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The MK40B balance is NASA’s newest balance of Task design. Its load
range was optimized for use in the NASA Ames 11–ft Transonic Wind Tunnel.
The balance was calibrated in 2019 in Calspan’s Automatic Balance Calibra-
tion System. The data analysis was performed at the Ames Balance Calibration
Laboratory. First, bi–directional characteristics of the six gage outputs of the
balance were assessed by applying a semi–empirical test to the calibration data.
These tests indicated that four of the six gages have bi–directional characteris-
tics. Therefore, the use of absolute value terms in the regression models of the
calibration data is justified. Then, the machine calibration data was analyzed
using both the Non–Iterative and the Iterative Method. Analysis results for the
two methods were compared using the percent contributions, the calibration
load residuals, the primary sensitivities, and the principle linear terms. These
results confirmed that the two methods describe bi–directional characteristics
of the balance gages correctly. In addition, it was concluded that the load pre-
diction accuracies of the two methods are the same for all practical purposes.

I. Nomenclature
a0, a1, a2, . . . = coefficients of the regression model of a load component
AF = axial force of a force balance
b0, b1, b2, . . . = coefficients of the regression model of an output difference
Di = difference between the raw output and the natural zero of a balance gage
i = balance gage index
N1 = forward normal force of a force balance
N2 = aft normal force of a force balance
rAF = raw output of the axial force gage
rAF◦ = natural zero of the axial force gage
RM = rolling moment of a force balance
rN1 = raw output of the forward normal force gage
rN1◦ = natural zero of the forward normal force gage
rN2 = raw output of the aft normal force gage
rN2◦ = natural zero of the aft normal force gage
rRM = raw output of the rolling moment gage
rRM◦ = natural zero of the rolling moment gage
rS1 = raw output of the forward side force gage
rS1◦ = natural zero of the forward side force gage
rS2 = raw output of the aft side force gage
rS2◦ = natural zero of the aft side force gage
S1 = forward side force of a force balance
S2 = aft side force of a force balance
∆S1 = forward side force residual of a force balance
δD3 = bi–directional part of the forward side force gage output difference

II. Introduction
Force balances of Task design have widely been used for load measurements on wind tunnel models

for over 60 years. Data from a recent calibration of NASA’s newest Task balance is used to discuss some
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of the pros and cons of its design. Two very positive traits of the Task design are its highly linear output
and its relatively low gage interactions. On the other hand, Task balances have been known to develop
hysteresis after its component parts become worn. In addition, some of the gages of a Task balance do
exhibit bi–directional characteristics. These characteristics stem from design compromises that were made
so that interactions could be kept at very low levels while still meeting expected load capacities for a given
balance diameter. The term bi–directional describes the fact that the primary sensitivity of some of the gages
of a Task balance depends on the sign of the related primary gage load. Consequently, the absolute value
function must be used in the regression model of its calibration data so that bi–directional characteristics of
the gage outputs are included in the load prediction equations. Despite all this, Task balances have proven
themselves to be useful and accurate load measuring devices when properly maintained and calibrated.

It is helpful to review the use of the absolute value function during the analysis of Task balance data
within the context of the two methods that are used in the aerospace testing community for the balance
load prediction. First, the analysis of balance data using the Iterative Method is reviewed. This method fits
the electrical outputs of the balance gages as a function of the balance loads. Afterwards, a load iteration
equation is constructed from the coefficients of the fitted outputs so that loads can be predicted from outputs
during a wind tunnel test. Four important ideas were originally suggested and/or developed by Robin Galway
of NRC Canada that significantly improved description and analysis of balance calibration data whenever
the Iterative Method is chosen for the definition of the load prediction equations:

• Galway suggested that the natural zero be used as the global datum for the electrical output of a
balance gage (Ref. [1], p. 27; Galway uses the synonym buoyant component offset for the term natural zero).

• Galway suggested that the absolute value of a load component be included in the regression model of
a gage output. Then, bi–directional characteristics of a gage output can be quantified (Ref. [1], pp. 21–23).

• Galway applied the matrix solution† of the least squares problem during the regression analysis of
balance calibration data (Ref. [1], p. 13, Eq. (36)).

• Galway developed the tare load iteration algorithm . His algorithm was adopted by AIAA’s Internal
Balance Technology Working Group and first published in the open literature in 2003 (Ref. [4], 1st ed.).

In 2007, I observed that a direct connection between (i) the divergence of the load iterations and
(ii) the presence of massive near–linear dependencies in the regression models of the gage outputs exists (see
Ref. [5], p. 4 and Ref. [6], pp. 51–52). These unwanted dependencies result from the use of invalid terms that
must be identified and removed before the final regression models of the gage outputs are generated. The
Variance Inflation Factor may be used for this purpose (see Ref. [6], App. 18). The regression model of an
output should only be used for the definition of the load iteration equation if the maximum of its Variance
Inflation Factor set is below a recommended threshold. Suitable threshold values are given in the literature
(see, e.g., Ref. [6], p. 369). The use of the Variance Inflation Factor for the detection of invalid terms has
another advantage. The identification of invalid terms no longer depends on (i) an analyst’s subject–matter
knowledge or (ii) the observed convergence behavior of the load iterations (see related comments in Ref. [4],
p. 16, 3rd para.). Galway’s four ideas in combination with a systematic approach to identify invalid terms in
the regression model of an output must be implemented in a balance data analysis tool if an analyst wants
to reliably apply (i) global regression and (ii) the Iterative Method to Task balance data.

The Non–Iterative Method may also be used for the balance load prediction. This alternate approach
directly fits a balance load as a function of the electrical outputs of the balance gages. Consequently, no
iteration is needed to predict balance loads from electrical outputs during a wind tunnel test. I investigated
the use of the Non–Iterative Method for the balance load prediction in great detail (see Ref. [6], App. 9,
App. 12). Afterwards, I concluded that Galway’s four ideas can also successfully be used with the Non–
Iterative Method as long as two additional requirements are fulfilled:

• The electrical outputs of the balance gages are formatted as the difference between a raw output and
the natural zero of a gage (see Ref. [6], App. 6, App. 9). Then, the absolute value of an output difference
can be used to quantify bi–directional characteristics in the regression model of a load component.

• Invalid terms in the regression model of a load need to be identified and removed. Again, the Variance
Inflation Factor may be used for this purpose (see Ref. [6], App. 18). A regression model of a load component

†The matrix solution was first proposed in 1956 by the British physicist Roger Penrose (see Refs. [2], [3]).
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should only be used for data analysis and load prediction if the maximum of its Variance Inflation Factor
set is below a literature recommended threshold (suitable threshold values are given in Ref. [6], p. 369).

Data from a machine calibration of NASA’s MK40B balance is used in the next sections to illustrate
characteristics of a Task balance. Afterwards, selected regression analysis results are examined and compared.

III. Balance Characteristics and Calibration

Machine calibration data of NASA’s MK40B six–component force balance is used to illustrate the
analysis of data from a Task balance with known bi–directional gage output characteristics. First, design
features of the balance and the calibration load schedule are reviewed. Table 1 below summarizes important
characteristics of the chosen balance and the given calibration data set of the MK40B balance.

Table 1: Overview of balance calibration data analysis example characteristics.

Balance Name Balance Design Calibration Comments

(diameter) (load format) Method

MK40B force balance design machine normal & side force gage

(2.50 inches) (N1, N2, S1, S2, AF,RM) calibration outputs are bi–directional

The MK40B balance belongs to a family of six–component balances of Task design that are manu-
factured by Aerophysics Research Instruments of Corona, California. Its load capacities are close to the
expected load range of typical aircraft models that are tested in the NASA Ames 11–ft Transonic Wind
Tunnel (TWT). Figure 1 below shows the overall layout of the MK40B balance. The MK40B balance is a

Fig. 1 Basic layout of NASA’s 2.5 inch MK40B force balance.

multi–piece force balance. It measures five forces (forward & aft normal force, forward & aft side force,
axial force) and one moment (rolling moment). These loads can easily be converted to direct–read format
by applying load transformations that are listed in the literature (Ref. [6], App. 4). The balance has a
cylindrical metric outer sleeve and a non–metric inner rod (diameter of the outer sleeve = 2.50 in; total
length of the balance ≈ 11.0 in). Table 2 below lists capacities of the six load components of the balance

Table 2: Load capacities of the MK40B balance (lbs ≡ pounds of force).

N1, lbs N2, lbs S1, lbs S2, lbs AF, lbs RM, in−lbs

3500 3500 2500 2500 400 8000

in engineering units. The non–metric part of the balance is typically mounted on a sting that is attached to
the rear model support strut of the Ames 11–ft TWT.

The calibration of the balance was performed in Calspan’s Automatic Balance Calibration System
(ABCS). The chosen calibration load schedule consisted of 1646 data points that were distributed across
17 load series. Up to three load components were simultaneously applied during the machine calibration.

The natural zeros of the balance gages are the electrical outputs that the balance would have in a
weightless condition. Their determination is briefly discussed in the next section. Then, bi–directional
characteristics of the balance gage are assessed. Finally, selected analysis results are presented that were
obtained after the application of the Non–Iterative and the Iterative Method to the calibration data.

IV. Natural Zero Determination

The natural zeros are important physical constants of a strain–gage balance. They are the raw electrical
outputs that the balance gages have when the balance is in a weightless condition. The natural zeros are
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often used as a global output datum so that all outputs can be described as output differences relative to
a fixed reference. Then, small instrumentation dependent bias errors can be removed from the outputs as
long as the raw outputs and the natural zeros are measured using the same instrumentation setup.

Different techniques may be used to determine the natural zeros of a balance (see Ref. [6], App. 8). In
this instance, the balance was placed on a leveling table using V–blocks and oriented such that the negative
normal force was pointing in the direction of the gravitational acceleration. Then, raw outputs were recorded.
Afterwards, the balance was rotated by 90 deg, 180 deg, and 270 deg. All these orientations resulted in four
independent sets of raw output readings. The numerical process of averaging cancels the influence of any
gravity load on the gage outputs as, by design, the average of the loads of all four orientations is zero. The
natural zeros of the six gages are simply the averages of the outputs of the four balance orientations. Table 3
below shows the measured raw outputs and the final natural zeros of the balance.

Table 3: Calculation of the natural zeros of the MK40B balance.

Orientation rN1◦ rN2◦ rS1◦ rS2◦ rAF◦ rRM◦ Applied Loads

(roll angle) microV/V microV/V microV/V microV/V microV/V microV/V U,V,W,X = forces

0◦ −21.54 −6.08 +8.31 −9.68 −145.41 −8.05 N1 = −U ; N2 = −V

90◦ −15.76 −1.18 +0.13 −16.08 −145.20 −8.41 S1 = −W ; S2 = −X

180◦ −9.81 +3.82 +8.59 −9.22 −145.17 −9.09 N1 = +U ; N2 = +V

270◦ −15.66 −1.14 +16.73 −2.65 −145.13 −8.69 S1 = +W ; S2 = +X

Natural Zero† −15.69 −1.15 +8.44 −9.41 −145.23 −8.56 Load Average‡ = 0

†Natural zero = arithmetic mean of the column values. ‡By design, AF and RM are zero for all orientations.

In theory, the natural zeros are repeatable physical constants as long as (i) no changes to both wiring
and gaging of the balance are made, (ii) the balance does not experience plastic deformation during use, and
(iii) the same hardware setup is used for the measurement of the electrical outputs. – The bi–directional
characteristics of the gage outputs of the balance are investigated in detail in the next section.

V. Bi–directional Output Characteristics

A semi–empirical test for the evaluation of the bi–directional output characteristics of a gage was devel-
oped at the Ames Balance Calibration Laboratory (Ref. [6], App. 7). The test makes it possible to quantify
bi–directional characteristics. It works with both the Non–Iterative and the Iterative Method . The test
was developed because it is difficult to assess bi–directional output characteristics simply by plotting the
measured outputs versus the related primary load component. The change in slope from positive to negative
loading at this scale is, for all practical purposes, invisible. Two conditions need to be met for a gage to be
bi–directional : (i) the absolute value of the bi–directional part of the output at capacity must exceed the
output threshold of the gage and (ii) the p–value of the absolute value term must be less than 0.001.

Table 4 below shows test results for each gage output of the MK40B balance that were obtained after
the application of the Non–Iterative Method to the given machine calibration data. Absolute value terms
of the output differences relative to the natural zeros were temporarily included in the regression models of
the balance loads so that the test could be performed. The first row lists the empirical output threshold for
each gage output. It equals 0.5 % of the maximum output at load capacity of the gage. The second row has

Table 4: Non–Iterative Method =⇒ Test results for the MK40B balance.

rN1 rN2 rS1 rS2 rAF rRM

output threshold, microV/V T = 6.89 T = 8.35 T = 7.00 T = 7.46 T = 8.46 T = 7.29

|bi–directional part |, microV/V 4.75 < T 13.21> T 16.89> T 13.88> T 5.21 < T 1.68 < T

p–value of absolute value term < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Is output bi–directional ? NO YES YES YES NO NO

the absolute value of the computed bi–directional part of the output at capacity (Ref. [6], App. 7, Eq. (7.4a)).
The third row has the p–values of the principle absolute value terms of the regression models of the loads.
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It is observed that three of the six outputs fulfill both conditions that are needed for an output to be bi–
directional. Therefore, the use of absolute value terms of the related three gage output differences in the
final regression models of the loads can be justified if the Non–Iterative Method is applied.

It is interesting to compare the predicted bi–directional parts at load capacity that are computed using
the regression models of the loads (Ref. [6], App. 7, Eq. (7.4a)) with values that are obtained using the
regression models of the output differences (Ref. [6], App. 7, Eq. (7.7a)). Table 5 below lists corresponding
values for the MK40B balance. The agreement between the predicted values is excellent. This result is no

Table 5: Comparison of bi–directional parts at capacity for the MK40B balance.

rN1 rN2 rS1 rS2 rAF rRM
microV/V microV/V microV/V microV/V microV/V microV/V

Non–Iterative Method +4.75 +13.21 +16.89 +13.88 +5.21 −1.68

Iterative Method +5.12 +11.38 +16.49 +13.38 +5.22 −1.70

surprise because the bi–directional part of the output at capacity is a true physical property. Therefore, it
must be independent of the method that is used for the analysis of the calibration data.

Figure 2 below shows the forward side force gage output difference (D3) plotted versus the tare
corrected forward side force (S1) of the MK40B balance. The plot was obtained during the regression
analysis of the calibration data with the Non–Iterative Method . The outputs range from approximately
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Fig. 2 Forward side force gage output difference plotted versus the forward side force.

−1400 to +1400 microV/V if the negative and positive values of the forward side force capacity are used as
boundaries. Figure 3 shows the bi–directional part of the forward side force gage output difference plotted
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S1, % of load capacity
Fig. 3 The bi–directional part of the forward side force gage output difference
plotted versus the forward side force that is expressed as a percentage of capacity.

versus the forward side force. The absolute value of the bi–directional part at capacity was estimated to
be 16.89 microV/V (see Table 5 above). It is about 1.2 % of the output at load capacity. Consequently,
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bi–directional properties of the forward side force gage output are significant. This conclusion is based
upon experience gained after the analysis of data from a large number of Task balances. The bi–directional
behavior is significant but still very small when compared with the overall range of the forward side force
gage output difference. Consequently, it cannot be detected by visual examination if an analyst simply plots
the forward side force gage output difference versus the forward side force (compare Fig. 2 with Fig. 3).

It is helpful to identify the most likely root cause of the bi–directional characteristic of a balance gage
in order to gain confidence in the chosen regression model’s ability to describe the physical behavior of the
balance. The bi–directional characteristic can be interpreted as an asymmetry in the gage sensitivity if a gage
output is plotted versus the related load component. This asymmetry may be associated with a geometric
asymmetry that is hidden in design features of the balance. Figure 4 below shows, for example, parts of a
typical Task balance. The balance has a metric outer sleeve. It is the physical interface to the wind tunnel
model. The balance also has a non–metric inner rod. It is the interface to the balance support system.
Circumferential wall thickness variations of both the outer sleeve and inner rod can clearly be seen. They

SMALLEST
THICKNESS

METRIC 
OUTER
SLEEVE

COMPONENT PARTS OF THE
1.5" MK2B TASK BALANCE

GREATEST
THICKNESS

NON-METRIC 
INNER ROD

Fig. 4 Wall thickness variations of the metric and non–metric parts of a Task balance.

are a known design feature of Task balances. The wall thickness variations may be responsible for a change
of the elastic behavior of the balance. In that context, Hufnagel makes the following comments (taken from
Ref. [7], pp. 236–237; Able type balances ≡ Task type balances):

. . . Asymmetric sensitivity is a special problem of the Able type balances (p. 236) . . . The main reason for the
asymmetric sensitivity behavior is found in the asymmetric wall thickness distribution of the inner and outer
tubes. This asymmetry results in a difference in the deformation of tubes for positive and negative loading.
The effect was detected by comparison of a balance with central and eccentric wall distributions. (p. 237) . . .

The change of the elastic behavior is detected whenever (i) a force is applied perpendicular to the roll
axis and (ii) the force changes sign. These forces are the forward & aft normal forces and the forward & aft
side forces. The change of the elastic behavior is observed as a slope change when an output is plotted versus
the related primary load component. The change is modeled during the analysis of balance calibration data
by superimposing the effects of linear and absolute value terms in the chosen regression models.

Magnitudes of the circumferential wall thickness variations of a Task balance are highly dependent on
the load capacities of the balance. It was observed over the years that the magnitudes of the bi–directional
characteristic of the two normal force gages and the two side force gages are often very close in magnitude.
However, magnitudes of the bi–directional output at capacity of the side force gage pair are often higher than
corresponding values for the normal force gage pair. These observations clearly point towards a direct con-
nection between the bi–directional characteristics of the normal and side force gages and the circumferential
wall thickness variations of the metric and non–metric component parts of a Task balance.

It is useful to compare the magnitude of the bi–directional part at load capacity for a family of Task
balances in order to better support these conclusions. Therefore, both the Non–Iterative Method and the
Iterative Method were applied to calibration data of NASA’s MK29B, MK40A, and MK4A balances so that
an estimate of the bi–directional part at load capacity could be computed by using both Eq. (7.4a) and
Eq. (7.7a) that are given in Ref. [6]. Table 6 below lists results for the three balances. The first value in
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Table 6: Bi–directional parts at load capacity for a family of Task balances.

Balance Analysis rN1 rN2 rS1 rS2 rAF rRM
(diameter) Method microV/V microV/V microV/V microV/V microV/V microV/V

MK29B Non–Iterative Method +7.65 +10.68 +12.45 +18.52 +0.14 –1.41

(2.0 in) Iterative Method +7.30 +9.81 +10.89 +18.46 +0.17 +1.63

MK40A Non–Iterative Method +10.07 +13.49 +23.12 +24.70 +0.33 –1.33

(2.5 in) Iterative Method +10.63 +12.71 +22.53 +23.76 +0.32 –1.26

MK4A Non–Iterative Method +4.78 +7.75 +7.53 +4.58 +0.02 –0.27

(4.0 in) Iterative Method +4.82 +7.58 +7.38 +4.80 +0.00 –0.35

each box was obtained after applying Eq. (7.4a) of Ref. [6]. This equation uses coefficients of the regression
models of the tare corrected balance loads as input. The second value in each box was obtained after applying
Eq. (7.7a) of Ref. [6]. This alternate equation uses coefficients of the regression models of the gage output
differences as input. Several observations can be made after examining Table 6 in more detail. First, values
for Eq. (7.4a) and Eq. (7.7a) show excellent agreement even though they were obtained by using coefficients
of fundamentally different regression models as input. In most cases, the agreement between the values is
on the order of 1.0 microV/V or better. It can also be seen that the magnitude of the values for the normal
and side force gages are significantly larger than the magnitude of the values for the rolling moment and
axial force gages. This result confirms that bi–directional characteristics of the normal and side force gages
of a Task balance are most likely caused by circumferential wall thickness variations.

VI. Analysis Results for the Non–Iterative Method

The Non–Iterative Method is used in this section for the development of the load prediction equations
of the MK40B balance. This approach directly fits the six balance load components, i.e., N1, N2, S1, S2,
AF , and RM as a function of the gage output differences D1, D2, . . ., D6 assuming that all balance loads
are described relative to the absolute load datum of zero load (for more detail see Ref. [6], App. 9). Table 7
below shows the upper bound of all 85 terms that were considered for the regression models. It was decided

Table 7: Upper bound of the regression model terms of a load component of the MK40B balance.

Intercept Term (1 possible term)

Linear Terms (6 possible terms)†

D1, D2, D3, D4, D5, D6

Absolute Value Terms (6 possible terms)
|D1|, |D2|, |D3|, |D4|, |D5|, |D6|

Quadratic Terms (6 possible terms)
D2

1, D
2
2, D

2
3, D

2
4, D

2
5, D

2
6

Linear × Absolute Value Terms (6 possible terms)
D1 · |D1|, D2 · |D2|, D3 · |D3|, D4 · |D4|, D5 · |D5|, D6 · |D6|

Cross–product Terms (60 possible terms)
(D1 ·D2) , (D1 ·D3) , (D1 ·D4) , . . . , |D5 ·D6|

†
D1=rN1−rN1◦ , D2=rN2−rN2◦ , D3=rS1−rS1◦ , D4=rS2−rS2◦ , D5=rAF−rAF◦ , D6=rRM−rRM◦

to include absolute value terms of all gages in the list of possible terms even though the outputs of the
forward normal force, axial force, and rolling moment gage did not show bi–directional characteristics (see
Table 5). This choice was made because the semi–empirical test cannot capture more complex bi–directional
characteristics (see related comments in Ref. [6], App. 7, section 7.5). A simplified regression model search
algorithm was used for the selection of the terms of each load component (the search algorithm is described
in Ref. [6], App. 19). The search was successfully completed for all six load components. Afterwards, global
regression was applied so that the coefficients of the chosen terms could be determined.
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Figure 5 below shows percent contributions of the thirty–six principle linear terms and the thirty–six
principle absolute value terms of the regression models of the six load components (for simplicity, percent

N1           N2           S1           S2            AF           RM

Interpretation of the Percent Contribution (taken from Ref. [5], App. 16)

Percent_Contribution = 100 % ................... primary/reference term (red)
ABS(Percent_Contribution) > 0.5 % ................. very important term (red)
0.1 % < ABS(Percent_Contribution) < 0.5 % ... term of minor importance (blue)
ABS(Percent_Contribution) < 0.1 % ............. term of no importance (black)

BALFIT VERSION 03.03.03 (2022/11/03) NON-ITERATIVE STRAIN-GAGE BALANCE DATA ANALYSIS BUILD NO. 00 (0000/00/00) 

REGRESSION COEFFICIENT MATRIX CALCULATION REPORT: 2.5in MK40B / alternate load order / CALSPAN calibration of May 2019 or ... 

35. PERCENT CONTRIBUTION OF REGRESSION COEFFICIENT MATRIX TERMS

INDEX TERM Nl N2 S1 S2 AF RM 

1 INTERCEPT --- --- --- --- --- ---
2 rNl (100.00 %) +10.72 % -2.67 % -0.50 % +0.45 % +0.17 % 
3 rN2 +2.70 % (100.00 %) -0.18 % -3.10 % -0.56 % -0.14 % 
4 rSl -0.11 % -0.69 % (100.00 %) +4.34 % +0.54 % +0.03 % 
5 rS2 -0.13 % +0.29 % +1.37 % (100.00 %) -0.61 % +0.06 % 
6 rAF 0 0 0 0 (100.00 %] +0.08 % 
7 rRM +0.14 % +0.33 % -2.47 % -2.03 % +3.54 % (100.00 %] 
8 lrN11 -0.42 % -0.43 % +0.99 % +0.12 % -0.15 % -0.01 % 
9 lrN21 -0.65 % -0.87 % +0.04 % +1.17 % -0.26 % -0.20 % 

10 lrSll +0.23 % +0.17 % -1.66 % -0.30 % +0.03 % -0.02 % 
11 lrS21 +0.12 % +0.25 % -0.27 % -1.21 % -0.06 % +0.01 % 
12 lrAFI 0 0 -0.01 % 0 -0.11 % 0 
13 lrRMI +0.33 % +0.28 % -1.43 % -0.31 % -1.33 % +0.12 % 
14 rN1 •rNl -0.70 % 0 -0.44 % 0 +0.59 % 0 
15 rN2•rN2 0 -0.39 % 0 -0.77 % +0.78 % +0.22 % 
16 rSl•rSl 0 0 -0.67 % 0 0 0 
17 rS2•rS2 0 -0.22 % 0 -1.02 % +0.87 % 0 
18 rAF•rAF 0 0 0 0 0 0 
19 rRM•rRM +0.50 % +0.43 % +0.86 % 0 0 -0.46 % 
20 rN1•IrN1I -0.22 % -0.39 % +1.01 % 0 0 0 
21 rN2•lrN2I -0.41 % -0.19 % 0 +1.18 % -1.10 % 0 
22 rS1olrS1 I 0 0 -0.72 % 0 0 0 
23 rS2•1rS21 0 0 0 -1.01 % 0 0 
24 rAF•lrAFI 0 0 0 0 0 0 
25 rRM•lrRMI 0 0 0 0 -0.96 % +0.16 % 
26 rN1•rN2 0 -0.16 % +0.11 % 0 -2.24 % 0 
27 rN1 •rS1 +0.85 % 0 +1.65 % 0 +0.24 % 0 
28 rN1•rS2 0 0 0 0 0 -0.13 % 
29 rN1•rAF 0 0 0 0 0 0 
30 rNl•rRM +0.86 % 0 -2.01 % 0 -0.62 % +0.46 % 
31 rN2•rS1 0 0 -0.47 % 0 +0.28 % -0.14 % 
32 rN2•rS2 0 +1.20 % 0 +2.36 % -0.34 % 0 
33 rN2•rAF 0 0 0 0 -0.75 % 0 
34 rN2•rRM 0 +0.38 % 0 -3.83 % 0 +0.90 % 
35 rS1•rS2 0 0 -0.21 % -0.20 % -0.72 % +0.09 % 
36 rSl•rAF 0 0 0 0 -0.38 % 0 
37 rSl•rRM +2.05 % +0.57 % -2.59 % -0.45 % +0.42 % -0.17 % 
38 rS2•rAF 0 0 0 0 -0.59 % 0 
39 rS2•rRM +0.26 % +1.78 % 0 -1.19 % 0 -0.44 % 
40 rAF•rRM 0 0 0 0 0 0 
41 rNl•lrN2I +0.31 % +0.48 % -0.24 % 0 +0.19 % 0 
42 rNl•lrSl I 0 0 -0.51 % 0 -0.66 % -0.14 % 
43 rN1•1rS21 +0.25 % +0.30 % 0 0 0 -0.18 % 
44 rNlolrAFI 0 0 0 0 0 0 
45 rNl•lrRMI +1.14 % +0.82 % -0.30 % 0 -1.03 % 0 
46 rN2•lrN1 I +0.49 % +0.47 % 0 0 0 0 
47 rN2•1rS1 I 0 0 0 0 0 0 
48 rN2•1rS21 0 0 0 0 0 -0.15 % 
49 rN2•IrAFI 0 0 0 0 0 0 
50 rN2•IrRMI +0.37 % +0.46 % 0 0 0 0 

INTERPRETATION Of" THE PERCENT CONTRIBUTION 
PERCENT CONTRIBUTION = 100 % ----------> PRIMARY/REFERENCE TERM (RED) ABS{PERCENT CONTRIBUTION} > 0.5 % ---> VERY IMPORTANT TERM (RED) 

0.1 % < ABS{PERCENT CONTRIBUTION} < 0.5 % --> TERM OF MINOR IMPORTANCE (BLUE) ABS{PERCENT CONTRIBUTION}< 0.1 % --> TERM OF NO IMPORTANCE (BLACK) 

ITERATIVE VERSUS NON-ITERATIVE STRAIN-GAGE BALANCE DATA ANALYSIS 
THE PERCENT CONTRIBUTION OF A TERM OF THE REGRESSION MODEL OF A GAGE OUTPUT (ITERATIVE ANALYSIS) IS SIMILAR IN MAGNITUDE BUT OPPOSITE IN SIGN 
WHEN COMPARED WITH THE CORRESPONDING VALUE OBTAINED FOR THE REGRESSION MODEL OF A LOAD COMPONENT (NON-ITERATIVE ANALYSIS). A DERIVATION OF THIS 
RELATIONSHIP CAN BE FOUND IN THE FOLLOWING REFERENCE: Ulbrich, N., and Zimmermann, C., Assessment of Temperature-Dependent Regression Model 
Terms of a RUAG Six-Component Block-Type Balance, AIAA 2020-0026, paper presented at the 2020 AIAA SciTech Forum, Orlando, Florida, January 2020. 
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BALFIT VERSION 03.03.03 (2022/11/03) NON-ITERATIVE STRAIN-GAGE BALANCE DATA ANALYSIS BUILD NO. 00 (0000/00/00) 

Fig. 5 Percent contributions of the principle linear and ab–
solute value terms of the fitted balance load components.

contributions of higher order terms are not discussed). Red color marks percent contributions of very
important terms. Blue color is used to identify terms that are of minor importance. Finally, black color
is used to mark terms of no importance. In general, it can be seen that interactions and bi–directional
characteristics of the gages cannot be neglected. A total of 21 of the 72 terms are highlighted in red color
(not counting the percent contribution of 100 %). These 21 terms are very important terms as the magnitude
of their percent contributions exceeds the empirical threshold of 0.5 %.

It is also interesting to examine the relationship between the forward side force (S1) and the rolling
moment gage output difference (D6). The rolling moment gage output difference (D6) is needed in the
regression model of the forward side force (S1) as a connection between the rolling moment gage output
(D6) and the forward side force (S1) exists. The percent contribution of the term D6 of the regression
model of S1 has the relatively large value of −2.47 %. In addition, it is known that the connection between
the rolling moment gage output (D6) and the forward side force (S1) is bi–directional. This relationship is
reflected in Fig. 5 above by the fact that the percent contribution of the term |D6| also has the relatively
large value of −1.43 %.

A tare load iteration was performed during the calibration data analysis so that balance loads resulting
from the combined weight of the load adapter of the calibration machine and the metric part of the balance
would be included in the load set that was ultimately used as input for the regression analysis (Ref. [6],
App. 12 describes the tare load iteration algorithm that the Non–Iterative Method uses).

The regression analysis of the data was successfully completed using (i) tare corrected loads and (ii) out-
put differences relative to the natural zeros of the balance gages as input. Table 8 below lists the standard
deviation of the load residuals, i.e., of the difference between measured and fitted load, for each load compo-
nent of the MK40B balance. The standard deviations of all load components are near or below the threshold
of 0.1 % of load capacity that is used in the aerospace testing community for the assessment of the standard
deviation of balance load residuals.

Table 8: Non–Iterative Method =⇒ Standard deviation of the load residuals.†

N1 N2 S1 S2 AF RM
lbs lbs lbs lbs lbs in−lbs

2.16 2.32 2.70 2.93 0.45 2.87
(0.062 %) (0.066 %) (0.108 %) (0.117 %) (0.112 %) (0.036 %)

†Standard deviations expressed as a percentage of the load capacity are listed in brackets.
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As an example, forward side force residuals of the MK40B balance are plotted versus the tare corrected
forward side force in Fig. 6 below. Most residuals are well within the threshold of ±0.25 % of load capacity
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Fig. 6 Non–Iterative Method =⇒ Forward side force residuals (∆S1) of the
MK40B balance plotted versus the tare corrected forward side force (S1).

that is often used for the assessment of individual load residuals. A few outliers are detected that ex-
ceed the threshold of ±0.25 %. The primary sensitivities of the balance gages were also computed during
the regression analysis of the calibration data. The primary sensitivity of a balance gage equals the first
derivative of a gage output with respect to the corresponding primary gage load. Therefore, it can be ap-
proximated by the inverse of the coefficient of the primary output difference that is used in the regression
model of a load if the Non–Iterative Method is used for the balance load prediction. This statement can be
illustrated by using the regression model of the forward normal force as an example. It is defined as follows:

N1 = a◦ + a1 ·

D1︷ ︸︸ ︷
(rN1 − rN1◦) + a2 ·

D2︷ ︸︸ ︷
(rN2 − rN2◦) + a3 ·

D3︷ ︸︸ ︷
(rS1 − rS1◦) + . . . (1)

Then, the inverse of the primary sensitivity of the forward normal force gage output is obtained:

a1 =
∂ N1

∂ D1
≈

{
∂ D1

∂ N1

}−1
=

{
∂ [ rN1−

const.︷ ︸︸ ︷
rN1◦ ]

∂ N1

}−1
=

{
∂ rN1

∂ N1

}−1
(2)

Consequently, the primary sensitivity of the forward normal force gage output becomes:

Primary Sensitivity
(forward normal force gage)

=⇒ ∂ rN1

∂ N1
≈ 1

a1
(3)

Table 9 below lists the primary sensitivities of the MK40B balance. As expected, the axial force gage has
the highest sensitivity of all balance gages because the axial force capacity is about one order of magnitude
below the normal and side force capacities.

Table 9: Non–Iterative Method =⇒ Primary sensitivities of the MK40B balance.

∂ rN1

∂ N1

∂ rN2

∂ N2

∂ rS1

∂ S1

∂ rS2

∂ S2

∂ rAF

∂ AF

∂ rRM

∂ RM

0.3944† 0.4406† 0.5355† 0.5560† 4.2340† 0.1823‡

†
[microV/V ]/ [lbs] ; ‡

[microV/V ]/ [in−lbs].

Table 10 below lists the subset of the thirty–six principle linear coefficients of the regression models of
the six load components of the MK40B balance. These coefficient values will be compared at the end of the
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Table 10: Non–Iterative Method =⇒ Principle linear coefficients
of the fitted regression model of each balance load component.

  

                                 N1             N2             S1             S2             AF             RM
                       D1   2.921295e+00   3.400873e-01  -5.246381e-02  -8.699317e-03  -5.825329e-03  -4.065943e-03
                       D2   8.185590e-02   2.696682e+00  -1.360457e-02  -2.376486e-02   3.576150e-03  -1.185076e-03
                       D3  -1.270812e-03  -1.970753e-02   2.041915e+00   8.825065e-02   1.246866e-03  -5.785828e-03
                       D4  -4.671090e-03  -1.263236e-02   2.945034e-02   1.990140e+00  -3.406365e-03   5.982193e-03
                       D5   1.182397e-03   2.601478e-03   1.593378e-05   6.996121e-04   2.802414e-01  -2.190301e-02
                       D6  -9.864305e-03   1.165878e-02  -6.155622e-02  -6.283255e-02  -3.766000e-03   6.102319e+00

next section with corresponding values that were obtained after the application of the Iterative Method .

VII. Analysis Results for the Iterative Method

The Iterative Method is used in this section for calibration data analysis and the load prediction of the
MK40B balance (see Ref. [4] or Ref. [6], App. 10 for a detailed description of the method). This alternate
approach first fits the electrical outputs of the balance gages as a function of the balance loads. Afterwards,
a load iteration equation is constructed from the regression coefficients of the fitted outputs so that loads
can be predicted from measured outputs during a wind tunnel test. Finally, iteration equation coefficients
are stored in a standardized data reduction matrix so that the iteration equation can easily be shared and/or
implemented in the data system of a wind tunnel.

Table 11 below shows the upper bound of all 85 terms that were considered for the regression models of
the six gage output differences D1, D2, . . ., D6. It is assumed that all balance loads are described relative
to the absolute load datum of zero load. Again, it was decided to include all possible absolute value terms
in the upper bound so that more complex bi–directional characteristics can be modeled. Then, a simplified
regression model search algorithm was applied to the given calibration data (the algorithm was also used
during the application of the Non–Iterative Method ; it is described in Ref. [6], App. 19). The search was

Table 11: Upper bound of the regression model terms of an output difference† of the MK40B balance.

Intercept Term (1 possible term)

Linear Terms (6 possible terms)†

N1, N2, S1, S2, AF, RM

Absolute Value Terms (6 possible terms)
|N1|, |N2|, |S1|, |S2|, |AF |, |RM |

Quadratic Terms (6 possible terms)
N12, N22, S12, S22, AF 2, RM2

Linear × Absolute Value Terms (6 possible terms)
N1 · |N1|, N2 · |N2|, S1 · |S1|, S2 · |S2|, AF · |AF |, RM · |RM |

Cross–product Terms (60 possible terms)
(N1 ·N2) , (N1 · S1) , (N1 · S2) , . . . , |AF ·RM |

†
D1=rN1−rN1◦ , D2=rN2−rN2◦ , D3=rS1−rS1◦ , D4=rS2−rS2◦ , D5=rAF−rAF◦ , D6=rRM−rRM◦

successfully completed for all six output differences. Afterwards, global regression was applied so that the
coefficients of the chosen terms could be determined and the load iteration equation could be derived.

Percent contributions of the regression model terms were determined after completion of the regression
analysis of the calibration data. Figure 7 below shows the percent contributions of the thirty–six principle
linear terms and the thirty–six principle absolute value terms of the regression models of the six gage output
differences (for simplicity, percent contributions of higher order terms are not discussed). Red color marks
percent contributions of very important terms. Blue color is used to identify terms that are of minor
importance. Finally, black color is used to mark terms of no importance. In general, it can be seen that
the interactions between the gages cannot be neglected. A total of 22 of the 72 terms are highlighted in red
color (not counting the percent contribution of 100 %). These 22 terms are considered to be very important
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D1 D2 D3 D4 D5 D6

Interpretation of the Percent Contribution (taken from Ref. [5], App. 16)

Percent_Contribution = 100 % ................... primary/reference term (red)
ABS(Percent_Contribution) > 0.5 % ................. very important term (red)
0.1 % < ABS(Percent_Contribution) < 0.5 % ... term of minor importance (blue)
ABS(Percent_Contribution) < 0.1 % ............. term of no importance (black)

BALFIT VERSION 03.03.03 (2022/11/03) ITERATIVE STRAIN-GAGE BALANCE DATA ANALYSIS BUILD NO. 00 (0000/00/00) 

DATA REDUCTION MATRIX CALCULATION REPORT: 2.5in MK40B / alternate load order / CALSPAN colibrotion of May 2019 or ... 

40. PERCENT CONTRIBUTION OF REGRESSION COEFFICIENT MATRIX TERMS

INDEX TERM rNl rN2 rS1 rS2 rAF rRM 

1 INTERCEPT --- --- --- --- --- ---
2 N1 (100.00 %) -10.94 % +2.70 % +0.10 % -0.52 % -0.18 % 
3 N2 -2.63 % (100.00 %) +0.09 % +2.98 % +0.57 % +0.14 % 
4 S1 +0.08 % +0.68 % (100.00 %) -4.16 % -0.54 % -0.02 % 
5 S2 +0.14 % -0.33 % -1.42 % (100.00 %) +0.61 % -0.05 % 
6 AF 0 0 0 0 (100.00 %] -0.08 % 
7 RM -0.13 % -0.31 % +2.49 % +1.87 % -3.46 % (100.00 %] 
8 INl I +0.45 % +0.40 % -0.96 % 0 +0.17 % +0.02 % 
9 IN2I +0.60 % +0.76 % -0.03 % -1.05 % +0.20 % +0.19 % 

10 ISl I -0.22 % -0.14 % +1.64 % +0.22 % -0.07 % +0.02 % 
11 IS2I -0.12 % -0.23 % +0.25 % +1.14 % +0.03 % -0.01 % 
12 IAFI 0 0 +9.3e-03 % 0 +0.10 % 0 
13 IRMI -0.33 % -0.25 % +1.46 % +0.26 % +1.28 % -0.12 % 
14 Nl•Nl +0.67 % 0 +0.36 % 0 -0.82 % 0 
15 N2•N2 0 +0.39 % 0 +0.60 % -0.66 % -0.20 % 
16 Sl•S1 0 0 +0.69 % 0 0 0 
17 S2•52 0 +0.21 % 0 +1.16 % -0.85 % 0 
18 AF•AF 0 0 0 0 0 0 
19 RM•RM -0.48 % -0.39 % -0.84 % 0 0 +0.46 % 
20 Nl •INl I +0.26 % +0.37 % -0.96 % 0 0 0 
21 N2•IN2I +0.37 % +0.15 % 0 -1.05 % + 1.02 % 0 
22 S1*IS1I 0 0 +0.75 % 0 0 0 
23 S2•IS2I 0 0 0 +1.09 % 0 0 
24 AF•IAFI 0 0 0 0 0 0 
25 RM•IRMI 0 0 0 0 +0.91 % 0 
26 Nl•N2 -0.16 % -0.14 % 0 0 +2.24 % 0 
27 Nl•S1 -0.84 % 0 -1.60 % +0.20 % 0 0 
28 Nl•S2 0 0 0 +0.33 % 0 +0.14 % 
29 N1•AF 0 0 0 0 0 0 
30 N1•RM -0.89 % 0 +2.03 % -0.41 % +0.58 % -0.34 % 
31 N2•S1 +0.11 % 0 +0.51 % 0 -0.29 % +0.14 % 
32 N2•S2 0 -1.21 % 0 -2.23 % +0.27 % -0.07 % 
33 N2•AF 0 0 0 0 +0.74 % 0 
34 N2•RM 0 -0.46 % -0.38 % +3.62 % 0 -0.83 % 
35 S1•52 0 0 +0.13 % 0 +0.77 % -0.09 % 
36 S1•AF 0 0 0 0 +0.33 % 0 
37 S1•RM -1.89 % -0.23 % +2.55 % +0.26 % -0.42 % +0.14 % 
38 S2•AF 0 0 0 0 +0.58 % 0 
39 S2•RM -0.16 % -1.73 % 0 +1.18 % 0 +0.44 % 
40 AF•RM 0 0 0 0 0 0 
41 INl •N2I 0 0 0 0 0 -0.10 % 
42 INl•Sl I 0 0 -0.83 % 0 +0.48 % 0 
43 IN1•S2I 0 0 0 0 0 0 
44 INl•AFI 0 0 0 0 0 0 
45 INl•RMI -0.62 % -0.51 % 0 0 0 +0.07 % 
46 IN2*S1I 0 0 -0.45 % 0 0 0 
47 IN2•S2I 0 0 0 -0.85 % +0.47 % 0 
48 IN2•AFI 0 0 -0.35 % 0 +0.76 % 0 
49 IN2•RMI 0 0 -0.25 % 0 0 0 
50 IS1*S2I 0 0 0 0 0 0 

INTERPRETATION or THE PERCENT CONTRIBUTION 
PERCENT CONTRIBUTION = 100 % ----------> PRIMARY/REFERENCE TERM (RED) ABS{PERCENT CONTRIBUTION} > 0.5 % ---> VERY IMPORTANT TERM (RED) 

0.1 % < ABS{PERCENT CONTRIBUTION} < 0.5 % --> TERM OF MINOR IMPORTANCE (BLUE) ABS{PERCENT CONTRIBUTION}< 0.1 % --> TERM OF NO IMPORTANCE (BLACK) 

ITERATIVE VERSUS NON-ITERATIVE STRAIN-GAGE BALANCE DATA ANALYSIS 
THE PERCENT CONTRIBUTION OF A TERM OF THE REGRESSION MODEL OF A GAGE OUTPUT (ITERATIVE ANALYSIS) IS SIMILAR IN MAGNITUDE BUT OPPOSITE IN SIGN 
WHEN COMPARED WITH THE CORRESPONDING VALUE OBTAINED FOR THE REGRESSION MODEL OF A LOAD COMPONENT (NON-ITERATIVE ANALYSIS). A DERIVATION OF THIS 
RELATIONSHIP CAN BE FOUND IN THE FOLLOWING REFERENCE: Ulbrich, N., and Zimmermann, C., Assessment of Temperature-Dependent Regression Model 
Terms of a RUAG Six-Component Block-Type Balance, AIAA 2020-0026, paper presented at the 2020 AIAA SciTech Forum, Orlando, Florida, January 2020. 
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Fig. 7 Percent contributions of the principle linear and
absolute value terms of the six fitted output differences.

terms as the magnitude of their percent contributions exceeds the threshold of 0.5 %. More complex bi–
directional connections between load components and output differences were detected. It is interesting to
examine the relationship between the forward side force gage output difference (D3) and the rolling moment
(RM). The rolling moment (RM) is needed in the regression model of the forward side force gage output
difference (D3) as a connection between the rolling moment and the forward side force gage output difference
exists. Therefore, the percent contribution of the rolling moment (RM) of the regression model of the forward
side force gage output difference (D3) has the relatively large value of +2.49 %. In addition, it is known that
the connection between the rolling moment (RM) and the forward side force gage output difference (D3) is
bi–directional. This relationship is reflected in Fig. 7 above by the fact that the percent contribution of the
absolute value of the rolling moment (|RM |) has the relatively large value of +1.46 %.

It is proven in the literature that the following connection between the percent contributions of the
regression models of the loads and output differences exists (see Ref. [6], pp. 353–355): → Percent con-
tributions of pairs of related terms are similar in magnitude but opposite in sign. This connection can be
illustrated by using percent contributions as an example that were discussed in the previous paragraph.
First, it is known from the regression model of the forward side force gage output difference (D3) that (i) the
percent contribution of the rolling moment (RM) equals +2.49 % and (ii) the percent contribution of the
absolute value of the rolling moment (|RM |) equals +1.46 % (taken from Fig. 7). Now, the Non–Iterative
Method is used instead of the Iterative Method for the calibration data analysis. Consequently, the forward
side force (S1) is the term that is related to the forward side force gage output difference (D3). Similarly,
the rolling moment gage output difference (D6) is the term that is related to the rolling moment (RM).
Then, it known from the regression model of the forward side force (S1) that (i) the percent contribution
of the rolling moment gage output difference (D6) equals −2.47 % and (ii) the percent contribution of the
absolute value of the rolling moment gage output difference (|D6|) equals −1.43 % (values were copied from
Fig. 5). As expected, the percent contribution of D6 is similar in magnitude but opposite in sign to the
percent contribution of RM (−2.47 % versus +2.49 %). Likewise, the percent contribution of |D6| is similar
in magnitude but opposite in sign to the percent contribution of |RM | (−1.43 % versus +1.46 %).

A tare load iteration was performed during the calibration data analysis so that balance loads resulting
from the combined weight of the load adapter of the calibration machine and the metric part of the balance
would be included in the load set that was ultimately used for the regression analysis (Ref. [6], App. 13
describes the tare load iteration algorithm that the Iterative Method uses).

The regression analysis of the data was successfully completed using (i) the tare corrected loads and
(ii) output differences relative to the natural zeros of the balance as input. Afterwards, a data reduction ma-
trix for the load prediction was generated that has the coefficients of the load iteration equation. Table 12 be-
low lists the standard deviation of the load residuals of the calibration data, i.e., of the difference between mea-
sured and predicted load, for each load component of the MK40B balance in engineering units (correspond-
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ing values expressed as a percentage of the capacity are listed in brackets). The standard deviations of the
predicted loads are near or below the threshold of 0.1 % that is used in the aerospace testing community

Table 12: Iterative Method =⇒ Standard deviation of the load residuals.†

N1 N2 S1 S2 AF RM
lbs lbs lbs lbs lbs in−lbs

2.13 2.37 2.70 2.97 0.46 2.95
(0.061 %) (0.068 %) (0.108 %) (0.119 %) (0.115 %) (0.037 %)

†Standard deviations expressed as a percentage of the load capacity are listed in brackets.

for the assessment of the standard deviation of balance load residuals. The standard deviations shown
in Table 12 can be compared with corresponding values that are listed in Table 8 for the Non–Iterative
Method . The maximum difference between the standard deviations is very small (≈ 0.003 %). Therefore, it
is concluded that the standard deviation of the load residuals show excellent agreement with corresponding
values that were obtained after the application of the Non–Iterative Method .

As an example, forward side force residuals of the MK40B balance are plotted versus the tare corrected
forward side force in Fig. 8 below. Most load residuals are well within the threshold of ±0.25 % of the load
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Fig. 8 Iterative Method =⇒ Forward side force residuals (∆S1) of the
MK40B balance plotted versus the tare corrected forward side force (S1).

capacity. Again, plotted load residuals show excellent qualitative and quantitative agreement with corre-
sponding values that are shown in Fig. 6 for the Non–Iterative Method .

The primary sensitivities of the balance gages were also computed during the regression analysis of the
calibration data. In this context, the primary sensitivity of a gage is defined as the coefficient of the primary
load component that is used in the regression model of a gage output difference. This general statement can
be illustrated by using the regression model of the gage output difference D1 of the forward normal force
gage as an example. This regression model is defined in Eq. (4) below. The primary sensitivity of output

D1 = rN1 − rN1◦ = b◦ + b1 ·N1 + b2 ·N2 + b3 · S1 + b4 · S2 + . . . (4)

difference D1 equals the coefficient of the forward normal force. Then, we get:

Primary Sensitivity
(forward normal force gage)

=⇒ b1 =
∂ D1

∂ N1
=

∂ [ rN1−
const.︷ ︸︸ ︷
rN1◦ ]

∂ N1
=

∂ rN1

∂ N1
(5)

Table 13 below lists the primary sensitivities for the MK40B balance. Again, the axial force gage has
the highest sensitivity of all balance gages because the axial force capacity is about one order of magnitude
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below the capacities of the normal and side forces.

Table 13: Iterative Method =⇒ Primary sensitivities of the MK40B balance.

∂ rN1

∂ N1

∂ rN2

∂ N2

∂ rS1

∂ S1

∂ rS2

∂ S2

∂ rAF

∂ AF

∂ rRM

∂ RM

0.3956† 0.4418† 0.5359† 0.5563† 4.2341† 0.1822‡

†
[microV/V ]/[lbs] ; ‡

[microV/V ]/[in−lbs].

Finally, it is interesting to examine the non–iterative part of the load iteration equation that is obtained
after the application of the Iterative Method . The non–iterative part equals square matrix C−11 that is
traditionally used to define the primary load iteration equation (see Ref. [6], App. 10 for more details).
Table 14 below lists the values of matrix C−11 that were obtained from the calibration data set of the
MK40B balance. In theory, these values should show good agreement with the thirty–six principle linear

Table 14: Iterative Method =⇒ Coefficients of square matrix C1
−1. This

matrix is the constant, i.e., non–iterative part of the load iteration equation.
 

                       N1             N2             S1             S2             AF             RM
             D1   2.924367e+00   3.433268e-01  -5.331877e-02  -9.910861e-03  -5.779212e-03  -4.916728e-03
             D2   8.334239e-02   2.698702e+00  -1.529739e-02  -2.508709e-02   3.685231e-03  -1.305874e-03
             D3  -1.488930e-03  -2.001978e-02   2.041838e+00   8.839700e-02   1.215347e-03  -5.733329e-03
             D4  -4.505349e-03  -1.247416e-02   2.912285e-02   1.989473e+00  -3.480901e-03   6.241274e-03
             D5   1.149637e-03   2.542825e-03  -8.532762e-05   5.174015e-04   2.803107e-01  -2.224617e-02
             D6  -9.333192e-03   1.210165e-02  -6.260388e-02  -6.356952e-02  -3.785567e-03   6.102504e+00

terms that were obtained after the application of the Non–Iterative Method to the calibration data (these
coefficients are listed in Table 10). The values of Table 14 can be compared with the values of Table 10 by
simply examining the ratio between two corresponding values. This ratio equals one if a value pair shows
perfect agreement. The ratios of the thirty–six coefficients were computed. Then, the arithmetic mean of the
ratios was determined. A mean value of 0.99998 was obtained (maximum of all ratios = 1.09915; minimum
of all ratios = 0.849545). The mean value is very close to the value of 1.0 that describes perfect agreement
between coefficient sets.

In summary, the comparison of different analysis results confirms that the load prediction accuracies of
the Non–Iterative and the Iterative Method for the chosen Task balance calibration data set are the same for
all practical purposes as long as (i) gage outputs are formatted as differences between a raw output and the
natural zero of a gage, (ii) regression models with similar function classes are used for the analysis of the
calibration data, (iii) regression models do not have invalid terms that cause unwanted dependencies, and
(iv) a tare load iteration is performed.

VIII. Conclusions

Data from a six–component Task balance was analyzed in great detail. First, it was illustrated that
absolute value terms are needed in both the regression models of the Non–Iterative and the Iterative Method
so that bi–directional characteristics of the gages can be quantified. In addition, it is critical to format the
electrical outputs of a Task balance as the difference between the raw output and the natural zero of a gage
if the Non–Iterative Method is used to generate the load prediction equations.

Overall, the agreement between the load residuals, percent contributions, and primary sensitivities of
the Non–Iterative and the Iterative Method is excellent. This observation confirms that the accuracy of the
two balance load prediction methods is the same for all practical purposes if calibration data from a typical
Task balance with bi–directional gage output characteristics is processed.
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