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Design and Testing of Reduced-Stiffness Umbilicals
for Space Station Microgravity Isolation

Donald L. Edberg* and Bruce W. Wilson®
The Boeing Company, Huntington Beach, California 92647

We detail efforts on minimizing power electrical umbilical stiffness on the International Space Station ac-
tive rack isolation system to improve system performance. The effects of wire conductor material, winding
configurations, electrical insulation materials, and umbilical geometry were investigated. Dynamic sine-sweep
measurements were made on a special test rig having an extremely low coefficient of sliding friction value of
1 =5 X 10~ 5. Transfer function analyses were used to assess the stiffness of current configurations and various
alternates. Because of the very low stiffness of some candidates, the effect of 1-g umbilical sagging on the mea-
surements had to be considered. A detailed comparison is provided of the properties of the different umbilical
candidates tested. Several candidates provided dramatic dynamic stiffness reductions.

Nomenclature

commanded force, N

natural frequency, Hz

acceleration caused by gravity, m/s?
spring constant, N/m

umbilical spring constant, N/m
slider mass, kg

mass of ith slider, kg

number of cycles

acceleration, m/s>

initial displacement, m
displacement, m

= coefficient of sliding friction (N/N)
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Introduction

NE-HALF of the scientific mission of the International Space
Station (ISS) is to host microgravity research. Analytical pre-
dictions of vibration environments (Fig. 1) indicate that required
levels at experiment locations can potentially be exceeded.! Two
potential ways to reduce these vibratory disturbances are to reduce
the levels of the disturbance sources, and to isolate sensitive pay-
loads. Both of these methods are being pursued by the program.
The ISS program has made the decision to isolate science exper-
iments by mounting them on racks utilizing an active rack isolation
system (ARIS) to minimize disturbances and provide a true mi-
crogravity environment. The performance of the vibrationisolation
system is dictated by several factors: the ambient vibration envi-
ronment, sensor quality, control system dynamics and bandwidth,
and the stiffness of umbilical connections attached to the isolated
platform.

Methods of Disturbance Reduction

The operating principle of the ARIS rack is to allow the sensitive
payload to float freely, not connected to the base structure. Because
of practicalneeds for power, data transfer,cooling, etc., the payloads
on the rack must be connected to ISS with umbilicals providing
these services. In addition, biases in the umbilicals and disturbances
from outside require the addition of a control system that nullifies
platform motion and keeps it from bumping into support structure.
The reader interested in microgravity vibration isolation control
systems is referred to multiple references in the literature2-3
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The componentsof a genericisolationsystem are shown schemat-
icallyin Fig. 2. Even thoughthe rackis allowed to “float” away from
supporting structure, space station disturbances may still reach the
isolated payload through the umbilical connections, air currents,
acoustics, and via the control system. Of these paths only the um-
bilicals are addressed in this work.

The umbilical cables are critical to the isolator’s performance.
They can serve as an “energy conduit” to transfer vibrations from
the support structure to the floating isolated rack, and their stiffness
resists commands from the control system, potentially worsening
performance. Reduced umbilical stiffness leads to a lower passive
natural frequency and less control system “work.” Higher gain lev-
els can offset the effects of stiffer umbilicals and provide similar
isolation performance, but they may not be available (as in the case
of the ARIS, where bandwidthis limited as a result of other consid-
erations).

Although the work presented here is focused on the reduction of
umbilical stiffness, performance is also affected by bias force and
linearity. Bias force is a quasi-steady force produced by umbilicals
whose natural equilibrium position is not the desired platform po-
sition. Bias forces consume power necessary to keep the platform
nominally centered within its sway space and affect the dynamic
range that the control system must be capable of producing. Bias
force is a byproduct of the umbilical manufacturing process and
storage scheme, but one can infer that reduced stiffness is likely to
reduce its magnitude. Linearity affects the control system’s design
and analysis.

Early measurements carried out for the ARIS program* showed
interesting force vs stiffness characteristics. Onboard each ISS
equipmentrack, the two electricalpower umbilicalscontributeabout
half of the total umbilical stiffness. The purpose of this work was to
measure and reduce this stiffness.

Anillustrationof the ARIS rack and its umbilical system is shown
inFig.3. The ARIS housingon therightis allowed to floataway from
its supportstructure (not shown) but is connected with actuatorsand
umbilicals. The numerous umbilicals provide disturbancepaths; the
composite stiffness of the umbilicals is dominated by the two power
umbilicals. These umbilicals must transfer high power levels (up
to 6 kW each) and their associated high currents, so heavy-gauge
wire is required. These cables contribute half of the composite stiff-
ness and thus are targets for performance improvement by stiffness
reduction.

Reducing the stiffness of just these two umbilicals would help
to enhance performance considerably. Hence, the goals of this per-
formance improvement effort were set as follows: 1) accurately
measure the stiffness of existing umbilicals; 2) examine ways of
reducing stiffness, including wire construction (materials, winding,
insulation) and geometry; 3) design and fabricate candidate low-
stiffness umbilicals; and 4) test and evaluate candidates vs baseline
designs.
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Fig. 1 Predicted ISS vibration environment.
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Fig. 2 Disturbances can be reduced by decoupling from base struc-
ture.

Umbilical Stiffness Considerations

The mechanicalstiffness of an umbilicalis a functionof many pa-
rameters, includingthe wire’s conductivematerial; the cable’s inter-
nal twisting schedule; insulation; and umbilical geometry (whether
looped or unlooped, how the cable routes between the two ends).

Conductive Material

The umbilical cable’s electrically conductive material affects the
overall stiffness: two critical parameters are the modulus of elas-
ticity and cross-sectional area. As one might expect, a reduction
of conductor area yields less bending stiffness (the stiffness can be
shown to be roughly proportional to the fourth power of the con-
ductor’s radius). However, the conductor’s cross-sectional area is
determined by power requirements and the wire material’s electri-
cal conductivity, which sets a minimum area for a given material.

Wire conductors are normally made from copper or silver. It ap-
peared that the higher conductivitymaterial (silver) had the potential
for reduced cross-sectionalarea, and so we looked at silver conduc-
tor strands to replace copper ones. This idea was later rejected for
several reasons, including a lack of a source of fine-stranded sil-
ver conductor and potential electrochemical problems with existing
connector hardware.

Internal Twisting ‘“Schedule”

A wire’s bendingstiffnessdependson the number of strands in the
wire and how the strands are twisted. A solid conductoris obviously
much stiffer than a group of finely stranded wires bundled together
with the same total cross-sectional area. If conductor area is held

Table1 Existing cable types and possible replacements

Wire Existing Lower stiffness
type configuration replacement
4 gauge SSQ21652 NSFW-SIL-4 1666 strands of #36

05973: 1064 strands of #34
gauge® nickel-plated copper;
pressure extruded insulation
SSQ21652 NSFW-SIL-8
34157: 665 strands of #36
gauge nickel-plated copper;
pressure extruded insulation

gauge; loose “hosed”
insulation (silicone or
expanded Teflon)
1666 strands of #40
gauge®; loose “hosed”
insulation (silicone or
expanded Teflon)

8 gauge

80.1601-mm diam. ®0.1270-mmdiam. °0.0799-mm diam.

constant, it can be shown that the cable bending stiffnessis inversely
proportional to the number of strands in the cable.

Electrical wire is manufacturedin a manner similar to rope, where
bundles of small fibers are systematically wound into larger bundles
and twisted together. The number of bundles in the cable, the twist
directionof bundles,and the twistdirectionofrope all affectultimate
stiffness but were not addressed in this study.

Parameters of the ARIS baseline 4-gauge wire (all gauges given
here are American Wire Gauge, or AWG) and a potential replace-
ment wire with equal cross-sectional area (same current capacity)
are listed in Table 1. (Note that a numerically higher gauge value
indicates smaller internal strand diameter.) A similar replacement
with finer stranding was found for the 8-gauge wire used on some
lower-power umbilicals. The increased strand count was expected
to produce a 44 % stiffness reduction utilizing the parameters shown
in Table 1.

The powerumbilical cables provide functionssimilarto U.S. resi-
dential wiring, with “hot,” returnor neutral,and ground connections.
The umbilicals are configured in one of two ways. The ground is
always of 8-gauge wire; the hot and neutral may be of either 4- or
8-gauge cabling. Hence we had to test both 448 (referring to two
4-gauge and one 8-gauge wire) and 888 (three 8-gauge wire) ca-
ble configurations. The 448 configuration was designed to transfer
6 kW of electrical power, whereas the 888 configuration transfers
3kW.

Insulation

The baseline standardISS wire has pressure-extruded,siliconein-
sulation. When the insulationis extruded onto the cable, its material
fills voids between adjacent wire bundles resulting in increased co-
hesion between the wire bundles and insulation (Fig. 4), especially
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Fig. 3 ARIS housing and umbilical details.

Fig. 4 Baseline wire’s extruded insulation ‘“grabs” the wire bundles,
providing unwanted stiffness.

at low amplitudes. Replacing this insulation material with looser in-
sulation was expected to reduce stiffness further. Candidate wirin
with sleeved silicone insulation and sleeved expanded Teflon
[polytetrafluoroethylene (PTFE)] insulation was procured for
testing.

Geometry
In an effort to reduce stiffness, the baseline design connects the

two ends with a complete loop, as shown to the left in Fig. 5. The
looped umbilicals that were tested are listed in Table 2 and shown
in Fig. 6.

An unlooped configuration was also possible, as shown on the
right-handside of Fig. 5. Unlooped umbilicals were attractivein that
more clearance was availablebetween the differentumbilical cables,
and it was felt that it would be easier to maintain the shape of an
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Fig. 6 Looped umbilicals tested.

unloopedumbilicalto precludecontact. We investigatedthe possible
stiffness reductions of unlooped umbilicals that would possess less
total length. Details of the unlooped umbilicals tested are given in
Table 3 and Fig. 7.

Umbilical Stiffness Testing

Because of the criticality of the dynamic performance of the
isolated platform, it was decided to carry out dynamic measure-
ments and use them to infer stiffness. Budget limitations and limited
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Table2 Looped umbilical configurations tested

Baseline  Baseline  Baseline Higher Higher
stranding, stranding, stranding, stranding, stranding,

Wire insulation, insulation, insulation, hosed hosed
configuration  twisted untwisted removed  silicone Teflon
448 v v v v v
888 v — — v v

Table3 Unlooped umbilicals tested

Higher Higher
Baseline stranding, stranding,
Wire stranding, hosed hosed Length
configuration  insulation silicone Teflon variation
448 v v v v/(10-19in.;
25.4-48.3 cm)
888 v v v —

Fig. 7 Selected unlooped umbilicals.

hardware resources forced us to consider only single-degree-of-
freedom testing, although it would have been preferable to obtain
the full stiffness matrix.

As shown in Fig. 8, our test apparatus consisted of two sliding
platforms, of mass 3.4 kg (8 1b,) and 21 kg (50 1b,). One ac-
celerometer was mounted on each of the sliders. The smaller slider
was connectedto an ARIS electromagneticactuator used to provide
adisturbanceinput. The umbilicalunder test was used to connectthe
two sliders. By applying a known accelerationto one end of the um-
bilical and measuring the response at its other end, a measurement
of acceleration transfer function and the dynamic stiffness could
be made. The peaks of the transfer function were used to identify
the natural frequency of the umbilical being tested and to calculate
stiffness, which may be used to predict ARIS performance.

A custom electronic box converted acceleration to digital signals
and to null out accelerometer dc bias (a 1-urad tilt produces an
acceleration of 1 pg on an accelerometer). A HP3566 structural
dynamics analyzer was used to acquire data and compute transfer
functions. Compressed dry nitrogen gas from six pressurizedbottles
was supplied to gas bearings in the sliders in order to provide an
extremely low-friction surface.

With the low umbilical stiffnesses present in the design, the test
apparatus’ friction needed to be minimized as much as possible. A
glass pane was placed under the larger air slider to reduce friction.
To measure the actual friction coefficient, the umbilical cable was
disconnected, and a spring was attached to the larger slider. After
“plucking;’ the lineardecay of the oscillations was used to calculate’
the coefficient of sliding friction using Eq. (1):

nw=kxo/2nmg (1)

These decay tests used a small initial displacement yet still took as
long as seven to eight minutes to complete, indicating a very low
effective sliding friction coefficient of 5 x 107, Therefore as long

Fig. 8 Typical test setup.
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Fig. 9 Effect of supply pressure on friction coefficient.

as the slider motion exceeds a few microns, the friction force will
be negligible compared to the umbilical force.

Tests were run with varying regulator pressure to see the effect of
pressure depletion on friction. This resulted in the data presented in
Fig. 9, giving an effective lower-end pressure for low friction. The
abrupt transition is where the slider “bottoms out.”

One major problemarea was the effect of gravity on the more flex-
ibleumbilical cables. The baselinecables possessedenoughinternal
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stiffness that gravity presentedlittle problem, but the sagging of the
more flexibleumbilicals(Fig. 10) became very noticeable,and it was
believed that the sag would significantly affect the cable dynamics.

The left-hand photoin Fig. 10 shows the extreme sag presentin an
unsupported PTFE-jacketed cable. We developed a simple support
to suspend the loop as shown on the right photo of Fig. 10 and in
Fig. 5. The supportremovedthe sag so that the shape of the umbilical
approached that achieved in orbital conditions.

The support cable was tied to the high-bay room’s ceiling and
contributed negligible stiffness to the system because the restoring
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Fig. 11 Frequency responses of looped and unlooped umbilicals com-
pared.
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force caused by cable stiffness dominates that caused by pendulous
displacementof the suspended cable mass. The equivalent stiffness
of the support cable can be shown to be on the order of 0.3 N/m,
much less than the effective stiffness of the umbilicals (on the order
of 50 N/m). Thus, the effects of the suspension will be negligiblein
these measurements, and the behavior of the umbilical under these
tests is expected to approximate those likely to occur during orbit.

Results

Figure 11 shows some of the results of transfer function testing
with bothlooped and unloopedumbilicals of variousconfigurations.
Some of the unloopeddesigns turn out to be stiffer than the baseline
448 umbilical design, whereas others turn out to be less stiff. All
are stiffer than the looped PTFE 448, which showed the lowest
frequency measured.

Natural frequencies are indicated by maxima of the response
curves and can be used to calculateumbilical stiffness. To first order,
the slider-umbilical-slider assembly can be considered a free-free
mass-spring-mass system. If the umbilical mass is lumped into that
of the sliders, the umbilical stiffness can be calculated® from Eq.(2):

k, = 4 f2 mim,
n; +m2

As shown in Table 4, the stiffness of the baseline 448 umbilical
calculates to about 73 N/m, and the stiffness of the high-strand-
count, PTFE-insulated 448 umbilical works out to be about 18 N/m.
Because the higher strand count was expected to reduce stiffness by
about a factor of two, we see that the insulation change reduced it
by another factor of two.

The effect of insulation can also be determined by comparing
the unlooped 9-in. (22.9-cm) PTFE and unlooped hosed silicone
448. These had the same high strand count and similar unlooped
lengths. The stiffness was reducedby abouta factorof three. Because

2

Table4 Calculated stiffness for tested 448 cable
configurations in Figs. 11 and 12

Configuration Stiffness, N/m
Unlooped hosed silicone 143
Baseline 72.3
Unlooped 9-in. (22.9-cm) PTFE 473
Unlooped 10-in. (25.4-cm) PTFE 473
Unlooped 12-in. (30.5-cm) PTFE 31.0
Unlooped 14-in. (35.6-cm) PTFE 27.5
Unlooped 17.5-in. (44.5-cm) PTFE 25.2
Looped PTFE 18.1
Unlooped 19.5-in. (49.5-cm) PTFE 15.5

Varying Length Unlooped PTFE448 Comparison

10.0

100.0

Frequency (Hz)

Fig. 12 Comparison of unlooped umbilicals with varying length.
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the stiffness reduction as a result of the insulation change was the
same order of magnitude as between PTFE and pressure-extruded
silicone, it can be concluded that for small amplitudes the insulation
stiffness is dominated by the “stiction” between the insulation and
the wire.

Comparing the unlooped, 9-in. (22.9-cm)-long PTFE 448 with a
(looped) PTFE 448 shows that looping reduces stiffness by about
a factor of 2.6. Although this stiffness reduction is attractive, it in-
troduces more dynamics in the cable. In 1 g a pendulous mode
was observed in the baseline cable at about 10 Hz. This mode is
the loop swinging into the loop axis. This mode would not appear
in microgravity, but the potential for reduced dynamics and resul-
tant cable-to-cable contact make an unlooped configuration worth
investigating.

Figure 12 shows the results of transfer function testing of un-
looped umbilicals. One can see a progressionof decreasing stiffness
with linear umbilical length increases. In this series of testing, the
worst unlooped higher strand-count PTFE umbilical [10-in. (25.4-
cm)] arc length still had less stiffness than the baseline 448. The
longestunloopedumbilical, 19.5in. (49.5cm), attaineda stiffnessof
15.4 N/m, almosta factor of five reductioncompared to the baseline.

In all cases the baseline wire stranding had higher stiffness than
an equivalent length of the higher strand count of equivalent area.
The baselineextrudedsiliconeinsulationpossessedthe highest stiff-
ness, followed by the hosed silicone, whereas the expanded PTFE
insulation had the least stiffness for a given cable size.

In Fig. 12 the noise above 10 Hz can be attributed to test fixture
dynamics because it was observed in measurements made with no
umbilical connecting the two sliders.

A comparison of Figs. 11 and 12 shows noticeable differences
between looped and unlooped umbilicals. The unlooped umbilicals
appear to have less dynamics at the higher frequencies. It is believed
that the looped umbilicals possess dynamics in this range because
of the looping itself having stiffness or pendulous modes as a result
of gravitational forces. However, it is not clear that this behavior
will be repeated on orbit.

Conclusions

Testing indicates that significant stiffness reductions can be ob-
tained by a redesign of the ARIS power umbilicals. Stiffness was

reduced by about a factor of two by increasing the cable strand
count, and a lower-frictioninsulation was shown to reduce the stiff-
ness by another factor of two. Umbilical stiffness was also shown to
depend on cable length; depending on configuration and geometry,
the unlooped umbilicals were found to be more or less stiff than
looped ones.

The best umbilical candidate had about one-fifth of the stiffness
of the baseline design, a significant reduction.

In our ground testing in a 1-g situation, unlooped umbilicals ap-
pear to possess less high-frequencydynamics. This appears to make
them more desirable for an isolation system: the control system can
be designed to have higher bandwidth for better high-frequency
performance. They also have the potential for better control of con-
figurationto minimize interferenceor contact with other umbilicals.

A flight experimentof the baseline and lower-stiffnessumbilicals
is plannedto verify performanceof ARIS with both the baselineand
low-stiffness sets. Flight performance will be used to select best
candidate for production of the flight articles.
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