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INTRODUCTION
Stable, externally-pressurized aerostatic spindles
exhibit picometer-level vibration as a result of the
interaction of the high pressure working fluid and
its path through a spindle’s compensation fea-
tures (e.g., grooves, orifices, pockets, etc). This
vibration presents a challenge as end users seek
the lowest possible asynchronous error motion in
manufacturing, metrology and data storage ap-
plications. This technical brief describes experi-
mental testing to quantify this low-level vibration
and its significant variation with both supply gas
composition and pressure. Of the gases tested,
helium and neon generate the lowest vibration
while other gases including air lead to an order
of magnitude higher vibration. Vibration levels
with carbon dioxide and nitrous oxide are an ad-
ditional order of magnitude higher. At present,
the root cause of the vibration amplitude depen-
dence on supply gas composition is unknown al-
though kinematic viscosity and mean free path
length correlate well with the results presented
here.

BASELINE TESTING WITH AIR
Externally-pressurized spindles are nearly always
used with air as the working gas. However, recent
efforts to further reduce asynchronous error mo-
tion in ultra-precision spindle applications has led
to exploration of other supply gases. As will be
shown here, the working gas has a significant in-
fluence on the sub-nanometer background vibra-
tion, independent of manufacturer or compensa-
tion scheme in the spindles tested to date.

The first experiments presented in this brief are
carried out on an unmotorized Professional In-
struments ISO 3.25 spindle with groove compen-
sation. A limited number of other manufacturers’
spindles and compensation schemes were also
tested with similar trends in results; in general, the
RMS numbers vary from spindle to spindle but the
trends remain the same. The spindle used in this
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FIGURE 1. (a) Axial and (b) radial vibration in
an externally-pressurized spindle with air as the
working gas. The rigid-body response at lower
frequencies is large because of the compliant
support and is not plotted.

work is not installed in a machine, but rather rests
on a compliant foam pad on an air isolation ta-
ble. Temperature is controlled to 20±1◦C and the
supply gases are drawn from cylinders. A single
regulator was used to tap all gases using simple
threaded adapters to accommodate the different
bottle connector styles. This main regulator was
left undisturbed in all testing at 10 atm. A second
pressure regulator was used to adjust the pres-
sure between 1 and 7 atm as needed. The same
2 m air line and fittings are used in all testing.

A high sensitivity triaxial accelerometer (1 V/g
Kistler 8690C5) is fixed to the spindle rotor face
plate to measure vibration in the axial and ra-
dial directions. Additional testing to quantify the
compliance of the spindle as a function of gas
type and supply pressure was performed with the
same accelerometer and an instrumented ham-
mer (2.25 mV/N Kistler 9722A500).

Baseline testing with air as the working gas
shows an interesting trend in Figure 1. This figure
shows the vibration spectra measured on the sta-
tionary spindle at different supply pressures from
0.3 to 7 atm in 0.3 atm increments. These water-



C
o

m
p

lia
n

ce
 (n

m
/N

)

C
o

m
p

lia
n

ce
 (n

m
/N

)

0 1 2 3 4 50
1
2
3
4
5
6
7
8
0

5

10

15

20

25

kHz

atm

0 1 2 3 4 50
1
2
3
4
5
6
7
8
0

5

10

15

20

25

kHz

atm

FIGURE 2. (a) Axial and (b) radial compliance of
the spindle at increasing supply pressure (air).

fall plots are constructed from 21 separate tests
with 500 averages each. At the lower supply pres-
sures, the RMS vibration level in the frequency
range of 400 to 5000 Hz is less than 1 pm. This is
seen in the low amplitude spectra near the front
of the waterfall plots. At higher air supply pres-
sures, the RMS vibration increases monotonically
to 11 pm at 7 atm. Because the individual spec-
tral lines are obtained by twice integrating an ac-
celerometer signal in the frequency domain by di-
viding by (2πf)2, and because the spindle floats
on a compliant support during testing, the lower
frequencies do not provide relevant information
and are removed for clarity.

In addition to the gradual rise in picometer-level
vibration with the increasing supply pressure, Fig-
ure 1 also shows an increase in the three domi-
nant natural frequencies in the 2 to 3 kHz range.
This occurs because the stiffness of the air film
increases with supply pressure while the inertia
of the system remains constant. The stiffness in-
crease is gradual because it is tempered by the
increase in gas film thickness that results from
elastic deformation of the spindle components un-
der hydrostatic loading.

Figure 2 shows the measured dynamic compli-
ance in the same 0.3 to 7 atm range of air supply
pressure. Impact hammer testing requires mea-
surement of an input (force) and an output (accel-
eration) on the spindle to compute the frequency
response function characterizing the spindle dy-
namics. This figure more clearly shows the in-
crease in natural frequencies that results from in-
creasing air supply pressure because the reso-
nant peaks are visible even at lower supply pres-
sures. The modal damping values also change
with supply pressure as evidenced by the ampli-
tude of the resonant peaks. Interestingly, there
is a supply pressure beyond which the overall dy-
namic compliance is no longer improved, presum-
ably as a result of the hydrostatic pressure caus-
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FIGURE 3. Ambient vibration levels from 400 to
5000 Hz for the eight tested gases.

ing increases in film thickness. Gas film stiffness
varies with the third power of film thickness so
even small changes can have a significant impact
on performance.

RESULTS WITH OTHER WORKING GASES
The following results show that certain other
working gases can significantly reduce the
picometer-level vibration in a stable, externally-
pressurized spindle. Seven additional gases are
considered: helium (He), neon (Ne), argon (Ar),
nitrogen (N2), sulfur hexafluoride (SF6), carbon
dioxide (CO2) and nitrous oxide (N2O). These re-
sults are then compared to gas properties to look
for possible correlation.

Figure 3 shows vibration levels measured on
the same spindle with the eight different working
gases. There is a large range of RMS vibration
levels ranging from 1 pm for helium and neon to
over 200 pm for nitrous oxide and carbon dioxide.
Air is in between at 3 to 14 pm RMS, depend-
ing on the supply pressure. Another interesting
feature of these measurements is the significant
jump in vibration between supply pressures of 4
and 5.5 atm in carbon dioxide and nitrous oxide.
This abrupt transition is not seen in the air re-
sults of Figure 1 so something is fundamentally
different in these molecules that moves them into
a different behaviorial regime within the pressure
range of interest.

Although it may not be practical to use neon or
helium in most applications, the results suggest
interesting physics governing the role of the sup-
ply gas composition in aerostatic spindle design.
Insight into the influential characteristics of the
lighter helium and neon might allow future spindle
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FIGURE 4. Axial compliance from 400 to 5000
Hz for the eight tested gases.
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FIGURE 5. Radial error motion of two similar
spindles run on air at 7900 RPM. The right-hand
spindle has improved internal porting that halves
the asynchronous error.

designs to be scaled to perform in a more desir-
able way.

The impact hammer test results of dynamic com-
pliance with the same eight gases is much less
variable, as shown in Figure 4. The tilt mode
of vibration appears at frequencies ranging from
1770 Hz (SF6) to 1900 Hz (Ne). The maximum
value of the dynamic compliance of this reso-
nance ranges from 4 to 5 nm/N. The small vari-
ation in amplitude does not correlate with the
modal frequency. The axial mode ranges from
2170 Hz (SF6) to 2230 Hz (Ne). The amplitude of
this resonance ranges from 7 to 10 nm/N and also
does not appear to follow any particular trend.
For the most part, the measured variations in dy-
namic compliance are relatively small with supply
gas. Since the same spindle is used in all test-
ing (constant inertia), this suggests that the small
changes in compliance are due to the effective
stiffness and damping of the thin film of working
gas and its interaction with the compensation of
the spindle.

3.0 atm 5.5 atm 7.0 atm
Gas Asynchronous (nm)
He 1 1 2
Ne 2 2 2
Ar 4 6
Air 4 8 12
N2 5 9 12

SF6 6 7 10
CO2 7 8 11
N2O 10 12 15

TABLE 1. Asynchronous error motion of a spindle
run at 7900 RPM with the eight gases.

Table 1 summarizes a second set of experiments
to directly measure the most important quantity
for many spindle applications: the asynchronous
error motion, in this case measured at 7900 RPM.
These results were obtained using an entirely dif-
ferent setup; here the spindle is hard-mounted on
a sturdy test bench. A reversal is not needed
because we are only concerned with the asyn-
chronous component. Figure 5 shows two rep-
resentative polar plots of radial error motion from
testing of two similar spindles with air as the work-
ing gas.

The error motion measurement is made us-
ing a capacitive sensor (Lion Precision DMT-22
drivers and C1-C probes) scanning the equator
of a lapped spherical artifact (Professional Instru-
ments) that is rigidly bolted to the spindle chuck.
The roundness of the lapped artifact is better than
12 nm at the equator. The test data are col-
lected using software and data acquisition equip-
ment from Lion Precision (SEA system). The
noise floor of the spindle error measurement is
approximately 1 nm. As seen in Table 1 the asyn-
chronous error of the spindle on helium is at or
below the noise floor of the measurement. Table 1
also shows that the asynchronous component is
quite low for neon and is larger for the remain-
ing gases. The overall increasing trend in asyn-
chronous error motion matches the results from
earlier static vibration testing (Figure 3).

At 7 atm, helium provides a six-fold decrease in
asynchronous error motion compared to air. This
improvement is smaller than the differences seen
in static vibration testing, with some of the dis-
crepancy likely due to masking of the true asyn-
chronous error motion in helium by noise. In any
event, helium and neon give remarkably better
(ie, lower) asynchronous error motion compared
to air. This large improvement would be of par-



Molecular Kinematic Molecular Mean free
weight viscosity diameter path (STP)

Gas g/mol mm2/s pm nm
He 4.0 110 258 196
Ne 20.2 35 279 140
Ar 39.9 13 342 72
Air 29.0 14 330 68
N2 28.0 14 375 67

SF6 146.1 2 551 25
CO2 44.0 7 390 45
N2O 44.0 7 388 39

TABLE 2. A few properties of the gases tested in
this research.

ticular interest in storage applications where the
synchronous error motion is mapped out leaving
only asynchronous error motion to limit the track
pitch. Asynchronous error motion also limits the
achievable surface finish in single point turning.

At present, no single explanation has emerged
for the observed trends. However, two figures
of merit that correlate well to the increase in vi-
bration and asynchronous error motion are the
Reynolds number and the mean free path of the
gas molecules. These and other material proper-
ties are summarized in Table 2.

The kinematic viscosity appears in the Reynolds
number Re which is used to predict the transition
to turbulence.

Re =
v L

ν

where:

v = fluid velocity
L = characteristic length
ν = kinematic viscosity

The apparent Reynolds number resulting from the
rotation of a spindle, even at high speeds, is small
because the fluid film thickness is so thin. How-
ever, the Reynolds number associated with the
exhausting high pressure gas is generally much
higher. A representative Reynolds number is dif-
ficult to calculate because of the uncertainty in
identifying the appropriate fluid velocity and char-
acteristic geometric feature inside a compensated
spindle. However, the kinematic viscosity will ap-
pear in the denominator for each calculation to
directly affect the results. The correlation coeffi-
cient R2 of the Reynolds number to the measured

asynchronous error motion is 0.6. The helium re-
sults stand out slightly from the observed trend,
most likely because the true asynchronous error
motion using helium is at or below the noise floor
of the experimental setup.

The mean free path l is the average distance the
gas molecules travel between collisions with other
molecules.

l = (n σ)−1

where:

n = number of particles per unit volume
σ = effective cross sectional area for collision

The mean free path also correlates somewhat to
the level of vibration in externally-pressurized gas
spindles. The correlation coefficient R2 of the
mean free path to the measured asynchronous
error motion is 0.6 (0.8 if sulfur hexafluoride is ex-
cluded).
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