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The authors describe pre� ight calibration and quali� cation testing of the tether force sensor developed for the
Canadian OEDIPUS-C mission � own on Nov. 6, 1995. OEDIPUS stands for observations of electric � eld distri-
bution in the ionospheric plasma, a unique strategy. The OEDIPUS-C payload was designed as a large double
probe for sensitive measurements of weak electric � elds in the plasma of the aurora. It was launched using Black
Brant XII sounding rocket to a trajectory with an apogee of 843 km, and the length of deployed conducting tether
was 1174 m. There were 13 scienti� c experiments onboard, including the tether dynamics experiment with the
tether force sensor as its prime instrument. This instrument is a strain-gauge-based three-axis force transducer
that measures the instantaneous tether tension vector. Quali� cation and environmental testing of the transducer
are summarized. The calibration testing of the tether force sensor is presented together with its theoretical back-
ground. During pre� ight testing, sources of errors and secondary performance characteristics were also identi� ed.
The tether force sensor � ight performance met designed � ight requirements. The representative tether force sensor
� ight data including time histories of tether force components are presented.

Nomenclature
Fx ; Fy; Fz = components of the force applied

to the sensor, lb
K = diagonal matrix of sensitivity coef� cients
Kx ;x D 1=kx ;x = example of sensitivity coef� cient in

X -direction gauge due to load applied in the
same direction, lb/(V/V)

OK = matrix of interaction coef� cients
kx ;i = � rst-order interaction coef� cient in gauge i due

to load applied in the X direction, (V/V)/lb
kx 2;i = second-order interaction coef� cient in gauge i

due to load applied in the X direction, (V/V)/lb
kx = vector of the � rst-order interaction coef� cients

due to load applied in the X direction
kx2 = vector of the second order interaction

coef� cients due to load applied in the X
direction

kx y = vector of cross-coupling interaction coef� cients
on each gauge output due to load applied in the
X direction

Mx ; My ; Mz = components of the moment applied to the
sensor, lb ¢ m

Smax = maximum force-vectorerror for speci� c type of
gauge

S.º/ = error in measurement of the angle between the
tension vector and vertical of the sensor
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X = vector of � rst-order applied loads
OX = vector of � rst- and second-order applied loads

Introduction

T HE OEDIPUS-C (observationsof electric � eld distribution in
the ionospheric plasma—a unique strategy) mission was suc-

cessfully launched on Nov. 6, 1995, into a suborbital orbit trajec-
tory using the Black Brant XII sounding rocket from the Poker
Flat Research Rocket Range near Fairbanks,Alaska. The altitude at
apogee reached 843 km, and a 1174-m tether was successfully de-
ployed. Onboard instruments on both forward and aft subpayloads
performed well, including the tether force sensor (TFS) situated at
the forward end of the aft subpayload. The scienti� c instruments
included the following instruments on the forward payload: high-
frequency exciter, energetic-particleinstrument, thermal ion detec-
tor, triaxial � ux-gate magnetometer, plasma probe; and on the aft
payload: receiver for exciter, energetic-particleinstrument, thermal
ion detector, triaxial � ux-gate magnetometer, plasma probe, ram
sensor, tether current monitor, and TFS.1 There were also required
subsystems [power, telemetry, instrument control, attitude control
system (ACS) booms] as well as the tether deployer and tether cut-
ters, the pneumaticsystemfor payload separation,and other subsys-
tems such as the attitudevideo camera (AVC) on both payloads.The
TFS, � own as a primary � ight instrument, was developed as a part
of the Tether Dynamics Experiment (TDE), which was sponsored
by the Space Technology Branch of the Canadian Space Agency
(CSA). The main objectives of the TDE were to develop a com-
prehensiveunderstandingof the complex dynamics of the spinning
tethered con� guration with � exible appendages, and to support the
payload development.The OEDIPUS-C mission was sponsoredby
the Space Science Program of the CSA and was developedas a joint
program with NASA.

The TFS designwas derivedfrom the tetheredsatelliteforce trans-
ducer developed by NASA Langley Research Center for the Small
Expandable Deployer System (SEDS) designed for the Delta II
rocket to deploy an end mass.2 The SEDS sensor was designed
to measure tensions up to 4.50 lb in each direction and resolve
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Fig. 6 Error between computed and actual TFS loading for loads applied during calibration. Computed load is based on foil-gauge output: , x; ,
y; and , z.

directions. The vectors kx z and kyz have a similar form. Assuming
no moment interaction, there are 27 terms that must be computed
to calibrate the sensor.

The desired output of the sensor is a measure of the applied
load. The sensitivity constants are normalized as follows: K x ;x D
1=kx;x ; K y;y D 1=ky;y , and Kz;z D 1=kz;z . Multiplying rows 1, 2,
and 3 of Eq. (2) by K x;x ; K y;y , and Kz;z , respectively, results in the
normalized interaction coef� cients, e.g., K y;x D ky;x =kx;x . Rear-
ranging results in the following matrix equation:

X D K µ ¡ OK OX (3)

where X is a vector of � rst-order applied loads, K is a diagonal
matrix of sensitivity coef� cients, and µ is a vector of strain-gauge
outputs as de� ned earlier. OK is a matrix of interaction coef� cients
given by
OK D&$ 0 Kx 2;x K y;x K y2;x Kz;x Kz2 ;x K x y;x K x z;x K yz;x

K x;y Kx 2;y 0 K y2;y Kz;y Kz2 ;y K x y;y K x z;y K yz;y

K x;z Kx 2;z K y;z K y2;z 0 Kz2 ;z K x y;z Kx z;z K yz;z

’%

(4)

and OX D [X; X2; Y; Y 2; Z; Z2; XY; X Z ; Y Z ]T is a vector of � rst-
and second-order loads applied to the TFS.

In iterative form, Eq. (3) can be expressed as follows:

Xn D K µ ¡ OK OXn ¡ 1 (5)

where X D 0.
The calibration testing focuses on applying known loads to the

sensor and recording the gauge output. The gauge outputs and load
values are then used to compute numerical values for all elements
of the matrices K and OK using the linear regression technique. The
TFS calibration steps include 1) calculation of sensitivity and in-
teraction coef� cients for the series of single and multicomponent
load cases; 2) calculation of the loads that are applied during cal-
ibration; 3) comparison of calculated loads with actual loads; and
4) expression of the differences as percentage errors (accuracies).
Also, sensitivities and interaction coef� cients were calculated for
TFS temperature readings.

The calibration testing was carried out jointly by NASA Lang-
ley Research Center, CSA, and Bristol AerospaceLtd. at the NASA
Langleycontractorfacility in Newport News, Virginia.5 The calibra-
tion process involved applying precision weights to the sensor and
recording corresponding voltage output. The relationship between
sensoroutputand loading,Eq. (5), was used for the engineeringdata

reduction. This conversion equation was also applied to assess the
errors.The errors for each calibrationload,using foil- and PR-gauge
outputs, are shown in Figs. 6 and 7, respectively. The temperature
correction is included in the results presented here. The single- and
two-component loadings were used to determine the sensitivities
and interaction coef� cients; the proof loadings were used as inde-
pendentveri� cationsof thecalculatedcoef� cients.Figure6 presents
the percentageerrorwith respectto full scalefor foil gaugesbetween
computed and actual TFS loading readings for loads applied dur-
ing calibration. Altogether 11 cases for loading are presented: in
the CX direction (code 2020), in the ¡X direction (code 5050), in
theCY direction(code8080), in the¡Y direction(code1000), in the
CZ direction (code 1010), in the two directions CXY (code 401),
etc. Figure 7 presents the same comparison for the PR gauges. Plots
are given for foil and PR gauges in the X; Y; and Z directions. For
multiaxial loading, the errors are higher than for uniaxial loading.

Proof loadings involved testing using specially designed angle
blocks.These loadings were performed by rotating the TFS and ap-
plying a single load with an angle block inducingmultiaxis loads on
the instrument. A full list of sensitivity and interaction coef� cients
with the temperaturecontrolleron (the temperaturewas set to 30±C)
is presented in Table A1 in the Appendix. An example of the cal-
culation of the load based on foil-gauge outputs using sensitivities
and interactions listed in Table A1 is provided in Ref. 5. TL and TU

are two measurements of the temperature inside the TFS case (TL

in the lower portion and TU in the upper portion).
A load-magnitudeaccuracy analysis was performed.5 In the case

of foil gauges, an estimated accuracy was §0:20¡0:22% of full
scale, and for PR gauges it was 0.60–0.63% of full scale. The full-
scale voltage for the X and Y axes is 4 V; the nominal full scale for
the Z axis is 2 V.

The estimatedmaximumforce-vectorerrors fromproof-loadtest-
ing for foil and PR gauges are

Smax.foil/ D §0:002 lb Smax.PR/ D §0:007 lb

An estimate of the error in the measurement of the angle between
the tension vector and vertical is

jS.º/j D
jSmax j

F

180

¼
deg (6)

It shows that the angular error will increase rapidly for small force
readings below 0.1 lb (see Fig. 8).

The following secondary performance characteristics were also
assessedwithin the scope of calibrationtesting:moment sensitivity,
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Fig. 7 Error between computed and actual TFS loading for loads applied during calibration. Computed load is based on PR-gauge output: , x; ,
y; and , z.

Fig. 8 Magnitude of estimated angular error for foil and PR gauges
and desired TFS angular error.

hysteresis and zero shift, response to a step load, long-term per-
formance, multiday zero reading, temperature sensitivity, and also
reference-block alignment. Herein, the following tests are brie� y
discussed: step-response,hysteresis/zero-shift,moment-sensitivity,
and long-term test.5

The step-responsetestwas performedto examineandcharacterize
the change in the gauge outputas a functionof time when a constant
load is applied.This behavior,sometimes referredto as gauge creep,
is here called gauge relaxation. The test involved applying the full
load of 0.5 lb (or 1.0 lb) in the positive direction along an axis,
recording an output for a period of time, removing the load, and
again recording an output. The corresponding changes in foil- and
PR-gauge outputs are presented in Fig. 9 for the step loading from
0.0 to 0.5 lb in the CX direction and in Fig. 10 for unloading.
Figure 9 illustrates the foil-gaugeoutputs from three tests when the
sensor was subjected to a 0.5-lb load, and Fig. 10 illustrates the
same tests during unloadingin the same direction.The test involved
applying the full-scale load in the positive direction of the X axis,
recording the output for a period of time, removing the load, and
again recording the output. The changes in gauge output allow us
also to estimate the change in computed load basedon theseoutputs.
From the quantitative point of view, the foil gauges and PR gauges
haveoppositeasymptoticaloutputs.The magnitudeof the PR-gauge
output change is greater than that of the foil-gauge change, and the
signsof thechangesareopposite.The largestchangewas recordedin
the Z directionfor step load of 0–1 lb. The change for the foil-gauge

Fig. 9 Change in foil and PR X-gauge outputs due to step loading
(0.0–0.5 lb) in +X direction.

Fig. 10 Change in foil and PR X-gauge outputs due to step loading
(0.5–0.0 lb) in +X direction.

output was C0:0021 lb for loading and ¡0:0020 lb for unloading.
The correspondingchanges for PR-gauge output were ¡0:012 and
C0:015 lb. This effect should be considered during the detailed
analysisof the OEDIPUS-C � ight data. A proposal for reducing the
gauge relaxation errors is included in the calibration report.5

Cycling loading was applied to each axis to examine hysteresis
and zero-shift effects. The test consisted of two cycles of apply-
ing and removing (by hand) the full-scale load in steps to a single
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Fig. 11 Errors in computed foil and PR-based X outputs for two
cycling loadings along the +X axis.

Fig. 12 Long-term test results (from sensor turn-on: +Z axis mounted
down; sample period 1.25 min; test performed at MM&T, Aug. 3, 1995).

branch (positiveor negative) of each axis. The measured loads were
computed from the gauge outputs, and the overall effects were rep-
resented by plotting the errors between measured and actual loads.
An example of test data is presented in Fig. 11. The tare weight was
subtracted from all outputs, resulting in zero initial error.

When the load was removed in similar steps, the errors changed
sign. At the end of the � rst cycle of loading steps, the foil and
PR no-load readings had shifted by C0:00089 and ¡0:00215 lb,
respectively.At the end of second cycle, these readings had shifted
by C0:00117 and ¡0:00291 lb, respectively. Thus, the effects of
cyclingloadinggrowwith thenumberof cycles.The implicationsfor
the OEDIPUS-C � ight data are relatively small, especially in the X
and Y (lateral) directions.The zero shift couldbe more pronounced,
dependingon the amplitudeof the loadingcycles, in the Z direction.

The moment sensitivity test was performed at Bristol Aerospace
Ltd., and its result was that sensitivity was very small: 0.00011–

0.01334 lb/lb ¢ in. for the foil-gaugeoutput and 0.000411–0.030286
lb/lb ¢ in. for the PR-gauge output. The effect of twisting was also
assessed, and it appeared to be insigni� cant, though dependent on
the difference between the spin rates of two subpayloads of the
OEDIPUS-C con� guration.

A long-term test was also performed to investigatethe stabilityof
the sensor outputs for both types of gauges over an extended period
of time (>8 h). The results of a typical-longterm test are presented
in Fig. 12. Anomalous points (large spikes) were assumed to be
dropouts in readings. This type of dropouts were also present in
� ight-data outputs.

The predicted levels for both tensions and the � ight TFS outputs
were also assessed during pre� ight activities.3

TFS Flight Performance and Examples of Flight Data
The TFS data were downlinked in link 3 together with all aft

payload engineering data and placed on a CD-ROM by the NASA
Goddard Space Flight Center Wallops Flight Facility. This includes
all raw data from the TFS instrument: input voltage to temperature
controller, lower and upper temperature readings, input voltage to

foil and PR gauges, and six outputs of the foil and PR gauges (three
foil and three PR in three directions, X; Y; and Z ).

The initial processingof the data involveddumping the data from
the CD-ROM to the Unix environment, extracting individual TFS
components from the data � le, and reducing them to engineering
units [from counts to voltages and � nally to force units (pounds)].
A special program was developed to carry out data reduction.8 Sep-
arate � les were created for each gauge: Fx ; Fy; Fz; Px ; Py , and Pz :
The plots of time histories of the foil gauges outputs are presented
in Figs. 13a–13c. The presented data were based on the raw and
un� ltered data from the TFS instrument, and interaction and sensi-
tivity coef� cients were obtained from the calibration process. The

Fig. 13a Foil-gauge X output during OEDIPUS-C � ight: Fx vs time.

Fig. 13b Foil-gauge Y output during OEDIPUS-C � ight: Fy vs time.

Fig. 13c Foil-gauge Z output during OEDIPUS-C � ight: Fz vs time.
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initial spike seen in all three plots is due to an in-� ight zero calibra-
tion. Then, the maximum TFS component in each direction is due
to the inertia forces acting on the tether reel. The slow growth of
the tension over the next 25–30 s corresponds to the thruster � ring
during separation. Then, the tension ramps up slowly during the
deployment as the braking torque remains constant but the distance
from the center of the reel decreasesas the tether is deployed.There
are also threeotherspikesoneach plot.Theymay be dropoutsin out-
puts. The data are presented in pounds, and the following formulas
areusedfor conversionfromcountsto pounds.Assumingthat a force
of magnitude F in pounds is applied to a particular axis directionof
the sensor, the followingequationcan be used to estimate the gauge
output due to an applied load (interaction effects are neglected):

F[lb] D output [V]

10 V
¢ K

lb

V=V
(7)

In the computer program, effects of interaction were also taken
into account. The TFS voltage output as a function of applied load
can be found from Eq. (1):

output D 10F=K (8)

The � ight A/D converter displayed the TFS output in counts. The
A/D converter is scaled to produce an output of 65,536 counts over
an input range of §2:5 V. The following equation could be used to
relate A/D output counts to TFS voltage outputs:

output[counts] D .2F=K / £ 65;536 C 32;768 (9)

The total tether force was calculated from the magnitudes of the
three components. Plots of averages of each of the 10 output values

a) Foil-gauge outputs

b) PR-gauge outputs

Fig. 14 Total tether force as estimated during OEDIPUS-C � ight (zero
corresponds to the launch).

are presented for foil gauges and PR gauges in Figs. 14a and 14b,
respectively.Expandedplots during the deploymentof the tether for
foil and PR gauges are presented in Figs. 15a and 15b.

The spike after the sudden drop of the tether tension when the
full deployment was reached is present on both plots. It is a result
of the recoiling of both subpayloads, as measured at the aft pay-
load, where the TFS instrument was located. Some noise is also
presented, especially in the Z direction (Fig. 15). Finally, the plot
of the deployment pro� le is presented as a function of time, based
on the data processed from an encoder on the tether reel (Fig. 16).

a) Foil-gauge outputs

b) PR-gauge outputs

Fig. 15 Total tether force as estimatedduringdeploymentof the tether.

Fig. 16 OEDIPUS-C tether deployment pro� le.
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Table A1 TFS sensitivities and interactionsa

Controller on (� ight temperature)
Quantity Sensitivities, lb/(V/V) Av. of TL ; TU , ±C

Kx;x 2.54623 30.93
K y;y 2.51316 30.43
K z;z 2.92033 30.54

Interaction terms
i Ki;x % effect Ki;y % effect Ki;z % effect

x 1.00000 100.00 2:25911E¡02 2:26 3:07753E¡02 1:54
y ¡2:00825E¡02 ¡2:01 1.00000 100:00 ¡8:97055E¡03 ¡0:45
z 3:15503E¡05 0:01 5:14165E¡04 0:10 1.00000 100:00
x2 ¡1:99093E¡03 ¡0:10 ¡9:36621E¡04 ¡0:05 3:95953E¡03 0:10
xy ¡1:66598E¡03 ¡0:08 2:05930E¡02 1:03 ¡2:41116E¡03 ¡0:06
x z ¡1:24737E¡02 ¡1:25 4:05876E¡04 0:04 ¡4:37477E¡03 ¡0:22
y2 ¡1:39940E¡02 ¡0:70 ¡1:68994E¡03 ¡0:08 ¡2:04174E¡03 ¡0:05
yz 2:78774E¡04 0:03 ¡1:76286E¡02 ¡1:76 1:44592E¡03 0:07
z2 3:56553E¡04 0:07 5:09317E¡06 0:00 ¡2:77103E¡03 ¡0:28

Unloaded zero calculation, V/V Av. of TL ; TU ;
Code X Y Z ±C

2020 0.03231 0.00612 0.01575 30.76
5050 ¡0:03069 0.00485 0.01536 30.88
8080 0.00097 0.03739 0.01576 30.27
1000 0.00194 ¡0:02648 0.01593 30.40
1010 0.00103 0.00521 0.02151 30.53
1115 0.00081 0.00524 0.01020 31.02
Average 0.00106 0.00539 0.01575 30.64

Controller off (room temperature)
Sensitivities, lb/(V/V) Av. of TL ; TU , ±C

Kx;x 2.54727 26.53
K y;y 2.51488 25.69
K z;z 5.92088 25.92

Interaction terms
i Ki;x % effect Ki;y % effect Ki;z % effect

x 1:00000EC00 100:00 2:29339E¡02 2:29 2:98650E¡02 1:49
y ¡2:03570E¡02 ¡2:04 1:00000EC00 100:00 ¡9:41776E¡03 ¡0:47
z 2:94502E¡04 0:06 2:75069E¡04 0:06 1:00000EC00 100:00
x2 ¡2:07937E¡03 ¡0:10 ¡1:66246E¡04 ¡0:01 8:59112E¡04 0:02
xy —— —— —— —— —— ——
x z —— —— —— —— —— ——
y2 ¡1:31396E¡02 ¡0:66 4:13436E¡06 0:00 ¡3:23480E¡03 ¡0:08
yz —— —— —— —— —— ——
z2 2:08566E¡04 0:04 ¡1:40261E¡04 ¡0:03 ¡2:48074E¡03 ¡0:25

Unloaded zero calculation, V/V Av. of TL ; TU ;
Code X Y Z ±C

20 0.03255 0.00620 0.01566 26.37
50 ¡0:03026 0.00480 0.01543 26.60
80 0.00059 0.03719 0.01553 25.89

100 0.00160 ¡0:02645 0.01563 25.32
10 0.00095 0.00552 0.02117 26.09
15 0.00092 0.00557 0.00984 25.53

Average 0.00106 0.00547 0.01554 25.97
aFoil coef� cients (NASA data).

Conclusions and Remarks
Based on the initial assessment of the TFS � ight data, the over-

all TFS instrument performance met the following designed � ight
requirementsboth during pre� ight tests and during � ight: accuracy
for axial and lateral full-scale loads, §1 and §0:5 lb, respectively;
frequency response, 1 Hz; sample rate, 100 samples/s. The accu-
racy of the measurements was lower than expected during pre� ight
assessmentbut appeared to be suf� cient for the � ight data.The max-
imum force recorded by both systems of gauges (1.6–1.8 lb) was
lower than the maximum operational value of the instrument (2.2
lb). The instrumentwas less accurate for the tensionsbelow 0.15 lb,
as shown in the recorded data from foil and PR gauges.

The � ight data on the TFS demonstrate its correct functioning
during � ight, and all phases of the � ight are recorded: an initial
spike due to separation forces, tether deployment, and a sudden
drop of the tether tension at the end of the deployment, and also a

small restoring force during recoil of the payloads (also recorded
by the AVC situated on the aft payload). Some single dropouts are
present in all of the recorded data.

The TFS data will provide good insight into tether dynamics,
yielding signatures for the dynamics of the subpayloads as well as
their associatedbooms. In future work, these will be extracted from
the TFS data using standard FFT techniques.

Appendix: Numerical Results
Numericalvaluesof theTFS sensitivitiesand interactionaregiven

in Table A1.
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