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N~ SUMMARY
! : In multi-component strain gauge wind tunnel balances it is common practice to use
./-: Jour arm bridges of gauges arranged to produce an output from one load component and
“ 5 not from other load components which also cause significant strains under the gauges.
23 This system relies on the fact that there is fundamentally one output-producing pattern
of strains and three non-output-producing patterns. It is shown that interactions arise
\ beiween the various strain patterns and that these interactions, and hence the balance
* - calibration equations, are deperdent on the nature of the readout equipment used. Specific
}'_:. precautions which must be observed 1o obtain 0-01%, accuracy levels are investigated.
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1. INTRODUCTION

In high speed wind tunnels it is common practice to measure the aerodynamic loads acting
on aircraft models with force balances located inside the model. These force balances transfer
the total acrodynamic load, and the model weight, to a supporting sting which usually protrudes
from the rear of the fuselage and attaches to the model attitude control system. The vast
majority of these internal balances use resistance strain gauges bonded onto fabricated or
machined-from-solid metal structures.)-4 In recent years internal strain gauge balances have
also been widely used in low-speed tunnel tests of jet aircraft which lend themselves to sting
mounting.

It is usual to arrange for a wind tunnel balance to measure six force and moment com-
ponents so the aerodynamic load acting is completely defined. In principle any six independent
outputs from a balance can be used to determine the total load acting. However, unless these
six outputs are well conditioned, the accuracv of determination of the total load could be poor.
From an aerodynamic viewpoint it is usual practice to describe the total loading in terms of
three orthogonal forces acting through the model centre of gravity and three orthogonal moments.
Since this type of force and moment component system is easy to visualise and does form a
well conditioned set for the determination of total load system acting, it has been usual to
design balances with a similar set of outputs. It should be noted, however, that for some balance
arrangements there are good reasons for departing from this system of outputs.®

To maintain the high accuracy required, it is usual to use separate four-active-arm bridges,
where each arm may contain one or more gauges, for each of the balance outputs. Due to the
space constraints imposed on balances internal to models it is not usually possible to mechanically
separate the load components completely, as is done with mechanical balances which are mounted
outside the tunnel test section.2:¢ For internal balances it is usual to resort to “strain arithmetic”
to separate the load components. Each bridge is arranged so that the relevant load component
generates a pattern of strains under the gauges which produces an output from the bridge.
Some of the other load components also produce significant strains under the gauges but the
pattern of strains is such that, at least to the first order, no output is generated from the bridge.
To the best of the author’s knowledge wind tunnel balances represent the only large scale deliberate
application of this strain arithmetic concept.

Since, for the strain levels typical of balance designs, the full scale output from each bridge
is only a few millivolts, considerable amplification is required to obtain a voltage suitable for
most data systems. A wide variety!.2:4.7 of strain gauge readout electronics are used in different
wind tunnels. Some use special purpose equipment designed and manufactured in-house, some
use commercial strain amplifiers intended primarily for stress analysis and others use high
quality general purpose D-C amplifiers. Independent of their origins these devices are either
amplifiers which amplify the bridge output voltage, and incidently load the bridge with their
input impedance, or nulling devices which inject a measured current into the bridge to maintain
zero output voltage. Both types exist with either D-C or A-C bridge excitation. Most readout
systems incorporate an offset adjustment to null initial gauge resistance differences and to maintain
full scale resolution in the presence of large tare offsets (model weight). These offset adjusting
systems have long been recognised as a potential source of problems.?

The vast majority of the work on strain gauge force measuring systems (balance plus
readout electronics) reported up to now has considered the load cell case where significant
strain arithmetic is not used, i.e. the dominant strain field under the gauges of the bridge is the
one which produces the desired output. In this note the special requirements and problems of
readout electronics for use with wind tunnel balances are examined. This critical examination
has become particularly important with recent advances? in readout electronics improving
the resolution of strain gauge measurements from 0:1% to 0-01%.
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The work reported here grew out of a specific investigation into the possibility of calibrating
a balance with one type of readout equipment then using it with another type. Previous work
suggests that provided the sensitivity ratios between the various channels of the two sets of
equipment were known the calibration should be transferable. However the present work demon-
strates that the nature of the calibration changes with the readout equipment and balances
should always be calibrated with exactly the same type of equipment with which they will be used.

2. BALANCE DESIGN

Current practice in multi-component strain gauge balance design is well described in
Refs 1 to 4. In recent years improved materials, fabrication techniques and stress analysis
methods have been developed but the basic arrangements used have not changed significantly
in over 20 years. In many of the popular designs some strain arithmetic is used to assist with
the separation of the load components. This concept of strain arithmetic is well illustrated by
the four beam axial force cage (Fig. 1) which is used in many balances. In this design the model
loads are transferred to the earthed support through a rectangular array of four beams which
are built in at both ends. These beams are deflected into an “S” shape under the action of an
axial force. Since there are four beams each with two sides and two ends it can be seen that
there are many arrangements of four strain gauges wired as a bridge which will produce an output
for an applied axial force. However, it is well known? that there is only one fundamental gauge
arrangement, which exists in four different configurations, which does not also produce outputs
due to other load components and differential thermal expansions of the two members on which
the beams terminate.

This preferred gauge arrangement is shown in Fig. 1. For ease of exposition an axes system
with its origin at the centre of the cage will be assumed. It can be seen that an X load produces a
pattern of strains under the gauges which unbalances the bridge and therefore produces an output.
When the upper and lower beam attachment members are at different temperatures, as they often
are since one connects to the model and the other to the support system, the different expansion
of the two members will produce strains in the beams which produce a strain pattern under the
gauges which does not unbalance the bridge and therefore produces no output. Likewise it can
be seen that the strain patterns produced by Z, / and m loads also produce an output. If the
gauges are exactly on the centrelines of the beams the Y and »n loads do not produce strains
under the gauges.

It has been argued® that the deliberate use of strain arithmetic should be avoided since it
involves a loss of precision where different calibration equations are used for positive and negative
loads in each component. However for cases like the four beam X cage discussed above the
practice will undoubtedly continue since the alternative is to place a strain gauge bridge on each
beam with a resulting increase in the number of balance outputs which require processing.
Even if four bridges were used strain arithmetic would continue unintentionally since each bridge
would be subject to common mode compressive or tensile strains under z, m and / loads. All
practical strain gauge wind tunnel balances involve some unintentional strain arithmetic and
most current designs use the technique deliberately.

3. BALANCE CALIBRATION

It has been found!9.5 that to adequately describe the behaviour of most wind tunnel
balances a set of n equations of the following form are required:

Vl = Cl_‘Fl+C1_2F2+ “ e +Cl_nFn
+C|,11F12+CI_22F22+ PR +C|_nnFnz
+C|.12F1F2+ PRI +C|_(n—])np(n-l'Fn

2

e Y Y 8V ¥
ST Y

R YRR Y} .
- J o‘l [ I TR .

.“("

a .
l‘.l.
PPN}

RN SR

FOICRE | SO
e -

’,5 s
y

b ) -
Ay li],'

f

v ‘. ‘s s T
r .t
? S

Ly gty & Yy ‘1"".’

¢y

Y




e g

[

< L=l -'.

N N

B I

X

R

PLALPL LTl h)

B

- | AOOIRI

et

-4 e’ -g“".

Wl ¥,

where
n = Number of components measured (71<6)
i=]ton
¥V = Output reading
F = Load component
Ci.1 = Direct sensitivity of ith component
Cij(1#;) = Linear or first order interaction terms
Cij = Load squared terms
Cijx = Load cross product terms

The Cyj; and C gk terms are collectively referred to as second order interaction terms. For a
six component balance a total of 162 C’s must be determined during the calibration process.
Sometimes5 the values of the coefficients in the equations are assumed to depend on the signs of
the various component loads, to account for any discontinuity in the variation of output with
load occurring at zero load. If this is done the total number of C’s to be determined for a six
component balance increases to 504. The balance calibration is accomplished by applying
enough known single loads or combinations of loads to define as many of the C’s as are
necessary to achieve the required measurement accuracy.

When the balance strain levels are low it is sometimes possible to obtain acceptable
accuracy using only the 36 first order and direct sensitivity terms. This not only simplifies the
calibration procedure but also allows a direct determination of the applied loads from the readings
rather than the iterative solution required for balances with second order interaction terms.

Since for small deflection linear superposition of stresses applies, it has generally been
assumed that second order interaction terms have their origin in balance deflections. However
it is demonstrated in this note that second order interaction can arise on “rigid” balances due
to the behaviour of strain gauge bridges and the associated readout electronics.

4. READOUT ELECTRONICS

Most strain gauge balances in current use have output strains at the gauge locations in
the range 200 um/m to 2000 um/m. Most balances use metal resistance strain gauges with a gauge
factor of about 2 and except in a few special circumstances they are wired as full four active arm
bridges since this arrangement gives the highest output and minimum drift. Considerations of
gauge self heating lead to the use of bridge excitations in the range 1 to 10 volts. The above
values of strain, gauge factor and excitation voltage lead to maximum bridge output voltages
in the range 0-4x 10-3 to 40 x 10-3, It is therefore necessary, particularly for the lower outputs,
to use some form of amplification to produce signal levels suitable for most data acquisition
systems.

A wide variety of amplifier types are used!:%:4.7, but basically they fall into two categories.
The first category consists of simple amplifiers and the input impedance is the only system
parameter which influences the bridge behaviour (assuming the amplifier input offset and bias
currents are small). In general simple amplifiers either have an input impedance much higher
than the gauge resistance and therefore behave like open circuit voltage amplifiers or a very
low input impedance and act like short circuit current amplifiers.

The second category of strain gauge bridge readout equipment is the current-injection-
nulling type where a servo loop is used to inject a current into one corner of the bridge to maintain
the bridge output at zero. The bridge output is measured by the rebalancing current. It should
be noted that the simple current amplifier can be viewed as a special case of a current injection
nulling system where the current injected into one corner of the bridge is extracted from the
opposite corner. The two categories of bridge readout system exist in both AC and DC excited
versions.
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It is usual to have an adjustable resistance network directly connected to the bridge to
remove zero offsets due to gauge mismatching and tare offsets caused by heavy models. If such
a zero adjusting network is provided it is obviously essential that the system calibration is not
changed in any way when the offset is altered. The problem of variation of direct sensitivity
with offset adjustment has been discussed previously by Tiffany and Wood.8

S. OUTLINE OF INVESTIGATION

For a four active arm bridge there is only one pattern of strains under the gauges which
produces an output. This pattern is when + and — (tensile and compressive) strains alternate
around the bridge (Fig. 2) and in this note the output producing strain pattern will be referred
to as the primary strain pattern. Consideration of the possible strain patterns reveals three
non-output-producing or secondary types. These are defined in Fig. 2. All of the strain patterns
exist in the form shown in Fig. 2 aad with the strain signs interchanged. Since the two forms
behave identically as far as the following analysis is concerned they are considered to be
fundamentally the same and all conclusions drawn apply equally to both signs. For simplicity
all strains, gauge factors and initial gauge resistances will be considered to be equal in the
following analysis. This simplification is not thought to limit the generality of the conclusions
reached. However it is possible that in the real case where the strain, gauge factor and initial
resistance are different for each gauge in the bridge, high order effects not revealed by the present
analysis would appear.

The basic approach followed is to calculate the system output when each of the secondary
strain patterns is superimposed on the primary pattern. Both strains were varied in the range
0 to 0-002 m/m, the initial gauge resistance was 120 Q and the gauge factor was 2. For initial
gauge resistances other than 120 Q all resistance values should be multiplied by the ratio
gauge resistance/120. For gauge factors other than 2 all strain levels should be multiplied by
the ratio 2/gauge factor. It was decided to present this work in dimensional form with typical
values of gauge factor and resistance rather than in non-dimensional resistance ratio form so
that the conclusions could be more readily compared with current practice.

The gauge resistances were calculated from:

Ry = (14 k(eprimary + €secondary)Ro 1)
where:
i varies from 1 to 4
k = Gauge factor = 2
€ = Strain
Ro = Initial gauge resistance = 120
and the sign depend on i and the secondary strain type (Fig. 2).

When a simple standard nulling network of the type formed by Re and R; in Fig. 3 was con-
sidered, the circuit was simplified by applying a star-delta transformation to Rg and the two parts
of R; then combining the resulting parallel resistor pairs. The resulting resistor Rzo shunting
the whole bridge (Fig. 3) had no effect except to load the excitation supply and was therefore
not included in the calculations. For a non-nulling system with an amplifier input impedance
of Ry (Fig. 3) the output voltage is directly proportional to the voltage drop across Rs, assuming
the actual amplifier to be free from errors. From Ref. 11 the voltage across Rs is given by:
E(RiR40— Rz R30)
RiR:R R RaR3oR
(Ru+ Ro)Rao+ Ruo) + R 10+ RiR, ao;R1R30R40+ 2R30R40
5

The outputs of all non-nulling systems were calculated using Equations (1) and (2) and where
appropriate the simplification of the offset adjusting network given in Fig. 3. The arrangement
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of the most common type of nulling system is shown in Fig. 4. A servo loop is used to drive
Vo to the value required to maintain the bridge output at zero. Since there is no bridge output
voltage the null sensing amplifier input impedance is immaterial. From Fig. 4:

R 1
Va = E| - — =V
: <R1+R2 2) b 3
l3R3+(13+l5)R4 =F (4)
E
(s+15)Rs = Vat (5)
kVoeE—Vy = IsRs ©)
From Equations (3) to (6):

iI[ R (Rs Rs 1 Rs
Vo = | —- “-- —4+—-—+1]—-—-— 7
0 k[R1+R2<R4+R3+ ) 2 Ra:l )

The outputs of all nulling systems were calculated using Equations (1) and (7). Where an offset
adjusting network was used it was simplified as shown in Fig. 3 before the application of
Equation (7).

An accuracy of 16 significant figures was maintained for all calculations. This was rendered
necessary by the form of the expressions resulting from bridge network analyses.

6. RESULTS AND DISCUSSION

6.1 Non-nulling system without zeroing network

To examine the case of 2 near perfect voltage amplifier as the bridge output device an
amplifier input impedance of 10? Q was selected. For the primary strain pattern acting alone
the system output varied perfectly linearly with the strain, i.e. V'ocey. When the three secondary
strain types were each individually combined with the primary type the following output relation-
ships were found:

Type 1. Voceg—2ep€;
Type 2. Voceg+4deger®
Type 3. Ve

In these relationships, and in those presented later, only the dominant interaction terms resulting
from each strain type are shown.

The type | behaviour is equivalent to a second order interaction between the two load
components producing the e, and ¢ strains. This second order interaction would contribute
0-49% to the output when ¢g = ¢; = 0-002. The type 2 behaviour is equivalent to a high order
interaction between load components of a type which is not normally included in balance
calibration equations. Fortunately this high order term only contributes 0-0016 %, of the output
for e = e = 0-002 and therefore can be safely ignored. The type 3 strain field has no effect
on the bridge output.

To simulate a low input impedance current amplifier an input resistance of 0-01 Q was
assumed and the offset nulling resistors were set at 102 Q as before. The system behaviour was
as follows:

Type 0 alone. Vocep+ deo®

Type 1. Voceg+deg® —dege;
Type 2. Voceg+deod + dege;?
Type 3. Vo eg + 403 + degen?
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The third order €3 epe12 and egez? terms only contribute about 0:0016 % each to the systemoutput
for strain levels of 0-002 and can therefore be neglected. The second order ege; term is twice
as large as the equivalent term for the high impedance amplifier case and now contributes 0-8%,
to the output for g = ¢, = 0-002.

As the amplifier input impedance is varied between very high and low values the second
order ep—e; interaction is the only significant quantity which changes. To investigate the
implications of this interaction on amplifier selection and interchangeability the effect of varying
the input impedance R; on the interaction was calculated. The results of these calculations are
shown in Fig. 5. It can be seen that amplifiers with an input impedance above about 8 k{2 can be
interchanged without altering the form of the calibration equations although the direct sensitivity
may have to be adjusted to account for the different bridge loading. Similarly amplifiers with
an input impedance of less than about 2 Q can be interchanged without altering the interaction
terms in the calibration. In the input resistance range 2 Q to 8 kQ any change in resistance will
require a recalibration.

6.2 Nulling system without zeroing network

The small signal gain of the nulling system shown in Fig. 4 is plotted against rebalancing
resistance in Fig. 6. For the normal range of strain levels and output voltage requirements a
rebalancing resistance of the order of 100 kQ will be needed. Calculations of the system
behaviour with Rs = 100 kQ revealed the following output relationships:

Type 0 alone. Vocep+deg?

Type 1. Vocep+4eg® —4eper
Type 2. Voceg+4egd+ 2¢€pe2
Type 3. Voceg+4€03+0-0003 3

Comparing these relationships with those presented in the previous section for non-nulling
systems it can be seen that there are a number of differences. The most significant change is the
appearance of a significant second order ege; interaction which did not occur for a non-nulling
system. This term would contribute 0-49, to the output reading for e = ez = 0:002. The
second order ege; interaction is the same as for a non-nulling system with an amplifier input
impedance of less than 2 Q. The first order €3 term could be significant if a high Type 3 strain
was used.

The basic conclusion to be drawn is that nulling and non-nulling readout equipment cannot
be interchanged without a complete recalibration of the balance because the apparent inter-
actions will be changed as well as the direct sensitivities.

The variation of the interaction terms with changes in the rebalancing resistance is shown
in Fig. 7. It can be seen that all the interaction terms vary significantly as the resistance is reduced.
In the absence of significant Type 3 strains, R; values down to about 2 k can be used while
retaining 0-01 9} accuracy. For Rs values below this a separate calibration would be needed for
each resistor value. Fortunately an Rs of 2 kQ would produce a gain much lower than would
usually be required. If large Type 3 strains were used the minimum Rs value that could be used
without recalibration would be about 200 kQ and this could pose a problem with a high output
balance. Nulling systems are not well suited to high output balances since the system sensitivity
can not be changed (by altering Rs) without altering a significant number of interaction terms
in the balance calibration equations. For this reason nulling systems should only be used with
semi conductor strain gauges at very low strain levels.

6.3 Non-nulling system with zeroing network

All practical strain gauge balance readout systems have some form of zero offset adjust-
ment to make full use of the system output span in the presence of initial bridge unbalance and
offset loads due to the model tare weight. If the offset adjustment is changed during a test to
balance out different tare loads when the model configuration or attitude is changed, or if it
is adjusted between calibration and test, it is essential that the system calibration is not altered

6




by the changed offset. The most common type of zero offset network is shown in Fig. 3. However
at least one type of commercial equipment known to the author has this network rotated 90°
around the bridge so that the potentiometer R7 is across the bridge output and Re connects to
one side of the supply.

In the following analysis a zero offset of 0-001 m/m was adopted as a standard test case
since it represents a severe but practically possible condition. The value of Rg was fixed at
10 £Q since this gave the required authority for all practical values of Rz. The actual potentiometer
movement («) (Fig. 3) required to produce a ¢ = 0-001 offset varied with Ry. The .nost obvious
requirement for an offset nulling network is that it should not alter the direct sensitivity of the
system when adjusted. The effect of the two types of nulling network mentioned above on the
sensitivity of a high input impedance (10° Q) non-nulling system is shown in Fig. 8. It can be
seen ihat the 90° rotated nulling network gives poor results and should not be used. It was found
that the poor performance was primarily due to the effect of the resistance R7o (Fig. 3) shunting
the amplifier input impedance Rs. For the conventional network, as was shown in earlier work,8
the sensitivity change with offset iicreases as Ry is increased (Fig. 8). To keep the sensitivity
change to less than 0-01%, for a ¢ = 0-001 offset, R; should be less than 2k().

To investigate the effect of offset adjustment an interactions due to strain arithmetic an Ry
value of 1kQ was adopted. For no offset (x = 0-5) the system behaviour was as follows:

Type 0 alone. Ve

Type 1. Voceg—2epeq
Type 2. Vo ep+4epe)®
Type 3. Voceg+0-003 €3

Comparing this with the equivalent system behaviour without a nulling network (Section 6.1)
it can be seen that the two are identical except for the introduction of the first order e inter-
action term. When an offset equivalent to ¢ = 0-001 was introduced by setting « to 0-84 the
following system behaviour emerged:

Type O alone. Ve

Type 1. Voceg—2e9e1 +0:002 €
Type 2. Vocep+4€pea2—0-002 e2
Type 3. Veoceg+0-003 €3

Comparing this with the zero offset behaviour shown above it can be seen that significant
first order ¢; and €2 interactions are introduced. It would appear that, at least for high impedance
non-nulling systems with conventional zero offset controls, changes of the offset control between
calibration and test or during a test should be minimised.

For a non-nulling system with a very low input impedance (0-01 Q) preliminary calculations
showed that the sensitivity was completely unaffected by zero offset for all values of R;. However
an Ry value of 1 kQ was adopted for consistency with the high impedance case discussed above.
For zero offset (x = 0-5) the system behaviour was found to be:

Type 0 alone. Voceg+4€p?

Type 1. Voceyg+deg® —4egey

Type 2. Voceg+4ep®—a

Type 3. Voceg+4€g3+0:003 e3
Where “‘a” is a complex high order interaction with a magnitude of about 0-0008 9 of reading
for eg = €2 = 0-002.

As for the high impedance system the major effect of the addition of the zeroing network
with a = 0-5 is the introduction of the first order e3 interaction term.
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When an offset equivalent to ¢g = 0-001 was introduced (oc = 0-84) .0 system behaviour
became:

Type 0 alone. Voceg+4ed

Type 1. Voceg+depd —4epe

Type 2. Voceg+4egd—a—0:002 e
Type 3. Voceg+4e03+0-003 €3

Comparing this with the zero offset behaviour presented above it can be seen that a significant
first order ez interaction is introduced. It is therefore apparent that for low as well as high
resistance systems the offset control should be used with caution.
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6.4 Nulling system with zeroing network

All the nulling systems known to the author use a zero offset network of the type shown
- in Fig. 3 with the resistor R¢ connected to the same corner of the bridge as the rebalancing
resistor Rs. As for the non-nulling systems discussed in the previous section, Re was made equal
A to 10 kQ to give the desired authority. A preliminary investigation into the effect of the value of
N R7 on the direct sensitivity charge with zero offset produced results which were virtually identical
with those for a non-nulling system with a high input impedance (Fig. 8). An R; value of 1 kQ
was therefore adopted to avoid significant sensitivity changes. For Rs = 100 kQ which is a typical
K - practical value and no zero offset (x = 0-5) the system behaviour was found to be:

P

< a

Type 0 alone. Vocep+4eo?

Type 1. Voceg+4€9® —4eger
Type 2. Voceg+4ep® + 2€p€z
Type 3. Voceg+4e93+0-0032 3

Comparing this with the behaviour of the equivalent system without the zeroing network
(Section 6.2) it can be seen that the only change is the increase in the magnitude of the first order
€3 interaction coefficient from 0-0003 to 0-0032. When a zero offset equivalent to ¢¢ = 0-001 is
introduced, the only change to the system behaviour is an increase in the e3 interaction coefficient
from 0-0032 to 0-00324. This change is not significant at the 0-01 9; accuracy level.

It is therefore evident that for a nulling system, at least for Rs values of the order of 10 k€,
the zero offset may be changed over quite a wide range without changing the calibration equations.

For a nulling system there are two possible alternative arrangements of the zero offset
resistor network. The first of these is the 90° rotated version mentioned previously with R;
across the bridge output and Re¢ connected to one of the power supplies. Calculations of the
behaviour of this arrangement (with Rs = 100 kQ, Rs = 10 kQ and R; = 1 kQ) showed that
an offset equivalent to ¢¢ = 0-001 produced a direct sensitivity change of 0-2% and complex
type 2 and 3 interaction charges which each contributed output changes of about 0-29 for
€« = e2= €3 = 0-002. The second possible zero offset resistor network arrangement involve a 180°
rotation around the bridge with Rs connected to the corner of the bridge diagonally opposite
the corner connected to the rebalancing resistor Rs. This second arrangement behaves in a
similar manner to the standard network except that a eo = 0-001 zero offset change introduces
a 0-004 ez term into the type 2 behaviour. Both of the alternative zero offset network connections
are inferior to the standard arrangement and should not be used.
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6.5 Implications for the use of semi-conductor strain gauges

The order of magnitude of the gauge resistance changes considered here were appropriate
to metal resistance gauges on metal balance structures. All of the significant, electrically pro-
duced, apparent interactions between load components could be described to sufficient accuracy
by the normal second order balance calibration equations. However a number of third and higher
order interactions were noted and these would rapidly become significant as the gauge resistance
changes became larger. For semi-conductor strain gauges with gauge factors typically more
than an order of magnitude higher than metal gauges the usual second order description of a
balance would be inadequate if significant strain arithmetic was used. This would obviously not
be a problem if the strain levels were very low (as is the case for some low density wind tunnel
balances) and the semi-conductor gauges were used simply to obtain a measurable output.
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For high strain leve! use of semi-conductor gauges, care would have to be taken with the balance
design to ensure good separation of the load components by mechanical means.

It appears probable that resistive zero offset networks such as those considered earlier
would pose a number of problems at high gauge resistance change levels. It is suggested that it
would be safer to use a relatively low gain buffer amplifier connected directly to the bridge
without any zero offset network. Any necessary offset adjustments could be made with a summing
amplifier following the buffer.

The most appropriate readout device for a high output semi-conductor gauge bridge would
be a high input resistance amplifier. Low input resistance amplifiers and nulling systems would
both have a significant cubic non-linearity in their output.

7. CONCLUSION

In multi-component strain gauge wind tunnel balances it is common practice to use four
arm bridges of gauges arranged to produce an output from one load component and not from
other load components which also cause significant strains under the gauges. This system,
which is referred to as *‘strain arithmetic”, relies on the fact that there is fundamentally one
output-producing pattern of strains and three non-output-producing patterns. It is shown that
interactions arise between the output-producing and non-output-producing strain patterns
and that these interactions are dependent on the nature of the readout equipment used. Pre-
cautions which must be observed to obtain 0-01 9, accuracy levels are investigated.

Specific conclusions are:

1. Nulling and non-nulling readout systerns cannot be substituted without a complete
balance recalibration for each system. The use of a transfer standard to determine sensi-
tivity ratios is not adequate.

2. Amplifiers of different input resistance cannot in general be interchanged without a
complete recalibration.

3. The sensitivity of nulling readout systems can only be altered over a limited range without
a recalibration being required.

4. Systems of the same type but employing different zero offset adjusting resistor networks
cannot be interchanged.

5. Care must be taken when adjusting zero offset controls with non-nulling systems. Zero
offset changes can alter the interations between channels.

6. Strain arithmetic must be avoided when high output semi-conductor strain gauges are
used if third and higher order interactions are to be kept to an acceptably lowl evel.
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