurate measuremeL,ts are required it is recommended that the material constants of
specimens taken from the work piece should be determined.

Inaccuracies in Poisson's ratio have only little effect (Ref (32)) which can be seen
at once from their occurrence in the equations summarized in Table 7.1-2. In
consequence, no detailed description will be given here.

7.1.5.2 Orientation errors

Errors in the orientation of the rosettes may result in large errors in the final result.
Basically, this concerns of course the biaxial rosette for which the knowledge of the
principal dtrections and the accurate arrangement of the measuring grids in these
directions is very important.
The magnitude of an error for the biaxial rosette depends on two f:V. -tors: the deviation
of the measuring grid from the principal directions and the ratio of the two principal

stresses

01

R - - (7.1-73)S o02

The determination of the shear stress x is affected only by the deviation from the
Principal directions. max

According to Ref (33), the extent of the errors occurring at various stresses can be
calculated by means of the following relations

1-R
n.1 - (1-cos 20) 100 {%) (7.1--4)

R -1
S- = (1-cos 28) 100 (%) (7.1-75)n02

nx Ta =nX - (1-cos 20) 100 M% (7.1-76)

where 0 is the deviation of the measuring grids from the principal directions.

An exhaustive derivation of the formulae will not be given at this point; it can be
taken from the references if necessary.

However, some special cases will be studied in detail.

If 01 - 02 (hollow sphere under internal pressure), then R - 1. In this case, no
directional errors can be observed and shear stress does n8 t occur.

A thin-walled hollow cylinder has an internal pressure load a1 - 202, i.e. R. - 2. The
relevant errors are shown in Fig 7.1-6.

On a pure shear panel a, -02. thus R. -1 which results in the errors no, - n 02
nTmax; they correspond to the representation of nTmax given in Fig 7.1-6.

In the case of uniaxial states of stress (02 - 0), a faulty arrangement results in
finite values for 02, i.e. for these stresses errors of unlimited relative extent are
possible. It can generally be said that with R , (approximation to the uniaxial state
of stress) the relative error of 02 also approachds infinity.

As the single strain gauge yields a mean value of the strain underneath the active part
of the measuring grid (refer to Section 4.12 and 7.2), even triaxial rosettes can show
considerable arrangement errors if these rosettes are applied on areas with large strain
gradients. If the rosettes used are too large, the measuring grids may cover areas of
different strain conditions. The resulting inaccuracies, however, are difficult to
assess as they largely depend on local conditions.

Even if rosettes with measuring grids arranged one upon the other are used as shown in
Fig 7.1-1c and g, a considerable reduction of these errors can hardly be expected sirce
additional limitations have to be accepted. In this case only very low supply voltages
should be used as otherwise the measuring grids would heat one another up. Furthermore,
flexural loads may adulterate the measured result as the distance of the individual
measuring grids from the work piece surface and thus the flexures differ. Finally,
stiffening effects have to be taken into consideration in particular with thin sheet
metals (see Section 4.10).

Reference (33).

.. ,. .. .~ . ~J~ kL..L~aa.... .... i.....ii
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7.1.5.3 Systematic errors

Systematic errors concerning measurements with single strain gauges have been dealt with
in detail in Chapter 4. However, ut this point some additinnal remarks, in particular
on the effects of error pi'opagation, have to be made in vie% ox the special character-
istics of the rosette.

Sections 7.1.1 to 7.1.3 indicate that the principal strains El 2 and the reference

angle a depend on the strains £a,b,c measure'. This clearly shows that the errors made

during measurement of strains affect the accuracy of 1 ,2 and a aikd thus of 01 2.

Referince (32)oproves that the standard deviations of the principa1 strains Sc 1 and S6 2 for
the 0 /60 /120 rosette are equal to the standard deviation Sr of the measuring values
Ea,b,c (assuming that Se - SEa - Scb = SEc). The standard deviation of angle c is thus

Sa = V' -.2  (7.1-77)

The relations of the 0°/45 /900 rosette are somewhat mcre complicated

SE - SJ1 + sin 2a(sin 2.-l) (7.1-78)S El esn a1

SI +sin 2 n2(7.1-79)S E:2 - S E :

S _ + COS22a (7.1-80)

Unlike the 0°/600/1200 roseýte, the standard deviations S now depend not only on S
E1,2 E

but also on the angle of reference a. Table 7.1-3 shows by means of a numerical example
that S or S may assume values up to 1.73 SE depending on the magnitude of a.

In general, S is unimportant as tne uncertainty during geometrical measurements
of installed Sarosettes is usually larger.

Very similar conditions to those for S apply for error effects with regard to the

principal stresses S1 2,2

The statements will be explained by an example. If a relative uncertainty

f S 0 1rh 00 (7.1-81)

is introduced where

S = sta-mr -d deviation,

a = actuu. stress

and if th? following is assumed for calculation

k: 1-000 -L- 0E:2 results from the type of the state of stress)m

S = S S S ± 1-'m
E C-a C b = C =

E 210,000 N/mm
2

u 0.30

then the values given in Table 7.1-3 apply.

Thi shw 0 0 0.. .
Th0s shows tha thS 00/60'/1 2 0 rosette usually offers a greater measuring reliability
than the 0 /45 /90 rosette. Hogeve, ithe principal directions and the exact
arrangement are known, even the 0 /45 /90 rosette may yield favourable results.

Tf errors resulting frcm inaccuracies of the modulus of elasticity are considered, the
differences between both types of rosettes become less important for the final results.

Moreover, the transverse sensitivity of the single strain gauges is important in the
case of a multi-axial state of stress. In general, it is relatively small; however,
it may cause considerable relative errors in the result of the smaller one of the two
principal stresses if it is not corrected.
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Table 7.1-3: Standard deviations S of the principal strains C, 2 and the
principal stresses 01,2 as well as relative uncertainty f
for various states of stresses.

00/450/900 rosette 00/600/1200 rosette
(the values depend (the values are
on a) independent of a)

S (urnm/m) 8.7 - 17.3 10

S (um/m) 10 - 17.3 10C 2

S (N/mm2 ) 2.2 - 4.0 2.4

S (N/mm2 ) 2.4 - 4.0 2.4

At 01 = - 02 f (%) 1.36 - 2.51 1.49

(shear panel) f (%) 1.49 - 2.51 1.4902

At a, = 202 f (%) 0.89 - 1.64 0.97

(tank wall) f (%) 1.94 - 3.30 1.94

At 02 = 0 f (%) 1.05 - 1.93 1.14

(uniaxial state
of stress) f (%) + +02

At a1 = 02 f (%) 0.73 - 1.35 0.80

(ball) f (%) 0.87 - 0.96 0.80
02

Assumptions: E1 = 1000 um/m

S = 10 Pm/m
E 2

E - 210,000 N/mm

= 0.30

. . . .... .A ...... .t..
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Usually, the transverse sensitivity on the strain gauge data sheet is identified by kt
given in %. It represents the relationship between the gauge factor crosswise to
the grid direction kt (ktrnvre and the gauge factor in grid direction
k ( axial)

AR

etr
q kt (7.1-r82)

Owing to the insignificant dfeec, k~ and k can be equated as

kkzrjI-p (7.1-83)

applies.

If the transverse sensitivity is q -2% and if u -0.3, the difference amounts to only
0.6%, this corresponds to the uncertainty of the gauge factor itseli.

The error acting on the strain due to the transverse sensitivity of the single strain
gauge results from the relation

C

n - (7.1-85)

CCt

It is now possible to eliminate the effects of the transverse sensitivity by calculation.
Table 7.1-4 shows the corresponding relations for biaxial rosettes.

The relations for triaxial rosettes are much more complicated. Therefore, the indication
of corrective formulae for E£a~bc is dispensed with, especially since in this case the

individual types of rosettes have to be treated differently.

The conditions are again less complex if it can be assumed that all single strain gauges

have approximately the same transverse sensitivity. In this case, the correction canI
be effected even after determination of the principal strains by means of the relations of
Table 7.1-4 applicable for both types of rosettes.

References:(5), (18), (33), (52), (66), (82).

7.2 Measurement of strain behaviour by means of strain gauge chains

On panels with high strain gradients, the maximum strain is difficult to assess by single
strain gauges as the point of maximum strain is generally not accurately known. When
applying a strain gauge with large grid length, £ a is covered by the gauge; however,

the mean strain measured can be far below e max by the averaging effect resulting from
this length (strain gauge 'A" in Fig 7.2-1; refer also to Section 4.12).

When using strain gauges with small grid lengths it is very likely that measurements are
taken at points far away from e caused by a faulty application of the gauge (strain
gauge "B" in Fig 7,2-1). ma

Strain gauge chains are most suitable for the measurement of the strain gradients and cEmax.
In that case, several single strain gauges with accurately defined grid distances are
arranged on a common supporting material, It is now quite easy to determine location
and magnitude of c mxfrom the individual measured values (Fig 7.2-1, strain gauge C 1,2..)

The manufacturers of strain gauges offer quite a number of different strain-gauge chain
configurations. Fig 7.2-2 shows a selection of these types.

The measuring grid sizes available on the market range from 0.5 x 0.6 mm to 4 x 4 ran;
the spacing, i.e. the distance between the individual measuring grid centres, ranges
from 0.8 to 4 mnm.
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Table 7.1-4: Corrective formulae for consideration of the transverse
sensitivities of single strain gauges of rosettes

Biaxial rosettes (equal transverse sensitivity of both strain gauges)

El £ Ca " (1-Uoq)(ra - q- E qa c (7.1-86)

£2 a £ (i- q)C-q

C2 cc 1 qc a N c - qca (7.1-87)

S1 i•oq

Y (El- C2) ) ( E- p (7.1-88)

Biaxial rosettes (different transverse sensitivity of both strain gauges)

£ (1-P q )-q c (i-o q )
al Ea ac oc (7.1-89)

C2 cc I-q qa (7.1-90)

Triaxial rosettes (equal transverse sensitivity of the three strain gauges)

- , i-uoq

El " (E1 - qc;) IF (7.1-91)

, ,1-00oq

E2 a (C2 - qcl) (7.1-92)

I I

(Eal •c = values measured)

I I

( £2 = uncorrected principal strains calculated from ca,bc)

Measurements can be performed either in the direction of the chain or perpendicular to
the direction of the chain or alternately in both directions, the latter measurement
comprising a chain of biaxial rosettes.

0 0 0Apart from that there are 0 /60 /120 rosette chains with measuring grid sizes of
1.2 x 1.2 mm and a spacing of 4 mm.

Generally,a chain insists of 10 single strain gauges but larger chains are also known.

A rosette chain, however, never comprises more than 5 rosettes (i.e. 15 single strain
gauges) on one piece of supporting material.

The types of arrangements for connections are numerous. In most cases they are
arranged symmetrically on both sides of the chain, sometimes using a common connection.
However, there are chains having all connections on one side.

Reference (74).



60

7.3 Strain gauges for flexural strain measurements

If flexural strains are to be measured on a component, strain gauges are generally
applied to both sides of the component. If this is impossible for spatial reasons,
the flexural strain can be measured on one side only by bonding two strain gauges at
a specified distance one above the other. Such combinations of strain gauges arranged
one above the other is available on the market (Flexa-Gages).

If the exact distances bet~7een the strain gauges and the component thickness are known,
the component strain on t:no side opposite the strain gauge can be determined assuming
a linear strain distribution over the entire cross section (Fig 7.3-1).

However, using this procedure requires some compromises. First of all, there is
the effect of the relation of the component thickness to the thickness of the inter-
mediate supporting layer. On the onc hand, the distance between the two measuring
grkds relative to the component thickness should be very large if the effect of errors
in the determination of the measuring grid distance is to be small. On the other hand,
the intermediate supporttng layer should be very thin to keep stiffening effects low.
Furthermore, the effect of the modulus of elasticity of the intermediate supporting
layer has to be taken into consideration. If E is too large, a noticeable stiffening
of the component occurs even with relatively thin intermediate supporting layers. if
E is too small, transfer, of the strain to the upper strain gauge is insufficient result-
ing again in deficiencies(see also Section 4.10).

Inte mediate supporting layer materials with a modulus of elasticity 1r9m 5000 to 15000
N/mmy have proved most suitable; in the case of Al and Ti, E=10000 &/mm' should not be
exceeded because of component stiffening.

The thickness of the intermediate supporting layer should be about 25% to 50% of the
component thickness. Only if it is possible to accurately determine the distance
between the two measuring grids can smaller intermediate supporting layer thicknesses
below 10% of the component thickness be used.

The appropriate length of the intermediate supporting layer depends on the thickness
of the layer. Studies with a "Pertinax" intermediate supporting layer(E - 15000 N/mm2 )
have shown that the strain is completely transferred to the upper strain gauge only after
a length corresponding to 15 to 20 times the intermediate supporting layer thickness.
Thus the overall length of the intermediate supporting layer should not be less than
30 to 40 times the thickness.

These requirements largely limit the applicability of this procedure.

At component thicknesses below 1 mm the procedure is generally not applicable because
of excessive inaccuracy. On the other hand, the intermediate supporting layer length
will become very large for the abovestated reasons at component thicknesses exceeding
10 mm.

Pre-fabricated flexural strain gauges (Flexa-Gages) cannot be used on curved components
due to pre-stress on supporting material and strain gauge.

Finally, it must be mentioned that this procedure is limited to uniaxial strain gauges
or strain gauge chains. Rosettes cannot be used due to poor connecting conditions.

If the procedure is used for panels with high strain gradients, measuring errors have
to be expected in view of the extended strain introduction distances.

7.4 Strain gauges for membrane stress measurements

It is quite difficult to determine membrane stresses with the strain gauges described
up to now. However, membrane rosettes developed especially for this purpose are well
suited for the assessment of specific stress and strain relations (Fig 7.4-1).

Membrane rosettes are almost exclusively used for the manufacture of transducers,
(e.g. pressure pick-ups, load pick-ups); but a brief description of them will follow
for reasons of completeness.

Mostly, membrane rosettes are designed as full-bridge rosettes (Fig 7.4-2A). Four
active strain gauges are arranged on a common supporting material, two of them are
located in the centre of the membrane. They only record the positive circular strain.
The other two strain gauges at the membrane edge record the negative radial strain.
This arrangement makes it possible to obtain a large bridge output signal and this a
high sensitivity transducer.

There are also quarter-bridge membrane rosettes (spiral-type rosettes, Fig 7.4-213)
recording only strain at the centre of the membrane.

Owing to the special strain conditions, both types of rosettes are always designed for
a specific membrane diameter which can only be varied within small tolerances (15%).

Commercial rosettes are available with membrane diameters from 5 to -.32 mm.

References: (6), (17)



7.5 Strain gauges for the determination of residual stresses

In many components residual stresses are produced by working processes such as forging,
rolling, milling, sawing, welding etc. In general, residual stresses can be determined
only by means of radiography (Ref (B4)) or by destruction of the component. Both
procedures can hardly be used for flight measuring techniques. Nevertheless, the
second procedure will be briefly described.

Mat ar a dr~ll-hole procedure is the one moat fgequeetly used. here a drill-hole rosette,
a 0 9/4; /90 rosette or a special type of 0 /60 /120 rosette(Fig 7.5-1) is first applied
to a point where the residual stress state is to be measured. 1z0 the case of sheet
metals and plates it is advisable to apply such rosettes to both sides exactly opposite
each other. The residual stresses are partly set free by a hole drilled in the centre
of the rosette. Now the residual stresses can be determined according to magnitude and
direction from the measured values from the three rosette legs by means of special
relations (Ref (9)).

Differences in the measured values of the two rosettes located opposite each other
indicate flexural residual stresses.

If, by gradual spot-drilling of the specimen, the strains are determined as a function of
the drill-hole depth, it is possible to define the residual stress distribution approx-
imately over the entire specimen thickness.

However, it is impossible to eliminate the residual stresses completely by means of the
drill-hole procedure. If a segment is cut from this specimen, the stresses are com-
pletely eliminated in this part. The residual stresses can thus be fully determined
by applying a rosette prior to cutting and using conventional rosette evaluation methods.
The larger hole diameter required is an essential disadvantage in using this procedure
compared with the drill-hole procedure.

Other known procedures (boring-bending procedure etc) differ from the above stated
approaches only by their method of eliminating the residual stresses. TVas they need
not be described here.

References: (9), (59), (85).

7.6 Stress gauges

The preceding chapters deal with s~train gauges that can be used for strain measurements.I
The stresses can then be determined from the strains by means of the procedurc described.

Sometimes, however, only the stress (rnot the strain) in a certain direction is of interest.
For this purpose, stress gauges are available. Stress gauges are strain gauges with a
special grid configuration.

For a strain gauge the resistance change is proportional to a strint change parallel to
the gauge. For a stress gauge the resistance change is proportional to a stress change
parallel to the gauge. There are two types of stress gauges: The T-type and the
V-type.

The performance of the T-type is based on the relation

Fig 7.6-1 shows this type of gauge. The measured Lignal is produced, in each case, by
adding the strain in measuring direction ex and the iw-fold transverse strain VE y

Using the configuration shown in Fig 7.6-1A, this is arranged by the different nominal
resistances of the two measuring grids. The value of the stress is then obtained by a
corresponding weighting (multiplication) of the output signal with E or -E

(according to the information on the data sheet).

The compliance of the transverse strain ratios for stress gauges with the material to be
measured is a prne-requisite for appropriate application. The gauges are thus designed
for defined values of p. Remaining differences can be balanced by the parallel
connection of a resistor to one of the two measuring grids (Ref (69)).

The performance of the V-type is based on the relation

2E--7 (y4Ey (7.6-2)

under the condition that cos 2'T

Fig 7.6-1, B shows this type of gauge. In Fig 7.6-1, C is similar but composed
of two strain gauges.
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The gauge shown in Fig 7.6-11) is still more versatile. In th a case it is unimportant
whether two uingle strain gauges are applied at an angle of 90 or whether a biaxial
rosette is used. The arrangement is adjusted to the material transverse iitrain ratio
by parallel connection of the resistor Rq to the crosswise bonded strain gtiuge. The
value of R is calculated from the equation

q

R DMS(7.6-3)

qq

gauge, the stress in transverse direction can also be determined by means of this same
strain gauge configuration.

References: (69), (87), (B314).

7.7 Measurement of material fatigue

The resistance of each strain gauge changes under load. The change in resistance per
load cycle grown with increasing load and strain amplitude until fracture oJX the the
measuring grid, the connections or in the component itself occurs after a certain
number of load cycles.

The effect of the increase in resistance is utilized in the fatigue life gauge -to obtain
direct information on aging. It has proved a versatile instrument for experimental
studies. However, fundamental knowledge and extreme care are necessary when this
gauge is used and the measured results are interpreted, in order to avoid misinterpre-
tation.

The configuration of the fatigue life gauge is similar to that of a strain gauge. It also
consists of a measuring grid embedded in a supporting layer. However, its functioning
differs considerably from that of a strain gauge,

The change in resistance of the strain gauge is proportional to the strain at the measur-
ing point. After unloading it reassumes its original value of resistance whereas the
fatigue life gauge retains a residual unbalance. This residual unbalance increases
with a growing number of load cycles, i.e. the fatigue life gauge "stores" all load cycles
occurring from the time of its installation. Thus, the change in resistance measured
agaiz'st the original value is a measure not only for the number of load cycles to which
it was exposed but also for the strain level to which it has been subjected. This
behaviour suggests two different possible applications for fatiguo life gauges.

The fatigue life gauge can be used as a load cycle counter if certain boundary conditions
are net. Although mechanical counters have a considerably higher accuracy than the
fatigue life gauge, the latter is often better and easier to install. However, a pre-
requisite for its use is that the same strain level is reached with each load cycle
and that the extent of the strain is known.

From the above it follows that the strain amplitude can be concluded from the change in
resistance of the fatigue life gauge if the number of load cycles is known and the
amplitude is constant. This method of application is particularly suitable for the
measurement of rotating shafts in which case it is possible to dispense with slip-rings
or telemetry systems.

The fatigue life gauge can also be used to assess variations in the amplitude levels
under dynamic load. A gauge installed for this purpose on a structure shows a certain
resistance behaviour depending on the number of load cycles for constant load amplitudes.I
If this amplitude now changes after a number of cycles, e.g. due to a fatigue fracture
occurring in the proximity, this is indicated by a change in the slope of the resistance
curve which can be used to identify the damage.

If varying load amplitudes occur, the mean load level can be determined by means of
comparative measurements. This is demonstrated by Ref (48), using results obtained on
four aircraft of the same type. These results show that the two aircraft which were
in an aerobatics squadron were subjected to considerably higher loads than two similar
aircraft used as training aircraft. The measurements further show that the load depends
on the respective position of the aircraft during formation flight.

Similar commnents apply to its use for comparative measurements on components of different
configurations being subjected to the same load spectra. In this case, the fatigue life
gauge applied to the best part shows the least change in resin~tance.

However, the main purpose for the application of a fatigue life gauge is to obtain a
reliable indication with regard to "fatigue" or the remaining life until surface cracks
appear. This requires, first of all, the determination of critical points on a stl-ucture.
Furthermore, comparative measurements have to be performed with regard to the strainsJ
occurring at these points by using test bars of the same material. Only then is a
useful statement on the remaining life possible.

Furthermore, it has to be considered that a certain strain level is required for the
optimum application of a fatigue life gauge. Very often it is therefore necessary
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to resort to surain multipliers (refer to Section 7.12).

These multipliers must also be used if materials with very low fatigue strength are to
be measured.

Up to this point, the possible application of single fatigue life gauges has been des-
cribed. For various purposes, accurate preliminary tests and comparative measurements
are absolutely necessary. In addition, certain boundary conditions with regard to
load amplitudes and the number of load cycles have to be met in most cases. However,
the field of application can be considerably enlarged by combining several fatigue life
gauges.

Reference (5) shows how a combination of three fatigue life gauges with different strain
sensitivity can be used for the measurement ol random strain distributions. However,
evaluation requires extensive computer programmes. The measurJug results published
confirm the excellent applicability of this procedure.

Reference (35) uses another approach. In this case two fatigue life gauges with
different sensitivities (varying changes in resistance at equal strain amplitudes and load
cycle numbers) are combined. With this arrangement relatively accurate statements of
the remaining life of the test specimen can also be made.

As already indicated, quite useful rasults are obtained with the two last-mentioned
procedures even without extensive preliminary tests; however, the accuracy of the
statements can be considerably increased by preliminary and comparative tests.

References: (4), (15), (19), (20),(32), (3b),(48).

7.8 Measurement of crack propazation

Like the fatigue life gauge, the crack propagation gauge is not used for strain measure-
ments although it, too, is related to the strain gauge.

The crack propagation gauge is used to assess the propagation rate of a detectu, crack as
a function of time and number of luad cycles, respectively. In certain cases of appli-
cation, such as with test bars, the gauge permits the determination not only of the time
at which the crack occurs but also of its location. However, this requires the connect-
ion of special recording electronics.

Like the strain gauge, the crack propagation gauge is also embedded in a supporting
material, but unlike the strain gauge, its measuring grid consists of several adjacent,
parallel-connected resistance paths. If a crack propagates %nder a gauge, the resis-
tance pathe are broken one after the other. The result is a gradual increase of the
total resistance. As the distances between the resistanue paths are exactly known,
it is not difficult to determine the location of the crack and its propagation rate.

Crack propagation gauges with distances of 0.25, 0.5 and 2.0 mm between the paths are
available on the market with the number of paths amounting to 10 or 20. If connectud
as recommended by the manufacturer, the total resistance will be between 2.5 and 500
according to the number ol paths broken.

7.9 Measurement of large strains

Strains up to about 25000 om/m can be measured with normal strain gauges. Special strain
gauges and adhesives are available for strains up to 200 000 wm/m. When the signals
from these gauges are evaluated, the non-linearity of the bridges has to be taken into
consideration (see Chapter 3) unless other procedures are applied to determine changes
in resistance.

Strain transformers have to be used (see Section 7.11) if the above-stated difficulties
are to be avoided; the strain transformers reduce the actual strains to smaller
strains for measuring purposes.

References: (68), (72), (77).

7.10 Special procedures for strain gauge application

In previous chapters it has always been assumed that the strAin gauge has been applied
to the measuring object by means of an adhesive. However, special procedures have also
been used which permit application without adhesive and these should be me|itioned.

7.10.1 Self-adherent strain gauges

A self-adherent strain gauge has been specially developed for measurements on components
with highly polished surfaces. In this case, the adhesion of thin elastomers is used to
transfer the strain (Ref (36)). However, in practice this method has not been very
successful because reliability is not good.
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r7.10.2 Pressure application of strain gauges

A procedure has also been developed to apply strain gauges by means of pressure. The
strain gauge rosettes were applied to the measured object (plexiglass) using k special
rubber cushion and a pressure~ of' about. 150 N/c1m. Comparative measurements with
rosettes applied by bonding showed excellent agreement in the measured values. The
reproducibility was also excellent. The relatively great force and the ipace required
for the rubber cushion during measurements are a disadvantage.

A particularly suitable field of application is indicated in another paper describing
the pressure application of strain gauges in drill-holes by means of a pressure hose
(ref (37)).

The advantage of the pressure application method is that the strain gauges or rosettes
can be used again at another location after each measurement. However, care has to be
taken that the gauges are not excessively loaded as permanent deformationu in the gauges
must be avoided.

References: (37), (42).

7.11 Strain transformers

Special strain gauges are avcilable for the measurement of large strains; semi-
conductor strain gauges can be used for an accurate measurement of even the smallest
strains. The difficulties encountered with strain gauges with regard to their
temperature sensitivity and/or their non-linear behaviour can be avoided by using
strain transformers. With these devices, strain can be transferred to an area where
it can easily be measured with standard measuring instruments.

The application of normal strain gauges sometimes results in considerable errors caused
solely by the stiffening effect of the metal measuring grids if these gauges are used
for the measurement of large strains (> 50 000 lvm/m) on materials with a small modulus
of elasticity (rubber, plastics). These and other difficulties can be avoided by
using strain transformers for large strains as shown in Fig 7.11-1A. In this case
the longitudinal strain c, of the component is transformed into a flexural strain. The
transformation ratio of the pick-up can be determined by an appropriate selection of the
bow dimensions. It is also possible to reduce the stiffening effect to a minimum by
using a very thin sheet metal strip as the bow.

The laws concerning the design of the bow and the determination (4 the transformation
ratio are included in Ref (11). However, it is recommended that tho transformation
ratio on each bow should be determined experimentally.

Very often, even the smallest strains have to be measured with great accuracy. In this
case, inductive or other displacement transducers can be used for large gauge lengths.
They cause a minimum stiffening on the component. Still it is possible to sense small
strains. Cases of application, in particular in connection with fatigue life gauges,
have become known (refer Section 7.7).

Fig 7.11-1B to C show the basic and simultaneously the oldest types of transformers
actuall~y known. The component strain occurring between the bonded surfaces is trans-
ferred via the bonding surface to the intermediate supporting layer, the actual trans-
former. By providing limited gauge lengths with reduced cross ssý,ALion, increased
strains occur which can be measured with strain gauges (punched end in the case of B,
central cross-section reduction in the case of C).

Amplification coefficients of 2 to 3 can be obtained with these types. However, they
* can be used only on very thick components due to the considerable stiffening effect.

Smaller stiffening effects and larger amplification coefficients (2 to 10) are obtained
with the transformer shown in Fig 7.11-ID developed by Hawker-Siddeley. In this case,
the strain gauge and fatigue life gauge, respectively, are bonded on to the slots of the
intermediate supporting layer. In order to avoid destruction of the pick-up caused by
local excessive load, the strain gauge should only be applied to the transformer together
with an intermediate layer ('%,0.l aun) of kapton or a similar material.

A rigid connection existe between the two bonding surfaces of the types described up to
this point so that the forces to be transferred are relatively large. The only rigid
connection of the type shown in Fig 7.11-lE aiid F (developed by Micro-Measurement) is
the strain gauge itself which means that the stiffening effects are very small.
Furthermore, effective amplification coefficients can be set more accurately than with
other types.

The strain gauge has been provided with a silicone-rubber layer to avoid buckling of the
strain gauge under pressure load. Amplification coefficients up to 25 can be obtained
with these configurations.

References: (11), (53), (88).



7.12 Geometricalflarragement and electrical interconnection to realize special
measuring effecs

Earlier c hapters have only dealt with uniaxial strain gauges or the combination of uniaxial
strain gauges into rosettes. It has been assumed that the measured signals, from say
three rosette legs, are measured with three separate bridges; then the principal directions
strains and stresses are calculated.

If the principal directions are approximately known, it is also possible to obtain special
measuring effects by combining several strain gauges and interconnecting them in a
Wheatstone bridge. This possibility has already been mentioned in Chapter 3 and in
Section 7.1.3 it has been used for shear measurements.

Table 7.12-1 shows a number of different interconnection possibilities. The strain gauge
arrangement on a component, the interconnection in a Wheatstone bridge and the sensitivit-
ies or bridge factors are given. The formulae indicate the strain on the component
surface. In the following, the various bridge interconnections will be d~escribed in
detail; however, the effects of cable resistances etc will be neglected. The relevant
corrections are explained in Chapter 3 and can be applied here by analogy.

Bridge 1 in Table 7.12-1 shows a simple quarter-bridge. It is obvious that
the strain gauge reads not only under tensile or compressive load but also
under the action of a flexural moment. A strain gauge not temperature-
compensated will also show an apparent strain c. in the case of temperature

variations. But even a strain gauge which has been compensated for temper-
ature changes will yield a small signal resulting from inaccuracies in
compensation; this aspect, however, will not be taken into consideration at
this point.

In bridge 2, the fixed resistor (R22) is replaced by a temperature compensation
strain gauge. The temperature sensitivity observed is caused by the differ-
ences between the temperature variation curves of the two strain gauges. It is
generally very small if both strain gauges are from one package or at least from
the same manufacturing batch. The sensitivity in the table is equal to zero
and will be neglected in the following (refer to Section 3.3.1.1).

.In bridge 3, the compensation strain gauge is applied to the component where
it picks up the transverse strain and amplifies the output signal.

.In bridges 4 and 5, two strain gauges each are arranged opposite each other on the
component. A compensation of the portion from the longitudinal load (bridge 4)
on the one hand and the portion from the flexure (bridge 5) on the other is
possible by different arrangements of the strain gauges in the two bridges. It
has to be noted that bridge 5 again shows temperature sensitivity.

case, the sensitivities are doubled not only for longitudinal loads but also

for flexural moments.

Bridge 7 is a combination of two half-bridges according to bridge 2. However,
here the effect of the flexural moment is compensated.

Bridge 8 is the bending bridge with the highest sensitivity. All effects
resulting from longitudinal loads, torsional moments and temperature variations
have been compensated by adequate circuitry.

Bridges 9, 10 and 11 show the same strain gauge arrangement on the component;
various effects are obtained by different interconnections. In bridge 9 only
longitudinal loads and in br dges 10 and i1, only flexural moments are effective.
Various sensitivities are obtained by different interconnections of bridges
10 and 11.

Bridge 12 is a special type. Here, four strain gauges are interconnected in
a half-bridge.

Bridges 13, 14 and 15 are torque measuring bridges with various strain gauge
arrangements. Sensitivities and compensating effects are the same for all
three bridges.

The bridges 16 and 17, representing shearing force bridges, are similar to those
mentioned immuediately above.

Only very few bridge interconnections are of importance for flight measurement techniques.

Bridge 9 is almost exclusively used for tensile/conmpressive load measurements on control
linkages or turnbuckles as in this case all effects resulting from possible flexural loads,
temperature variations etc are compensated and this bridge shows a high sensitivity.

One of the bridges 13, 14 or 15 can be used for rotating shafts.

Varioua bridges are used for structural measurement.
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Bridges 16 or 17 are used for shearing force measurements on spar webs. Here it has to
be noted that the relatively thin metal web on high wing spars (with thick wing profiles)
may buckle even under small loads. In sucA cases it is necessary to use bridge 17
provided that the strain gauges and the ±45 rosettes, respectively are located if
possible exactly opposite each other on the metal web. Only then are the effects of
buckling on the results compensated.

Similar acmments apply to torque measuring bridges that can be applied either to the skin
or even better to spar webs. In the example given in Chapter 9, the torque measuring
bridges were positioned on the skin for spatial reasons.

Bridge 11 is almost exclusively used for flexural moment measurements on spar caps or
even on stringers (one half bridge each on the wing profile upper and lower surface).
Although it is less sensitive than bridge 8, its temperature behaviour is more favour-
able (the temperature induced output of bridge 8 is only zero if the same temperature
variations occur at R, and R3 or R2 and R4).

The interconnection possibilities indicated above are only a small selection of the most
important ones. Quite a number of other possibilities, even with 8, 12 or 16 strain
gauges. can be applied; they are reserved for very specific purposes.

The description of these special bridges would exceed the scope of this report.

Reference: (69).

7.13 Measurement of strains on and in fibre-reinforced components

Fibre-reinforced materials are of increasing importance for the aerospace industry.
Their high stiffness and strength values as well as their low specific weight and in
part icular the ability to orient the fibres such that their strength values coincide
with highly-stressed directions offer considerable advantages.

The application of strain gauges on these materials is generally not difficult. Almost
any known adhesive is well suited for bonding the strain gauges on to the filler (mostly
epoxy resin). They can also be embedded into the material without affecting the strength
behaviour or the component thickness. This is impossible with other materials, as is
well known, For this purpose, connecting cables are soldered to the strain gauge prior
to its application. The strain gauge is now placed between the fibre l~ayers together
with its connecting cables without using a special adhesive; the filler resin is then
cured (Ref (40)).

No special measuring problems will occur with regard to components that can be calibrated
if their low thermal conductivity against metals is taken into consideration. In this
case, larger measuring grids or smaller supply voltages should generally be applied.
(Ref (4)).

However, considerable difficulties may occur if principal strains or mechanical stresses
are to be determined from the measured strains.

Fibre-reinforced materials are inhomogeneous and anisotropic. Each of the directions has
other elastic parameters (moduli of elasticity and transverse contraction ratios) so that
even the determination of strains has to be performed with great care.

Transverse contraction ratios can vary between 0.2 and 0.85 depending on the fibre direct-
ion and the degree of filling. Thus the transverse sensitivity of the strain gauge may
introduce considerable errors at these extreme values. A correction of the errors is
recommended whenever the elasticity parameters and the transverse sensitivity of the
strain gauge are known.
The moduli of elasticity show a similarly large spread. The values of two test bars of
boron-fibre epoxy with different fibre layers and directions are stated as an example:

1) 9 layers with the directions

0 0 0 0 02 x 0 , ±45,090 ,±45',2 x 0'

2) 8 layers with the directions 4 x (±450)

(1) (2)

0

E 90052,000 N/mm2  t9,000 N/rn2

0.42 0.85

G 28,000 N/rn2  -

S..... ,
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The values for the moduli of elasticity show that it is impossible to calculate a
mechanical stress from the strain values measured unless the fibre layers and the degree
oZ filling are known and the elasticity parameters have been determined by means of
test bars.

But even after having determined the parameters they should not be taken for granted as
these parameters cannot be considered constants according to Ref (41). The values also
depend on the configuration of the specimen.

References: (4), (34), (40), (70).

7.14 Interconnection of strain gauge bridges for the measurement of defined
load elements (structural measurements)

Mechanical loads can be completely described by three orthogonal forces (longitudinal,
transverse and vertical direction) and three orthogonal moments (moments around the
longitudinal, transverse and vertical axis). (Fig 7.14-1).

In general, however, the individual elements occur simultaneously and it is then
impossible to distinguish them from each other. A strain gauge bridge installed qay-
where on the wing, for example, responds to any of the load types mentioned atove.
Its output signal does not permit an individual determination of the portions of the
elementary loads.

For the specific application on flight test Skopinski (Ref (38)) was the first to
develop a procedure that can be used to obtain the required separation into orthogonal
forces and moments by means of an adequate interconnection of strain gauge bridges.
By concentrating on the component's bending moment, torsion moment and shear force, he
simplified the task of application. The examples of applications that became known
in practice through flight testing show quite useful rdsults although the effort con-
cerning installation, calibration and calculation is considerable. Its realization
is not possible without the use of digital computers.

In the following, the basic laws from which the Skopinski equations can be easily derived
are explained in order to judge the efficiency of these methods and to give some infor-
mation about the effort implied in their usage. For direct application further studies
of the corresponding references are necessary.

7.14.1 Basic mathematical relations

The output voltage of a strain gauge installed at random on a multi-dimensionally stressed
component is a function of the load applied

u - f(L) (7.14-1)

The following set up applies

u - alP x+al 2 P y+al 3Pz+al 4 MX +al 5 M y+al 6 M +al 7 PXPy+... (7.14-2)

a1 p vp pw Mr ,, Mt
jx y z x y z

when taking into account the individual load elements.

In this case, it has to be borne in mind that even within the validity of Hooke's law the
non-linear terms have to be considered (being introduced by geometrical characteristics
of the structure).

Consi.dering j load elements for j bridges installed, thc followint, system of equations
results

ul w allP x + apZPy + " +aPU X PVy P W Mr XSy MtZ

x~~~~ a2P waJ P r 5 MtU 2 - a21 P + + +a2jP pV p M d (7.14-3)u2x a Py "' V z x Y Mz (71 .

u a.jlPX + aj 2Py +... +ajj pp p z Mrx M y M4

or, if a matrix notation is used,

aUl all a 1 2 ---- al! P1

U2 4a2 1  a 2 2 - a 2 j P

" w I MS t (7.14-4)l pV wr Msuj aj , aj ajjx y P Z U x My M tP +

or

(u) = [a] (L) (7.14-5)
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In equations (7.14-3) to (7.14-5) he output signals of the bridges involved are described
by means of a linear combin&tion of the load vector elements involved. It is very easy
to determikae this load vector if the determinant of the square coefficient matrix is
not singular, i.e. no linear relationship exists between the coefficients of the
individual bridges.

det Cal 0 o

{L) - rb] (e) (7.14-6)

[b] -[a]

In accordance with equation (7.14-6) the individual load elements can be determined by
adding the bridge signals weighted with the corresponding factors of the [b] matrix.
This requires, however, the experimental deteroination of the [b] matrix by pre-test
calibration. The calibration procedure can be seen from the following calculation.

Only the pure forces and moments of the load vector elements are important. This results
in a new, limited system of equations.

P x bll b12 - -- - bjj [ ul

Py b 2 1  b 2 2  b2j U2

b- b 1  ,(7.14-7)

x

My I I

Mz b6 j b 6 2 - - - bGJ u

or with (L') as z6duced load vector

(L'u - [b' ) (ul (7.14-8)

where [b'] is the 6 x J coefficient matrix.

The determination of the first line coefficients of the [b'] matrix is given below as

an example:

px " {bj1  b1 2------ bj}) u1

( ~(7.1,I-9)

U.

or, after transposition,

Px {u U2 - b- - - -- - u bl

b2
(7.14-10)

The application of j calibration loads at various positions results in the following
(these loads are marked by an asterisk):
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f r U 1 1  U12 --- U 1j bl,

IPXi U21 U22 - U 2 j b12
x2 (7.14-11)

I II u.I 1

PxJ* Ujl -j2 ujj blj

**{x* [] b (7.14-12)

where {b1  e column vector of the coefficients bl. (1 1, 2,. j) yielded by
transpositi. the first line of the coefficient matrix [b'].

This results in the following equation for the coefficients to be determinea
{b*} [u] .*}

{ = [u fP X (7.14-13)

It is; by uo means, - =mon practice to install six bridges per force element but rather
to atter-,!.t J.c r..i"ce their number as far as possible. This.requires the use of addition-
al maLhematical techniques, in particular from the field of statistics. This will not
be discu'sed at this point as these procedures have been described in detail in the
references.

References: (38), (j9).

7.14.2 Calibration process

After balancing of the bridges, defined loads are introduced into the object in various
steps at accurately fixed points to determine the matrix elements of equation(7.14-11).
Assuming that Hooke's law applies, non-linearities are caused only by component geometry
so that due to the use of unchanged introduction points, there is a linear relation
between bridge voltage ýnd introduced load.

u w' k P
0 X

whiere the inclination k is determined by the most favourable straight line to be drawn
0

through I e measuring points of the individual load steps. Subsequent standardisation
to tle unit load is advisable for practical application purposes.

1.14.3 Inte-connection of bridges

Interconnection of bridges can be effected either electronically or by resistors. The
advantage of interconnection by means of analogue computer zircuits(addit ion via cpýrral iona l
amplifiers) i' that it can be done with a relatively sarall number of bridges as these can

be used in various combinations due to deci',pliig by the amplifiers. However, in this
case each bridge must be provided with its _mn amplifiers. Therefore, individual
bridges are generally interconnected via cesistors. As this method implies an inter-
action of the interconnected bridges, each bridge can be used only once. Therefore,
several bridges have to be installed.

If the internal resistance is the same for all interconnected bridges, which is mostly
the case, the connective resistor Pii (Fig 7.14-2) can be calculated from the relation

bll

R = (- - 1) H (7.14-14)

where b1 3 is the largest coefficient of the interconnection.

All anjacent bridges are connected .ia the connective resistors Rii to the neutral arm
ol the bridge associated with this coefficient. The resistors may assume values from
a few ohms to several kilo-ohms.

Sensitivity and linearity of the new combination are f.renerallv ch(ýcked hY r'ual ibration
during which a combined load is introduced into the structure.

Furthermore, occasional calibrations for inspection purposes are recommended. They can
easily be performned by applying a dvf .ed load to a given point (e.g. by attaching a
weight),
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The method of direct interconnection of strain gauge bridges may be replaced by multi-
channel recording and later digital computing if appropriate. It has to be mentioned
nevertheless that if on-line display for test reasons is necessary during flight, as
in the example in Chapter 9, this method is not economically applicable today.

References; (36), (38), (39).

7.15 High-frequency strain measurements

Strain gauges can also be used to measure shlockkaves and high-frequen'y
vibrations. The detectable degree of slope and frequency range, respectively, are
limited by the gauge length.

Fig 7.15-1 illustrates the change in resistance of the strain gauge at the impact of
a shockwave. The shock front, assumed to be vertical, moves with a velocity c.
Then, a period

t = L (7.15-1)
C

will elapse before this front passes over the gauge. The actual height of the wave
will be indicated only after the end of the gauge has been reached by the wave as the
strain gauge only measures the mean value of the various strains occurring over its
length. Owing to the linear expansion of the strain gauge, the slope of the wave
front seems to have been diminished, an effect that grows with increasing lengths.
Thus, strain gauges used for the measurement of steep slopes have to be as short as
possible.

Hlowever, the behaviour of strain gauges during high frequency vibration measurements is
more important for flight testing purposes. In special cases, frequencies up to 5 kliz
have to be measured in case of sonic loads.

Here, too, the strain gauge length is the restrictive factor. We must always ensure
that this length is small relative to the wave length of the vibration. If this require-
ment is not met, the value indioatud by the gauge will again be too small due to the
averaging effect; no indication at all will take place if the two values coincide.
Thus the actual boundary frequency that can be measured by a strain gauge also depends
on the velocity of sound in the material to be measured. The boundary frequency of
steel/aluminium (c ,, 4700 m/sec) for a given relation between wave and gauge lengths
is stated in Table 7.15-1 if a specific error is acceptable.

The references describe applications up to frequencies of 44 kHz so that in this
connection no problems may be expected for flight measurements.

References: (21), (54), (55), (56), (57).

Table 7.15-1: Boundary frequencies for strain measurements according to Ref (54).

Wave length/Gauge length Boundary frequency 1/see Error •

22.2 40,000 1
9.9 80,000 5
6.59 120,000 10
4.0 240,000 ' 30

1.16 Strai_. gauges of excessive lengths
Strain gauges with grid lengths up to "•I0 nun, in certain cases even up to 20 rim, are used
for tests or, m-t- :onoponerts.

Although comme-cial strai , gauges with excessive lengths up to 150 rmim can be used here
for certain sp(cial measurements they are, first of all, intended Lfr application in the
building industry such as measurements on concrete components. In this case the
averaging effect k-ee Sec'tion 4.12) of ti;e strain gauge is intent e1,nally used.

7.17 Interferometric strain gauges

Now that an economic ohi',rent light iource, s i. %a,,i lI, in the or)i ()f the laser.
tests to utilize opt.ical straia gauges have been reported (Ref (86) Fig 7.17 ' ). In
this case, transparent materials of minor stiffness arl used and applied to t.,e spc imen
like strain gauges. However, a bonding is offected only at the gauge ends.



7772

The interference pattern results from the overlapping of the rays reflected from the
external and internal surfaces of the strain gauge if the latter is exposed to rays
emitted from a laser Via a beam splitting mirror as shown in Fig 7.17-1. The distance
of the interference lines depends on the optical thickness of the gauge. Under load
this thickness and thus the interference pattern changes. Conclusions with regard to
the strain can be drawn from recordings of these changes.

Reference: (86).

References for Chapter 7:

(5), (6), (8). (9), (11), (12), (13), (14), (15), (16), (17), (18), (19), (20),
(32), (33), (34), (35), (36). (37), (38), (39), (40), (42), (48), (53), (54), (55),
(56), (57), (68), (69), (74), (87), (88).

8.0 USE OF STRAIN GAUGES UNDER EXTREME ENVIRONMENTAL CONDITIONS

In the preceding chapters, the strain gauge was described as a versatile means for
determining component surface stratns. It was assumed that the measurements were not
performed at extreme temperatures, in magnetic fields, in nuclear radiation or under
vacuum conditions.

For a long time, however, measur-ements by means of strain gauges have also been performed
under extreme environmental conditions. For instance on hot parts of missile combustion
chambers or on components partly located in the engine exhaust stream.

The purpose of this chapter is to give a survey of' the possibilities and limits of the
strain gauge technique under extreme environmlental conditions. Temperature is the most
important of these conditions and will thus be treated more thoroughly in this text.

8.1 Use at extreme temperatures

In the lower temperature range (200 to 450K) thc. measuring grid material used is mainly
constantan (Section 6.2). In the case of higher temperatures, up to 1000K, however,
constantan has to be replaced by more stable alluys because of its low scale resistance
and structural changes. These include, for example, modified Ni Cr alloys (Nichrome V,
Karma, Nimonic 90), Fe Cr Ni alloys (Elinvar, Iso-Elastic), Fe Cr Al and Pt W alloys.
The large number of alloys used indicates that an ideal grid material has not been found
so far. Table 2.2-1 summarizes the most commonly used strain gauge alloys. The table
makes clear that the alloya 'ised do not all possess the ideal characteristics. The
alloys with a low resistance temperature coefficient, for example, show high drift
rates and even metallurgic transformations; on the other hand, the stablest alloys have
very high temperature coefficients aRand unfavourable gauge factors.

8,1.1 Technical configurations of strain gauges for extreme temperature and their
attachment to the c~omponent

Typical strain gauge configurations are shown in Fig 8.1-1. The configur-
ation commonly used for room temperature is shown in Fig 8.1-la. The
measuring grid with the necessary leads is embedded in a plastic supporting
material. The thin sheets thus obtained are bonded to -,he component to be
examined, using organic adhesives. The applicability of organic materials
is limited to the temperature range from 20K to 450K; within this range
they are quite reliable. The restriction with regard to higher temperatures
is caused by the decrease in the strength of these materials, which prevents
a complete transfer of the component strains to the grid (Section 2.2.5.1).
In addition, decomposition and combustion of supporting materials and
adhesives leads to destruction of the strain gauge within a short period
of time.

Inorganic adhesives are used for temperatures exceeding 450K. Strain gauges
for such applications are delivered on removable plastic supporting materials
(Figs 8.1-lb and c). In pirinciple, the strain gauge, with the grid facing
the component, is placed on the ri.?asuring surface which has been electrically
insulated by a thin coat of adhesive. Part of the measuring grid is exposed
by removing the plastic supporting material and ceramic adhesives are applied
to it. The adhesives used are available in the form of aqueous solutions
and are applied by means of a hair brush. When the surface of the adhesive
coat has dried, another part of the grid can be exposed and bonded until the
grid has been completely attached to the component. Subsequently, the
adhesive le cured in accordance with manufacturers' specifications.

The grid of the strain gauge shown in Fig 8.1-lb can also be transferred by
applying a technique, called flame-spraying (Fig 8.1-2). The adhesive for
these so-called "window gauges" consists of aluminium or zinc oxide, Aluminium
or zinc oxide bars are held in the flame of an acetylene oxygen burner. At
the bar end, the oxide material melts, and the liquified small drops are
sprayed on to the appropriate surface by means of compressed air. One of the
distinct advantages of the flame-spraying technique is that high temperature
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cures are not required in order to achieve high temperature operating
capability. This feature is especially significant when bonding gauges to
large structures that cannot easily be brought to cure temperature.

An important advance towards a simplification of attachment is represented
by the weldable strain gauges (Fig 8.1-1d). In the case of these gauges
the measuring grid is bonded to a thin steel plate during the manufacturing
process. The measurement elements thus obtained are attached to the
component by spot-welding (Fig 8.1-3). Caution should be exercised in the
use of weldable gauges on titanium structures because of the effect on the
fatigue life of the structure (Ref (96)).

8.1.2 Influences of lead-wire resistances

At room temperature the lead resistance can usually be neglected or corrected for since
it does not change very much (copper leads, constant temperature). If, however, strain
gauges are used at extreme temperatures, the leads used should consist of the same high-
temperature alloys used for the measuring grids in order to prevent thermal stresses
and because of the better resistance to corrosion. In view of the high specific
resistance of these materials (Ni Cr strips), the lead resistance cannot be neglected.
Furthermore, local temperature variations can occur along the leads so that special
attention must be paid to the influence of the lead resistance on zero drift and
sensitivity of the bridge (refer to Section 3.3).

If twisted leads or closely spaced parallel leads of the same length are used, there is
no zero drift and the apparent strains (refer Section 8.1.3) become nil. In general
it is impossible to perform a correction with regard to sensitivity under the marginal
conditions specified above. In practice, therefore, lead influences should be kept
as small as possible.

8.1.3 Apparent strains

Changes in the resistance of a strain gauge which are not caused by strains related to
stresses caused by mechanical loads lead to false indications called apparent strains.
Causes for such changes in resistance are:

Temperature effects

changes in the wire resistance as a result of temperature variations;

strains as a result of di['[-eent linear expansion coefficients of measuring
wire and component

changes in the insulation resistance.

Time effects

Corrosion of' the measuring grid

structural changes

creep effects

Mathematical coverage of the temperature effects mentioned is provided in Stvt ijon 2.2.6,
equation (2.2-16). This equation shows that the strain gauge quality is mainly
determined by the expression

1K R + aB - DMS

The parameters a and a for the measuring grid materials used are summarized in
Table 2.2-1.

The table shows that temperature coefficients a of 50uim/m/K are easily reached by
various alloys. In order to be able to measurg strains of, for instance, 1000 bm/m
with an almost 100% accuracy, the temperature must be constant even in fractions of
degrees (Figs 8.1-4 to 6). This requ ie(,ment is seldom met in practice. Therefore compen-
sation procedures, as described in Section 3.3.1.1, must be applied. In principle
these procedures offset at least the disturbing thermal portion. But these
procedures, making use of circuit possibilities, are only fully effective in the case
of strain measurements at constant temperatures since in this case the bridge can be
balanced at the appropriate test temperature.

In the case of strain measurements at variable temperatures balancing is only possible
at room temperature. These so-call(ed ther'mal at ess se(au le(meIts arc d 1 i( it t1() achjicvc
("Veil W\itth CUricflnI ICtiit (OC tlni( and I I lu s tIht "1i tt ' ate 1pj)plied, cMnust be made in
measuring accuracy expected since the individual strain gauges interconnected in the
bridge will always have a different resistance temperature coefficient . The
magnitude of the resultant false signal, which is also called an effect •f residual
temperature, can be gathered from Figs 8.1-4 to 8.1-6 for the three most important
measuring grid materials Pt W, Nichromc V and modified Karma.
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Too low and inconstant insulation resistances, caused by humidity or temperature
variations, also result in apparent strains. The insulation resistance R sacts as

a shunt resistance relative to the strain gauge (Fig 8.1-7).

If the insulation resistance R isdecreases by -ARi , the overall resistance change is

R(RS - ARR*R RARs
R~is ~~is is is

is Is is i

The relative resistance change is then

_RRis R is AR is
R+ + R. R.is is is

The following equation results for the apparent strain:

I AR is(81)
s k R.is

Fig 8.1-8 shows the change of the insulation resistance of ceramic adhesives. Their
upper temperature limit is a result of ionization processes and depends on the purity
grade of the bonding agent. Measurements up to approximately 1000K can be performed
using strain gauges bonded with ceramic adhesives. In this case, apparent strain due
to changes in the insulation resistance are hardly existent.

In the case of high temperatures, the measuring grid corrosion is a source of time-
dependent apparent strains. On the one hand, the electrical resistance is continuously
increased by the reduction of the conductor cross-section, i.e. a gradually increasing
strain is simulated. On the other hand it is possible that the alloy composition and
thus the specific resistance is changed by selective corrosion owing to different
corrosion rates of the individual alloy components.

The corrosion is not only a result of the air oxygen and other gaseous corrosive materials
but can to a large ý!xtent also be attributed to the adhesives. Especially before setting
the latter can be extremely corrosive, The corrosion rate is also influenced by varying
humidity at temperatures below 370K (some adhesives are hygroscopic).

As a result of plastic deformation by stretching or rolling- the metallurgic condition of
the measuring grid wires and foils is not stable at high temperatures. It is true that
it seems to be "Iruzen" at lo~k temperatures, but it leads to noticeable dpi ft
phenomena at higher temperatures.

In add~ition, quite a number of the measuring grid alloys, such as the Ni-Cr alloys, show
structural changes in certain temperature ranges. These changes within the elementary
cells of the crystals, which occur when the characteristic temperature ranges are
exceeded, result in considerable changes in the wire resistance. These, in turn, lead
to marked drift phenomena. The overall temperature range of a strain gauge alloy is
thus limited mainly by corrosion and structural changes. The drift rate for Karma,
Nichrome V and Pt W alloys, expressed in Lim/in/min, is plotted a,. a function of the
temperature in Fig 8.1-9. The relevant limit temperatures can be taken from this figure.

In the cryogenic temperature range down to 20K, drift phenomena of the type mentiolled
above have not been observed on the alloy "modified Karma" which is commonly used for
this temperature range.

In the case of loaded strain gauges, another cause for time-dependent apparent sL'rains
can be mentioned, the so-called "creeping". Creeping is a gradual yielding of adhesive
and supporting material under the restoring force of the stretched measuring wire. In
the case of high temperature measurements with ceramic adhesives and measurements in the
cryogenic temperature range with organic adhesives (epoxy resin) this effect is hardly
noticeable or is at least unimportant i~n comparison with the other time effects.

Due to the non-disappearing mean modulus of elasticity of the strain gauge components,
the application of a strain gauge leads to a local stiffening of the component and thus
to a disturbance of the stress behaviour in the area of the strain gauge measuring points.

In the case of different linear longitudinal expansion coefficients of the component and
the strain gauge a deformation of the component, similar to a bi-metal effect, might also
occur and result in further considerable errors in measurement (Ref (811)). The effects
mentioned are, of course, particularly obvious in the case of thin components I 1nmm)
In the high-temperature range, with the use of ceramic adhesives or metal supporting
materials, but also at cryogenic temperatures they should not be disregarded,

The magnitude of the individual apparent strains can be assessed for the ma1ir,,inaI test
conditions only by the user himself. The values given in Tables 8.1-1 and 8.1-2 can
be taken as a calculation basis.
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8,1.4 Dependence of the gauge factor k on temperature

The gauge (strain sensitivity) factor k of a strain gauge is a function of the temperat-
ure (see Section 2.2.4.1, equation (2.2-6)).

The temperature coefficient of k can be calculated from this equation.

It has not yet been definitely determined which term of the sum causes the gauge. factor
change. Ref (43) assumes that the quantity 1 3 is practically independent of the

temperature, so that 1 ak is determined only by the temperature behaviour of the

transverse contraction ration p; whereas Ref (44) is of the opinion that 1 ak is

determined by the first term of the sum.

Table 8.1-1: Linear expansion coefficient a of various strain gauge
grid materials and component materials between room
temperature 293K and temperature according to Ref (43),
(45). For further information see Ref (19).

Temperature Constantan Nichrome V Karma Nimonic 90 X12 CrNi 188 AlZnMgl

K <a> 10 6 /K

20 9 9.5 - 16.9

100 11.3 11.9 - 21.7

293 - - - -

373 15.2 13.4 13.6 11.3 17.7 -

473 14.9 13.2 13.4 12.4 18.0 -

673 15.0 13.3 13.4 13.1 18.2 -

673 15.2 13.5 13.6 13.6 18.6 -
773 - 13.9 13.9 14.1 19.0 -

873 - - 14.7 19.2 -

973 15.2 - -

1073 - 16.0 - -

According to Section 2.2.5.1 changes in the material properties of wire and supporting
material must also be expected.

Fig 8.1-10 shows the temperature dependence of k for four alloys. It can be seer thv.tsubstantial chznges of k must be expected at higher temperatures. However, it can beassumcd that the gauge factor haa good repeatability.

Fig 8.1-11 shows the gauge factor charge of modified Karma in the cryogenic temperature
range. T!'e zone of spriiad of the gauge factor change for tensile and compressive
stresses is also indicated. The gauge factor change is repeatable in this range us well.

8.1.5 Hysteresis: maximum static strain

In the high-temperature range, a hysteresis exceeding the normal limits can be observed
only in the case of weldable strain gauges with metal supporting material. Fig 6.1--Y
shows the maximum deviation for a weldable strain gauge at load cycles of 1000 Vim/m
referenced to the unloaded component, at a constant test temperature. It can be seen
that a permanent hysteresis hao to bo expected for weldable strain gauges. This
permanent hysteresis can be cause6 by a plastic daformation of the welding points, as
described in Section 2.2.5,1.

According to VDE/VDI 2635 (Ref (28)), by definition the maximum permissible static strain
is reached when there is a 10% deviation between indicated and actual strain. In the
case of welded strain g&uges and strain gauges attached by means of ceramic adhesives the
maximum permissible strains are about 5000 wm/m. In the cryogenic range, at 20K,
measurements with strains of 3500 um/m ware successfully completed (Ref (45)).
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Table 8.1-2: Linear expansion coefficient a and modulus of elasticity
of various adhesives according to Ref (43) and (45)
between room temperature 293K and temperature T.

A Epoxy resin
Adhesive AI-PI Al-PBX Rokide A Av138tHV998

Temperature <a> <E> <a> <E> <a> <E> <a> <E>
K 10/K N 10'/K N/nmm2  166/K N/ramm 10•IK N/mrm2

20 . .. . 30 6,000

100 . .. .. . 36.4 5.800

293 . .- 3,100

373 7.4 10,000 10.4 5,500 - 43,000 - -

473 8.8 9,800 11.5 5,500 - - -

573 9.8 9,300 12.3 5,500 5.3 - -

673 10.8 9,000 13.0 5,500 -.. .

773 12.3 9,000 13.9 5,800 -...

873 18.0 14,000 15.7 11,000 6.6 - - -

973 16.5 12,000 15.2 6,500 -...

1073 15.0 1,000 15.0 3,000 7.0 - - -

8.1.6 Summary of the most important t-mperature characteristics

In order to be able to assess the limits and possibilities of static strains at extremetemperatures, the most important influence factors are summarized in Table 8.1-3.
But this data can only be regarded as nominal values since all characteristics can be

influenced by the mechanical background of the grid, i.e. by the degree of cold working.

The strain gauge characteristics are set to certain values by the manufacturer by
cold working and subsequent artificial aging at defined temperatures, The different
statements often found in the referenced literature at least do not discount the
suspicion that the "cultivation" of characteristics can hardly be reproduced to an
adequate degree.

8.2 Use under hydrostatic pressure

The problems involved in using strain gauges under hydrostatic pressure are not so much
related to the technical configuration of the strain gauges as to the field of applic-
ation techniques. Bubble-free layers of adhesive are indispensable. It is
recommended that a substantially higher contact pressure than specified by the strain
gauge manufacturer for normal applications be used.

Flat grid strain gauges show a linear-dependent zero point indication in the order of
5 to 10 um/m for each 1000 N/cm2 in the range up to 5000 N/cm2 .

All attempts to clearly determine the behaviour of strain gauges under very high pressures
have failed. But it can be said that the influences are in any case unimportant, if not
negligible. Measurements by Ref (46) show a certain dependence of the gauge factor
on the pressure applied. According to Ref (46), the gauge factor changes by approx
0.4% per 10000 N/cm2 .

Reference: (46).

8.3 Use under nuclear radiation

Among the measuring grid materials used for strain gauges, only the Constantan and Pt W
alloys have proved to be stable under nuclear radiation. Nichrome V and semi-conductor
materials are subject to major resistance changes. Phenolic resit, has the best
resistance of all plastics of the measuring grid supporting mateviais and adhesives.
In addition, the ceramic bonding agent based on alumniiun oxide (flLme spraying, see
S-ttion 8.1.1 and Fig 8.1-2) has also stood the tect. More dvtviled information
cannot be given since the measured results ave inf)uenced bv the dose of radiation
as well as by the radiation type. It is recormmended that this iaformatlon be obtained
from test measurements under actu~al operating conditions.

Reference: (47).
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Table 8.1-3: Characteristics of typical strain gauge systems at extremetemperatures

Grid material Modified Karma Nichrome V Pt W
Supporting material Epoxy glass fibre Steel Free grid
Application technique Bonding with e.g. Weldable Flame

AV 138 + HV 998 spraying

Application time two hours

Recommended temperature 20 K 670K 770K
range 293 K to

Apparent strain in pm/m (k-2)
for steel 1.49.74.9 - 460 62100
aluminium AlZnUgI P60 - -

Zero point uncertainty in
rm/m (k-2) for measurements < ± 100 < ± 75 < ± 250

below variable temperature

Zero point drift in pm/m (k-2) < ± 1 o
for a measuring time of < -

60 min

Creeping in pm/m (k-2) < ± 10
for a measuring time of
60 min.

Linearity and hysteresis for
a component strain of:
Cmax - 1000 Wm/m

in um/m (k-2)
Ist loading < +70
2nd loading < +25

(pcernianent)

'Max ' 3000 1,m/m

in fn/m (k=2)
lst loading < ±40

( permanent )

Gauge factor change and
spread in % between 293 K and
the recommended temperature +3.5 ±0.5 -8.5 ±2.5 -14 ±2.5
range

8.4 Use in magnetic fields

Strain gauges with conotantan measuring grids have proved useful in extremely strong
magnetic fields, Ref (51) contains a reuort about studies on strain gauges in the
constint magnetic field of a proton accelerator with flux densities of up to
20 kilogauss/cm2 . No effects of the magnetic field were observed on strain gauges
with constantan and Pt W measuring grids. Strain gauges with isoelastic measuring
grids, on the contrary, showed considerable zero drift displacements. Therefore they
must not be used in magnetic fields.

Caution is also required in the case of alternating mRgnetic fields since inductive
voltages might occur in the strain gauge.

Reference: (51).
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8.5 Use of strain gauges under vacuum conditions

The problems encountered in using strain gauges under vacuum conditions are primarily
related to the field of applicatiou techniques.

In order to prevent air bubbles in the adhesivo layer the contact pressure selected for
bonding should be higher than for applications under normal conditions since air bubbles
might lead to destruction of the measuring point. Care should also be taken in
selecting the necessary protective materials. A glass fibre mat impregnated with epoxy
resin (contact pressure approx 10 N/cm2 ) has proved quite useful for applications up to
about 10-7 torr. (Ref (45)).

The use of strain gauges under maximum vacuum conditions (<16 7 torr) creates many more
problems aince the degassing rates (torr litre/sec cm2 ) of the plastic materials used
for the strain gauge measuring point are very high. This might lead to problems with
respect to the final pressure required. Ref (40) contains some data on the degassing
rates of various plastic materials.

References for Chapter 8:

(B10), (B1I), (4), (8), (43),(44), (45), (46), (47), (49), (50), (51. (60),
(63), (65), (72), (78), (79), (80), (91), (92), (93), (95), (96), (97), (08), (99).

9.0 INSTRUMENTATION OF TWO VAK 191 B AIRCRAFT WITH FLIGHT LOAD MEASURING SYSTEMS

The preceding chapters have shown the diversity of the spectrum of factors which must
be taken into consideration when using strai.n gauges. The interaction of all factors
involved contributes also to a large extent to the success of a measurement. It is
very difficult to describe this aspect in the abstract. It seems to be useful,
therefore, to conclude with an example.

For this purpose, the instrumentation ot the VAK 191 B VTOL aircraft built by
VFW-Fokker with strain gauge systems is described in some detail.

From 1968 to 1970 the VAK 191 B prototypes were manufactured. Two aircraft, Vl and V2,
were to be provided with flight load measuring systems during manufacture (see Section
7.14).

The following measuring sections were planned for each aircraft:

4 measuring sections in the wing (2 port and 2 starboard)

2 measuring sections in the horizontal tail (1 port and 1 starboard)

1 measuring section in the vertical tail

1 measuring section in the rear fuselage

a number of measuring points on the landing gears and flight controls.

A requirement of approximately 2000 single strain gauges (or correspondingly smaller
quantities of biaxial rosettes), including certain reserve quantities, was estimated
for the two aircraft.

9.1 Selection of components

In this connection, the following constructive and application-specific aspects had to
be taken into conbideration:

Wing design:

Torsion box with 4 main and intermediate spars, upper and lower skins riveted,
all components milled, very thin wing profile.

Horizontal tail design:

Torsion box with 4 spars and riveted skin panels, centre box (within the
fuselage) in two.-spar construction, milled from block.

Vertical tail design:

Torsion box with 3 spars and riveLed skin panels.

Operating speeds:

Hover :light up to high subsonic speed at high altitudes. During hovering,
hot bleed air was tapped from the engines and led through the wing box to the
wing tip via pipes for control purposes. The tcmperatures in the vicinity
of the bleed lines reached approximately 470K, but the hovering time was
limited to a few minutes.



Tbe basic characteristicE of strain gauge and adhesives needed were determined from the
following conditions:

The design data and the statements in the NACA Report (Ref (38)) led to the
conclusion that up to 6 full-bridges had to be interconnected. This resulted
in the strain gauge resistance of R - 600a (it was necessary that the total
resistance of the interconnected bridges was not too small).

* Since measurements in the aircraft were to be carried out on aluminium
components only the temperature coefficient was fixed at

aw23 jim/in/K

* A mezn.oring grid length of 6 mm was selected but on account of production
prC;. Z.f~s encountered by the manufacturer a strain gauge with a 7 mmn
measuring grid length was used.

* According to specifications, a maximum temperature of 470K was expected but no
measurements were planned during hovering (it is only during hovering that this
high temperature is reached), From this it followed that all components had
to withstand these temperatures but that it was not absolutely necessary for
strain gauge and adhesive to be capable of performing at these temperatures.
Nevertheless, the temperature limit of the strain gauge selected amounted to
about 500K for static measurements, It was the HBM type 7/600 LB 13, a metal
foil strain gauge with constantan measuring grid and ghenolic resin supporting
material. It was not intended to use 00/000 or ±45 rosettes; all
configurations required were to be built up from single strain gauges.

* The adhesive selected was the epixy resin system AV138 + HV998 (refer to
Section 6.4.1,3). Oa account of the simple handling (cold setting) and its
fairly good properties this adhesive promised the most favourable results
with respect to temperature resistance and installation effort.

The solder support poijats to be used with the strain gauge adhesive were also
purchased from HBM, but partly also from BUDD. A solder with a melting point
of 520K was selected for the soldering joints.

Teflon-insulated 3 or 4-core shielded cableL. (cross-section 3 or 4 x AWG26
0.14 nun2) with silver-plated copper conductors were selected as connecting

cables.

For protective purposes, the silicone resin Elastosil 33 with the primer FD
manufactured by Wacker was chosen.

* Auxiliary material such as emery paper and cloth with different grain sizes,
HEK, various tools etc was also provided.

All the components had been in use at VFW-Fokker for an extended period so that an
excellent team which was fully familiar with the installation technique was available,

9.2 Installation technique

The installation technique will be described by taking measuring section 1 (Fig 9.2-1),

the inboard section on the port wing, as an example.

9.2.1 Location of strain gauges

All strain gauges, their cabling and their protective covers had to be installed in the
wing box before one of the skins (in this case the upper skin) was riveted, i.e. before

the torsion box was closed.

All spars were designed as Ui sections, but the strain gauges for the bending bridges
could not be placed on the U section legs since, as far as possible, damage during
riveting had to be avoided, Furthermore, in the case of strain gauges being bonded
between rivets, the strain gauge is mostly positioned relatively close to the next rivet.
This can increase unreliability since practically no rivet can be made water-tight.

For the reasons mentioned above, 'the strain gauges for the bending bridges were thus
positioned on the spar webs, relatively far away from the rivet holes and the riveting
tools. The decreave in sensitivity, as compared with other arrangements, was accepted.

The shearing force bridges were placed on the spar webs between the strain gauges of the
bending bridges.

The torsion bridges were attached to the inner surfaces of the skins, one 06orsion bridge
between two spars.

The exact position of the strain gauges on the spars bind skin panels is shown in
Figs 9.2-2 to 9.2-8.
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It should be noted that all bridges were duplicated in order to provide for an adequate
selection with respect to the interconnection of the bridges according to Ref (38).
Furthermore, some reserve bridges had to be available.

9.2.2 Installation of the strain gauge bridges

For reasons of schedule, manufacture had to proceed very quickly. This, together with
the fact that all strain gauges on the spar web were located quite close to each other,
necessitated the following installation procedure:

* Full-scale drawings of the measuring position were prepared on the basis of
drafts or the object itself;

* All strain gauges and soldering support points planned for the respective
position, including the appropriate measuring point numbers, were included in
these drawings. The connecting wires for the individual bridges were also
drawn to scale in the applicable colours;

* Self-adherent tape (sufficiently wide Scotchtape) was then stretched out over
the drawings with the adherent side facing upwards. The completely prepared
strain gauges and soldering support points were then attached to it in
accordance wi h the drawings.

Parallel to these operations, the bonding surface of the object was prepared for
the bonding process. In addition, the rubL -r cushions for applying pressure
on the strain gauges as well as the clamping devices were adapted to the area
concerned.

After completion of the preparatory work described above, the adhesive compon-
ents could now be weighed, mixed and applied to the strain gauges. The tape
with the strain gauges and soldering support points, all of them coated with
adhesive, was placed on the appropriate surface of the structure and fixed by
means of clamping devices. The clamping devices were removed after 8 hours
at the earliest but in most cases not before the next day in order to ensure
proper setting of the adhesive.

It was possible to prepare the wiring on the basi~s of the full-scale drawing.
The individual wires were cut to the correct length, stripped, tin-plated and
then bent to the proper shape in accordance with the drawing.

After removal of the clamping devices, the adhesive tape and excess adhesive,
all strain gauges were individually checked for resistance and insulation
resistance. Subsequently, the strain gauge lugs were soldered and the
resistance measurements repeated. Afterwards the completely prepared
connecting wires were soldered to form the full-bridges, and the m~easuring
cable was connected, The unbalance and insulation were measured.

When all the measured values were within the permissible tolerkance range, thle
entire measuring points were thoroughly cleaned, degreased and coated with
FD primer. When the primer had dried, the silicone resin was applied.

The bridges were considered acceptable unless the unbalance exceeded a value of
approximately ±1000 pEc. In a few exneptional cases, ±1500 pc had to be accepted as
well for reasons of time. A minimum insulation resistance value of 1000 Mo was required;
but generally the insulation resistance was about 105 Mo.

The values measured after the individual operations were entered on forms specially
developed fcr this purpose in order to permit the detection of changes at any tine.

After completion of the bridges the torsion box was closed and riveted. During the
subsequent control measurements, only one of approximately 300 full-bridges installed in
the two aircraft showed a major unbalance indicating a defect in one of the strain
gauges or in the wiring.

9.2.3 Installation time requirements

Although thle team was fully familiar with the installation technique from thle very
beginning, individual steps of the procedure could continuously be improved and refined
in the course of work. When installation work was commenced, 13 working hoirs were
required for each full-bridge. During the final phase thle same operation did not
take more than 8 hours.

9.3 Calibration

After completion of the strain gauge system, the aircraft was finally assembled and
equipped. Calibration work was not performed unLil approximately two years- after
installation of thle strain gauge bridges, in June 1972.

The check measurements prior to calibration revealed only slight changes in the
measured values. Most of them, however, could be attributed to reasons connected
with the assembly techniques used. Thle output signals picked up during calibration
were also acceptable. There were no significant non-linearities or zero drifts so
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which were weakened as specified ton tbp pcgA am.-'- -_ * i
In order to keep the signal uafdisturtmp 63 *%bo WW**4P...

of spar 2 and a torsion ieasurift breaftw *I v~t '.qrw- _U :IN*ýw&

* The measuring system for beading momrsi compr#aoA aman %c*stv& lba am..a
bridge was a bending bridge of tpar 3 A&6 war Vebim a'wt -!%W "4'r1m. Toe'wo
bridges of spars 1 and 3 as well as ame tactics mau*ý&aik iweav *1 av*ý-

* The torsion measuring system bhd to bw k-ampo4 of *ax 4 60WAS5MIL
bridge of spar 2 proved to be ttw most faourmabLw uatistaes low Vi6r mov. vg*L*~
The arrangement was completed by a shearing forcw beiidgw of *VA 1- a owsv
bridge of spar 4 and three torsioa bridges o~f sps~m 2. 3 &&4 4

The interconnection of all other measuring sections u"saiilW

From the 24 bridges installed, 15 were selected for combiaataoe. so that 9 brid&gca %.r%

still available if any of the bridges should fail. However, it msst bo wxpectvd that
much more complicated interconnections could be required in the ca"e of a s*% combination.

9.4 Results

Flight tests were started subsequent to calibration. All measuring points connected

to the measuring systems provided satisfactory measured values.

A control measurement of zero drifts and insulation resistanhces at the time of flight
testing resumption in July 1974 did not reveal any important changes in the measured
values for the measuring points checked.
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Measuring grid C over

Suppo-fng material

A B

Fig. 1.2 - 1: Basic structure of a strain gauge
A Uncovered measuring grid
B Covered measuring grid

Fig° 1.2 - 2: •1eatstone bridge (balancing method)
us

R2 R1

Fig. 1.Z - 3: Wheatstone bridge (diagonal voltage method)
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Fig. 1.3 - 1: Mechanical extensometer (B3)
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Fig. 1.3 - 2: Martens' extensometer (B3)

Output pressure

dCL; a" "
P" P,, 0, p 02C1o oi o-..: ZCp .I c

Constant Tongue movement

input pressure
Centre of rotation

B) Differential pressure output A) Plain pressure output

Fig. 1.3 - 3: PneLiatic transducer (B3)
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A) Transverse Armature Type B) Plunger Type

Al Short-C.:rcutaed r 12 c Y

Coil I Coil 1 Primary C(o lunger

C) Short - Circuited Winding D) Differential Transformer Type
Type

E) Twin Blade F) Rigid Attachement

Fig. 1.3 - 4: Inductance transducer (B3)(B4)
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Fig. 1.3 - 5: Vibrating-wire transducer (B3)

Sensor Flexure
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-Link Sensor Lead Wire Terminal

Attac nt Excitation Lead Wire Terminals
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Fig. 1.3 - 6: Basic structure of a capacitive
transducer.
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FF

A) Pure Tensaie Stress, Force F B) Pure Bending, Moment F'd

~# 450

4 = f45I

C) Bendlng,Final Force F D) Pure Torsion, Moment F-d

Fig. 1.3 - 7: Brittle lacquer method
typical crack pattern in a bar under elementary stresses
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Fig. 2.1 - 1: Circular bar under tension load
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Fig. 2.1- 2: Schematic o - c - diagram for mild steel
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Fig. 2.1 - 3: Elemnt of a shear-stressed panel
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OY Oy

Fig. 2.1 - 4: Uniaxially stressed plate (B7) Fig. 2.1 -5: M•ohr's circle for the
uniaxial state of stress

A ''

-xi

oyy

oyyc _ _ _

Fig. 2.1 - 6: Uiaxially stressed plate (B7) Fig. 2.1 - 7: •hr's circle for the

biaxial state of stress

. .... .... .
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Fig. 2.1 - 8: Planar state of deforniation of the uniaxial state of stress I
I

I
I
I

Fig. 2.1 - 9: t.khr's circle for deforuation
applicable to the condition sho�m in Fig. 2.1 - 8
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x rx

4F 4F

Fig. 2.1 - 10: Spring system Fig. 2.1 - 11: Spring/mass system

Z Vibration

E

Strain at the Bar4 .00 Surface

E.

Fig. 2.1 - 12: Shniple two-node vibration
(bar supported at both ends)

Vibration

E,

,lb Strain at the Bar
Surface

Fig. 2.1 - 13: Three-node vibration
(bar supported at both ends)
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CI

Na

Fig. 2.2 -1: Crystal lattice (elementary lattice cell)
of the ionic crystal NaCi

\K\

K

Atom Distance

2 /

2 /K

Fig. 2.2 -2a: Forces of attraction and repulsion in a solid body
r = distance between two atoms
ro= equilibriunm distance

o: K

Atom Distance
A r

- IHooke's Straight Line

Fig. 2.2 - 2b: Cumulative force near equilibrium position

± x = change caused by thermal and/or
mechanical deformation
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"D R
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Fig. 2.2 - 3: Definition of the gauge factor kD
for metal conductors

24-
10-3 Platinum-Iridium 5/95Z oS20• ki= 3.2

RR 16-
Constantan

12 kD= 6.5

8 kD= ZO

-O{\i 2 Nickel

Fig. 2.2 - 4: Rnsistance versus strain characteristics
of unsqpported metal conductors
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Measuring Grid

Supporting Material

O -To Measuring Grid Plane

Fig. 2.2 - 5: Basi," strain behaviour in a bonded strain gauge

Supporting Mcder•i
Thickness 6i
Modulus of

Adhesive Measuring Grid
Elasticity El / -L 1  Supporting Loyer

6K, EK %0/Z 6,E,
a

Shear Stress Shear Stress Behaviour

b

S__ Beni•,ng -Spring
..oS"nSupporting Material

Measrrq rid -Bendrig - Spring Adhesive

Measuring Gr Support1 9 oteri101 Adhesive

d

Fig. 2.2 - ba/d: ,4ki& cofiception of the action of a strain gauge
according to Rohrbach and Czaika (2)
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BC 6035 Adhesive + SR, 4:porIing Material

V+ 5ma upporhn
*Material

610
27•3 3Yx) 3!M 340 36 3bO

-- s-- Temperature

Fig. 2.4 - 7: Shear modulus of supporting layers as a function
of the temperature according to /3/

Ca r/ r2r3
rs

b

r, r2 T3 r,.

Straight Length LE

Fig. 2.2 - 8a: Melasuring wire in meander-like arrangemt

Fig. 2.2 - 8!b: Strain behaviour in a straightened measuring grid
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Metallic Electrode ý.Vppor rn Material
SeqmiCondUCtor prigMtrl

(Si or Ge)S

Fig. 2.2 - 9: Basi structure of a Fig. 2.2 - 10: Impurity con-
semi-conductor strain gauge duction in a

p-type semi-
conductor

n-Si p-Si
p-Ge n-Ge

S14

SiS

-e*

S. S

AR

Fig. 2.2 - 12: Examples of gauge Fig. 2.2 - 11: Impurity con-
factor variations duction in a
in semi-conductor n-type semi-
strain gauges conductor

200 PIll

4 P (1101

k

40M Specific
0. # ' 2" t I Resistance

0 1c 1N[11]

Fig. 2.2 - 13: Gauge factor of a semi-conductor strain gaugc
as a function of specific resistance, doping
and crystal orientation
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Fig. 2.2 - 14: Temperature dependence of the gauge factor
of a semi-conductor strain gauge
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0200 320
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20.

.C 10" ¶10. Temperature

-30

Fig. 2.2 - ISa: Self-compensating effect of a p-type aid w-tyji Si
simi-conductor strain gauge on steel

Fig. 2.2 - 15b: Self-comensating effect of a metal straiht gauge
on steel
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R R
-SU S -....... -t

Fig. 3.0 - 1: Voltage divider Fig. 3.0 - 2: Voltage divider circuit for
ci~uit ineasuring alternating signaLls

II

1.0 - -

0.9 - - .I - '

o.8 - -

0.7 - - -- - - - -

R,0.6 /- --

0.5- - - - - - - - -

0.4- - /L - - --

0.3 -

0,1 - -- - I*
•-? 2 5.•-I z s1 2 5 10 20 50V12.

WCRm

Fig. 3.0 - 3: Alternate circuit Fig. 3.0 - 4: Frequemy dependent measuring voltage
diagru for Fig. 3-2 curve pplicable in the case of the

utilization of a voltage divider cir-
cuit for alternating loads (• - Zif)
(B3) (see circuit in Fig. 3-2)
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20'1

Fig. 3.1 - 1: Current and voltage distribution in the IWhetstone bridge

3 Rr e

R R1.

SFig. 3.1 1: Current andrvoltag distribution in thWeatstone bridge
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Rl+E - R3  IR, +ER
6 0

us Urn us U4n

R2 R4 JR 2 R

EIR, F -E R
Uis UMn

R2 -E .0E R4

Fig. 3.3 - 1: Various bridge arrangements
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Fig. 3.3 - 2: Non-linearity factor of a quarter-active-bridge

0.1o.
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7k2 rý19 n9=

0
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Fig. 3.3 - 3: Dependence of the non-linearity factor on the
resistance ratio
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Fig. 3.3 - 4: Quarter-activc-hridge te'nqxwraturv,-(cMpns;atcd

by a passive strain gauge
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R +E R3

RL2
R2 R4

Fig. 3.3 - 5: Lead %ire resistances in a simpIe quarter-active-bridge

RLI

RRm
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"RL2 R 2  ]R 1

j:ig. 3.3 - b: Quarter-active-hridge with a three-wire circuit

~.
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R 2  R 4

Fig. 3.4 - 1: Bridge balancing by a shunt bridge

(jl-x)H%

Fig. 3.4 - 2: Equivalent representation of the shunt bridge
shown in Fig. 3.4 -1

us Ra R8  M

RIB Balancing Resistor

Fig. 3.4 - 3: Compensation by balancing resistor

JI
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R/2 i212

Uu -s--- I- U -

R/2

Fig. 3.5- 1: Voltage-controlled Fig. 3.5- 3: Separate-arm-controlled
bridge current supply

RI R

2R R1.

gum

Fig. .3.5 -22" Six-wire circuit for a voltage-controlled bri,,<c
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i

UUa

121
Fig. 3.6 - 1: Neasuring arrangemlent w•*h alarge couunon-mode voltage

R2 .4 Um

Fig. 3.6 2, Earth-symmetrical bridge

u s

Electrically Generated Interfering Voltages

-... Magneticully Generated Interfering Voltages

Fig. 3.6 - 3: Influence of electrical and magnetic interference
fields on iw-asuring bridges in the case of an
asymetrical supply (B4)
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AR A

I

Fig. 4.3 - 1: Mechanical hysteresis of strain gauges

Measuring Grid: Constantan Wire
Grid Length 20 mm
Supporting Material, Phenolic Resin

100 Adhesive: Phenolic Resin
0.2%

01%

n'5

x:E 0 1 ...

273 3003'40 3&0 4bO
Temperature _- K

Fig. 4.5 - 1: Tiae-teqncrature creep diagram

3000 1 30 100 IJ' Failure Zone

pm4 E

T2o
1500" Zero Drift

1000.

500 •

0 1 1 10 i6i 1 ' • • i60 1I[ j 16 103 I'1 105 106 107

Nunter of Loud Cycles N N

Fig. 4.7 - 1: Fatigue strength diagram
Zero drift and failure zone of modem foil strain gauges
as a function of the number of lo..J cycles and the alternating
strain aplitude

...................................................................... i -
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Strain Values for Strain Gouges

"of Various Lengths

-wL
Strain Gauge Length-

Er= Measured Strain EB= Component Strain

Fig. 4.12 - 1: Basic correlation between the measuring grid length of a
strain gauge and the •easuring value illustrated by the
notched bar test



113

u I"

0

o4 1

U w

I I ,- I

4.6

... ...... tJ

• nn )
oco

•_ "pb

n~-C-

-- i



114

Strain Gouge

Soldering Terminals

Fig. 6.5 - 1: Connection technique for strain gauges (general)

"z-15mm

2-3mm

A B

lead stripped over long length all single wires but one
cut short

Pre-Tinned

Connecting Point
s-,-Strain Gouge-_

Soldering Terminal

C D
prepared lead soldered to single wire bent and soldered
the soldering terminal to the pre-tinned connecting point

Fig. 6.5- 2: Connection technique for strain gauges (recoumended
by the manufacturer)
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Lc

CC

b

900~
450~ 450

Ibl
A B C

---- 200"
F b 1200 1200

--/ aa __0a aaa

b

D E GF

Fig. 7.1 - 1: Various types of triaxial rosettes

A to C 0_/ 45°/ 900 rosettes
D to G / 60&/120° rosettes

-. - -2'- - . . - - - -- ~ . - . . . . ,-. - . - . . - -- ~ -.-- ..
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coo
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C14U

_L.
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A B C D

Fig. 7.1 - 4: 900 rosette
A, B normal type
C type for shear masuremnts
D full bridge type

SR 2\

us u

A B

(cI-z) U (•irC-E2 3-3+E.•) -•U

2Z22 EE 11 -N'22 R4 3 3 .

""mx 2 (1+p) max E 4 [1+p)

Fig. 7.1 - 5: Shear measurements with 900 rosette

A semi-bridge
B full-bridge
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% { - -Io-.- 2-

a lo7 2.0

3-D7 23I
2

o
w

ma

6-

0 1 2 3 4 5 6 7 8 9 10

Error Angle - floj]

Fig. 7.1 - 6: Errors occurixg during determination of stress due
to orientation errors caused during strain gauge
installation for 01/02 - 2 (33)
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F123 7 (Schematic

man of sta5 garaie chaavins
Strain~ ~ gag : aurn rd too on

Strain gauge CI- 10 : strain gauge chain

* I N

Fig. 7.2 -2: Various types of strain gauge chain~s

Strain Gouge A

I nterme'ditote StrtnGueBd
Supporting Layer 'A
AdhesiveE,/

C

Comp~onent

Fig. 7.3 -1: Flexural strain measurements
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Et,

T- 6

Er t

AB

Fig. 7.4 1 : Strain conditions on Fig. 7.4 -2: Membrane rosette types
pressure-loaded clasped A full bridge
membranes /17/ B quarter bridge

Fig. 7.5 -1: Rosette for residual stress
measureaents according
to the drill-hole procedure

×

Y -Y
x×

X Measurg Direction
,••B for all Conýfig urotions CD

: Fig. 7.6 - 1: Stress gauge types

2___ _ _.
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I I ---

A B

Sensors

C /D

Bonded Areas

Sensors

E )F

Fig. 7.11 - 1: Strain tramsformer
A,B strain transfomers for excessively large strains
C,D,E,F strain transformers for excessively small strains
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MYM

FZ

z

Fig. 7.14 - 1: Coordinate system for forces and
ments as used in chapter 7.14

l R3 RR3, , R

R1/2 /2
i 71 R32: rig i _2

Fig. 7.14 -2: Bridge interconnect ions
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Component

•-I ý-Strain GougeII

RI

, I

i I

Fig. 7.IS - 1: Strain gauge indication during passage of a shockwavQ

I

Semitransparent

Soft
Photoactive Material

Component

Fig. 7.17 - 1: Principle of the interferometric strain gauge
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Normal Configuration

HT Strain Gouge with Removable
Plastic Supporting Materials

4

®Connecting Leads
S® Protective Foil

S© supleetar Supportin

"Material

b c

Weldable HT Strain Gauges

"-g•• ••.. xx W"eding Points

Single Gauge Half - Bridge

xi
Full- ridge

d

Fig. 8.1 - 1: High teMerature strain gauge configurations
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Spray Gun Cerarnc Bar fRokide H)

Oil Separator 1Gas Flow Meter

Water Separator I

Air Oxygen
Filter Control Unit

Fig. 8.1 - 2: Flame spraying device for application of free-grid
strain gauges

. CERAMIC TERMINAL

, • STEEL TERMINAL

CURVED LEAD WIRE WITHOUT TERMINAL

Fig. 8.1 - 3: Application and connection of weldable strain gauges (46)

.1~
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Apparent Strain ot
Typical Pt-W Stroan Gauges

60 1ýa.1

_ • Standard Deviation

300o -. •90-200 2O-

0 CB g Temperature

73 ý0 900
-100~

-300-

Fig. 8.1 - 4: Apparent strain (k-2) of typical Pt-W strain gauges applied
to Co Cr Ni steel by flame spraying and their standard
deviation, referenced to the mean value, as a function of

temperature

I

I

Apparent Strain of
Typical Nichrorrie V Full-Bridge Strain Gauges

X!

- 00- Standard Deviation

th envaua fnto f tepeature
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II Standard Deviation
PM

80 s-M

20010 18 0

40 - Temperatu•e

80- Apparent Strain of
Typical Mod Karma Strain Gauges

Fig. 8.1 - 6: Apparent strain (K-2) of typical modified Karma foil stwain
gauges on Al Zn Mg 1 and their standard deviation, referenced
to the mean value, as a function of temperature

R

Ris

Fig. 8.1 - 7: Strain gauge insulation resistance

MQ'S2i Rokide H
101

"405
u Al

101 - Pt-W Free-Grid

'd 5 Strain Gauge
(xRokid

.0 /
Pt-W Half -Bridge Weldable

lt atr e

600 80O 1000 1200
- K --. '

Fig. 8.1 - 8: Insulation resistance of high-temperature adhesives as a
function of temperature

- •;,- |
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Nic.hrot* -v

10 
II'eld a b le S in g le ,

5 vjI m 
Nichrome V

05- //
Fr--8-dge

(1 02- Pt-W Wedal
0F- Half-Bridge

4 L --Q L02:293 4w0 500

am

•- o5 Temperature -- K --

-5 Asbestos Supporit.,•1 Material
-10 Silicone Adhesive Pt W. Free Grid

Flcwy Spaying

Fig. 8.1 - 9: Drift rates of various high temerature strain gauges

Constau tonr chanrio s

i mri a s f i ofTemperature
223 . ' 

. Karma

S~Pt W

Fig. 8.1 - 10: Relative gauge factor change of various strain gauge
grid materials as a function of temperature
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Tensile Stress

kT Standard Deviat ion

t293 Oit
k

20 160 18 - 22 '300

Fig. 8.1 - 11: Relative gauge factor change of typical modified Karma
foil strain gauges on Al Zn Mg 1 as a function of temperature

V1s Loading

tr402 Loading (Permonwe)

Temperature

293 4w Soo 60700
-K -~

Fig. 8.1 - 12: Hysteresis of typical full-bri•je strain
gauges on CoCrNi steel as a function of
temperature
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