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The squeeze-film-damping effect is one of the main limits in many precision experiments, especially
in the study of short-range interactions, and its physical mechanism is still not very clear. We develop a
torsion pendulum to measure the damping effects caused by the thermal motion of residual gas between a
cubic test mass and a pair of symmetric movable plates. The measured results are consistent with the model
that synthesized the elastic and inelastic collisions by introducing a thermal accommodation coefficient
(TAC). In our research, the pressure dependence of the TAC, which can be expressed as an exponential
decay function, is also observed. This dependence may imply that the elastic collisions correspond to
the simple bouncing of residual gas molecules, while the inelastic collisions correspond to the adsorption
and desorption cycle of gas molecules on the surface. The method in this work and the discovered TAC
pressure dependence are instructive for the analysis of residual-gas effects in weak-force measurements, as
well as the deviation correction of rarefied gas pressure measurements based on the squeeze-film-damping
effect.
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I. INTRODUCTION

Brownian-force noise from gas in the free molecular
flow regime, which is related to viscous damping by the
fluctuation-dissipation theorem, is an unavoidable noise
source in the study of many weak-force measurements [1].
For example, the residual-gas effect has been considered as
an important noise source for terrestrial gravitation-wave
interferometers [2]. In the in-flight technical demonstration
of the Laser Interferometer Space Antenna, the dominant
noise in the frequency band between 1 and 10 mHz is
from residual gas [3,4]. Christian [5] reviewed the theories
for rarefied-gas effects in the study of an oscillating-vane
vacuum gauge, and proposed a model for gas molecular
damping. Zook et al. [6] measured the effect of residual
gas in a vacuum chamber and validated Christian’s model.
In the study of microelectromechanical-system (MEMS)
oscillators, an energy-transfer model and a model apply-
ing a differential equation of the variation in gas density
were proposed and experimentally verified [7–12]. Dolesi
et al. [13] analyzed the gas effects in gravitational-wave
observatories and pointed out that the Brownian noise in
a constrained volume and the squeeze-film damping in
MEMS oscillators have identical physical nature. They
also estimated the damping effect between a cubic test
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mass (TM) and a surrounding electrode housing by a
torsion-pendulum experiment. The measured gas damping
is consistent with the predictions of Monte Carlo simula-
tions [14]. However, the distance between the TM and the
housing cannot be adjusted in this experiment. Around the
same time, distance-related gas damping was observed in
a torsion pendulum consisting of a suspended plate-shaped
TM and a fixed plate parallel to it [15]. The measured
gas damping is smaller than the simulated gas damping,
and the mismatch increases as the gap becomes smaller.
Hence, the nature of the rarefied-gas effect deserves further
investigation.

In theoretical studies of gas damping in a MEMS oscil-
lator and macroscopic test body, the collision of a gas
molecule on a macroscopic object is considered to be
either completely elastic or completely inelastic [16,17].
To better represent actual conditions, a more-appropriate
model as a combination of elastic and inelastic collisions
with a thermal accommodation coefficient (TAC) σ was
proposed by Maxwell [18,19]. In this model, the residual-
gas-molecule collision is completely inelastic when σ = 1,
and is completely elastic collision when σ = 0. On the
basis of Maxwell’s model, Ke et al. [20] proposed a more-
accurate model with a TAC for an unconstrained volume
and a constrained volume to evaluate gas damping in
experiments on the inverse-square law [21]. In practice, the
TAC is associated with many factors, such as pressure, gas
composition, and surface material. At a pressure of 1 atm,
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TACs have been extracted from the measured slip coef-
ficient for droplets of oil, mercury and shellac by means
of the oil-drop method [22]. Apart from this, there is no
other experimental report on TAC measurement, especially
in rarefied gases.

To precisely evaluate the influence of Brownian noise
in weak-force measurements, the theory that synthesized
the elastic and inelastic collisions should be experimentally
verified, and the specific TAC should be measured. For
better understanding the noise sources from nonconserva-
tive disturbances on the TM in the TianQin mission [23],
we perform experimental verification for the gas-damping
model, and measure the TACs at different pressures with a
silica-fiber-suspension torsion pendulum. From the mea-
sured results, the pressure dependence of the TAC iss
observed. We suspect that the TAC of squeeze-film damp-
ing is related to the gas adsorption saturation of solid
surfaces.

In this paper, we describe the experimental apparatus
and the measurement method in detail in Sec. II, ana-
lyze the results and the dependence between the TAC and
pressure in Sec. III, and present the conclusion in Sec. IV.

II. EXPERIMENT DESCRIPTION

A torsion pendulum is sensitive to the torque on its TM,
and the effect of surrounding residual gas appears as both
the TM angle fluctuation and oscillation ring down around
the suspension fiber. A schematic drawing of our torsion
pendulum is shown in Fig. 1(a), and the experimental setup
is shown in Fig. 1(b). A hollow TM is suspended with a
silica fiber, and a pair of electrodes surrounding the TM are
mounted on two independent translation stages to allow the
gaps between the TM and the electrodes to be adjusted.

According to the model of Ke et al., the torque on
a cuboid TM around the vertical axis in an infinite gas
volume can be expressed as follows:

N∞
rot =

√
2m0

πkBT
p� (a, b, c, σ1) θ̇ , (1)

where kB is Boltzmann’s constant, T is the temperature, m0
is the mass of a gas molecule, p is the pressure, and � is a
coefficient that can be expressed as

� (a, b, c, σ1) = a
3

(
b3 + c3) + σ1

×
[

abc
4

(b + c) + bc
12

(
b2 + c2) + π − 4

24
a
(
b3 + c3)] ,

(2)

where a, b, and c are the height, length and width of the
cuboid TM, respectively, σ1 is the TAC in an infinite gas
volume, and θ̇ = dθ/dt is the angular velocity of the TM
around the vertical axis.

(a)

(b)

FIG. 1. (a) The torsion pendulum. A pair of electrode plates
are mounted symmetrically on two independent microdisplace-
ment translation stages beside the test mass. (b) Photographs
of the experimental apparatus. The twist of the test mass is
monitored by an autocollimator.

In practice, if the space around the TM is constrained,
the damping force and the torque increase rapidly when the
gap decreases. In detail, if a single solid plate is located
parallel to and close to the side surface of the TM, the
damping-torque increase on the TM around the vertical
axis is expressed as

Nrot,s = pAR2

d
τ

1 + (ωτ)2 θ̇ , (3)

where A is the effective area between the plates and the
TM, R is the equivalent arm length of the pendulum, d is
the gap between the plate and the TM, ω is the angular
frequency, and τ is the random-walk diffusion time, which
can be expressed approximately as follows:

τ ≈ κd
√

πm0

2kBT
σ2 + [(1 − σ2)/2π ] [ln (1 + κ) + 2]

σ2 ln (1 + κ) + (1 − σ2)
(√

1 + κ − 1
) ,

(4)

where κ = A/πd2 is a geometric parameter describing the
area-to-gap ratio for the TM and the plates, and σ2 is the
TAC in the constrained gas volume.
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From the analysis above, it can be seen that the damp-
ing torque is related to both the gap and the pressure.
The damping torque on a torsion pendulum under different
conditions (different gaps and pressures) can be obtained
by measuring its free-amplitude attenuation, which is usu-
ally expressed as the Q factor. Therefore the TAC and its
characteristics can be determined.

The TM of our torsion pendulum is a gold-coated hollow
aluminum cube with edge length of 50 mm. It is suspended
by a 895-mm-long and 40-µm-diameter germanium-and-
bismuth-coated silica fiber from a magnetic damping stage,
which is used to suppress its swing mode. To monitor the
twist motion of the TM with an autocollimator, a gold-
coated silica wafer with dimensions of 1.5 × 2.0 mm2 is
attached at the joint of the fiber and the TM. The total sus-
pending mass and the moment of inertia are 58.6 g and
3.86 × 10−5 kg m2, respectively.

A pair of gold-coated quartz electrode plates with side
surface area of 47 × 47 mm2 are symmetrically mounted
parallel to the TM on two independent translation stages.
The travel range of the translation stage allows the gap
between the plates and the test mass can be adjusted within
the range of 0–3 mm. Considering that the gaps between
the test mass and the electrodes should tolerate the twist
and swing motion of the torsion pendulum, the minimum
gap in this experiment is set to about 0.7 mm. In addition,
we think that the gap variation of 1 mm is sufficient to mea-
sure the gap dependence of damping. Therefore, the gap
range is set to 0.7–1.8 mm, and a dozen gap values in this
range are selected to perform the experiment. To control
the twist amplitude of the TM, the coating layer of each
electrode plate is divided into two isolated parts vertically,
and thus electrostatic stimulation or damping torque can be
applied on the TM. The torsion pendulum is installed in a
vacuum chamber, whose pressure can be adjusted roughly
between 10−5 and 10−2 Pa by a flapper valve between the
chamber and the ion pump.

The recorded twist-angle time series of the TM are
fitted to the object function of θ (t) = Ai cos (2π ft) +
Aq sin (2π ft) + C for every three periods, and then the
oscillating amplitude of each set can be obtained as A (t) =√

A2
i (t) + A2

q (t). Thus the Q factor of the pendulum can
be determined by fitting the amplitude decay to the object
function of A (t) = A0e−π ft/Q. The period and Q factor of
the torsion pendulum, when the pressure is 10−5 Pa and
all the objects are moved about 30 cm away from the TM,
are measured to be about 412 s and 14 000, respectively.
Figure 2 shows the oscillation and amplitude decay of the
torsion pendulum.

To reduce the influence of the electrostatic effect
on the torsion pendulum, measurements are taken from
two aspects. First, we measured the relation of torsion-
pendulum period against the applied voltages, and
obtained the stray potential on each plate part with data
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FIG. 2. Measured twist oscillation and its amplitude decay of
the torsion pendulum. (a) Oscillation of the pendulum on a short
timescale. (b) Amplitude decay of the torsion pendulum. The
dots represent the fitting amplitudes for each cycle. The red curve
is the amplitude decay fitted with an exponential decay function.

fitting method, then compensate it to lower than 10 mV
with a high-precision source meter. Figure 3 shows the
period variation and its parabolic fitting for different elec-
trode voltages. The stray potential on each part is indi-
vidually compensated. Second, the relation between the
pressure in the vacuum chamber and the opening of the
flapper valve is calibrated before gas-damping measure-
ment, and thus all devices that generate charged particles,
such as the vacuum gauge and the residual-gas analyzer,
can be kept off during the measurement. Besides this, a
charged-particle capture plate is added between the tor-
sion pendulum and the ion pump in the vacuum chamber
to avoid random charging due to ionization.

The gas-damping measurements are performed for dif-
ferent gaps in the range of 0.7–2.7 mm at a temperature
of (296 ± 1) K, and at pressures of 2.57 × 10−4, 2.74 ×
10−3, and 1.77 × 10−2 Pa. Under each condition, the initial
amplitude of the torsion pendulum is adjusted to be about
3 mrad, and the recording for the twist angle lasted about
40 000 s. It should be noted that the measured Q factor is
related to the total damping torque, including the structural
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FIG. 3. Measured periods of the torsion pendulum when differ-
ent voltages are applied on each electrode. Their parabolic fitting
is also shown. The voltages corresponding to the lowest points of
the parabolas are the stray-potential compensation voltages. It is
seen that the stray potentials on different electrodes are different.

damping of the suspension fiber and the gas damping from
molecule collisions. The measured Q factor, when all the
objects around the TM have been removed and the pres-
sure is 10−5 Pa, is treated as the background. Therefore,
the damping due to gas molecules in a constrained volume
(squeeze-film damping) can be expressed as the loss angle
φi = 1/Qi − 1/Qbg, where Qi is the fitted Q factor under
condition i, and Qbg is the background.

The composition of the residual gas in the chamber at
different pressures is measured with a residual-gas analyzer
when all the Q-factor-measurements are finished. Table I
lists the main components (partial-pressure ratio) and the
equivalent molecular weight of the residual gas at different
pressures.

III. RESULTS AND DISCUSSION

Figure 4 shows the gap dependence of the loss angle
when the pressure in the chamber is, 2.57 × 10−4, 2.74 ×
10−3, and 1.77 × 10−2 Pa, respectively. The data points
with an error bar represent the measured loss angle for dif-
ferent gaps. It can be seen that the loss angle is negatively
related to the gap. The loss angle increases significantly
when the gap decreases, showing obvious squeeze-film
damping. The loss angle of the gas in an infinite volume
is independent of the gap, and thus it can be treated as a
constant for each condition. Since the full form of Eq. (2)

is very complicated, we fit the measured data at each pres-
sure with a numerical method based on least squares as
the red curves in Fig. 4, and obtain the TACs at differ-
ent pressures as 0.79 ± 0.02, 0.71 ± 0.02 and 0.53 ± 0.02
shown in Fig. 5. The theoretical curves of the loss angle
versus the gap for each condition, assuming the TAC is
0 and 1, are also shown in Fig. 4, as the dashed brown
line and the dot-dashed purple line. The measured loss
angle at these pressures is distributed between the theo-
retical curves for σ = 0 and σ = 1. This indicates that the
actual interaction between gas molecules and macroscopic
objects includes both elastic and inelastic collision effects,
which is consistent with the theoretical analysis.

Although a conductive suspension fiber is used, the
release of charged particles is controlled, and the stray
potential on the plates is compensated in our experiment, a
residual electrostatic effect may still be present on the TM.
In addition, some unmodeled effects (mainly environmen-
tal disturbance, such as tilt-twist coupling, magnetic field
disturbance, and gravity gradient effect [24,25]) that intro-
duces damping or negative damping (stimulation) may also
be present on the TM, and the gap-related part of these
effects will affect the TAC measurement results obtained
under each condition. Therefore, the measured TAC is
likely to be a biased estimation. However, these effects
should not be pressure dependent, so the bias in the mea-
sured TAC do not affect the investigation of its pressure
dependence.

To interpret the pressure dependence of the TAC, we
suspect that the completely elastic collision is regarded as
the direct collision of gas molecules with surface micro-
scopic particles, which include the surface-constitution
molecules and adsorbed gas molecules. After elastic col-
lision, only the velocity component along the surface
normal direction reversed. Additionally, the completely
inelastic collision is regarded as corresponding to the
molecule adsorption-desorption cycle on the solid surface.
The velocity of desorbed molecules follows the cosine
angular distribution, which is derived from the Maxwell-
Boltzmann distribution law. If the number density of gas
molecules around the object increases, more molecules are
absorbed on the surface and the surface’s ability to further
adsorb gas molecules decreases, and so the probability of
inelastic collisions decreases.

On the basis of these mechanisms, we deduce that the
TAC should be larger than 0 and smaller than 1. The

TABLE I. Composition (partial-pressure ratio of main components) and equivalent moleculular weight (Ā) of the residual gas at
different pressures.

Pressure (Pa) CO2 CO H2 N2 H2O Ā (amu)

2.57 × 10−4 3.1% 0 18.3% 28.0% 43.8% 17.97
2.74 × 10−3 9.6% 10.9% 20.6% 29.1% 25.1% 21.54
1.77 × 10−2 19.2% 13.8% 15.5% 31.3% 17.6% 25.63
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FIG. 4. Measured gap dependency of the loss angle (φ = 1/Q)
at different pressures: (a) the loss angle at 2.57 × 10−4 Pa; (b) the
loss angle at 2.74 × 10−3 Pa; (c) the loss angle at 1.77 × 10−2

Pa. Completely inelastic collision model and completely elastic
collision model predictions are also shown. The lines for σ = 0
and σ = 1 are simulated using the measured residual-gas com-
position. Several invalid data points (affected by misoperation,
earthquakes, construction, and power outages) have been elimi-
nated in these plots. The experimental-status-check data for each
pressure are also shown as the magenta point at a gap of 2.7 mm,
which is used to check the torsion-pendulum status and to verify
the damping model for a big gap after the gap modulation.

reason is that elastic collision of gas molecules with the
solid surface is always possible, even if no gas molecules
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FIG. 5. TAC in squeeze-film damping as a function of
residual-gas pressure. The TAC is well fitted with an exponential
decay function.

are adsorbed on the surface. In addition, the free gas
molecules may still be absorbed by the surface when the
adsorption is saturated, because adsorption saturation is
just a dynamic balance status of absorbing and desorbing.
Thus, the interactions between some molecules and the
adsorption-saturated surface should be still considered as
inelastic collisions. The number of adsorbed molecules on
the surface is proportional to the pressure (number density
of molecules in the constrained volume), and the adsorp-
tion causes the pressure to decrease. Therefore, the TAC
and the pressure should satisfy the following relationship:

σ = σ0e−λp + σ∞. (5)

The first term is the pressure-dependent part, and the sec-
ond term is the pressure independent part. λ ∝ d̄/nkBT,
describes the strength of the pressure dependence, where
d̄ is the mean value of the gap, and n is the maxi-
mum areal density of adsorbed molecules on the surface,
which is related to the surface material and condition.
The red line in Fig. 5 shows the fitting curve of the
measured TAC as a function of pressure. The fitted param-
eters are σ0 = 0.308 ± 0.018, σ∞ = 0.490 ± 0.021, and
λ = (118.4 ± 6.4) Pa−1.

The parameters obtained with this method can be used
to evaluate the adsorption and desorption characteristics of
gas molecules on the surfaces of the TM and surround-
ing structures, which is important for further research on
the outgassing properties of materials [26–29], Brownian
noise, and the effect of outgassing in ultrahigh-sensitivity
mechanical experiments such as the observation of gravi-
tational waves, the experimental verification of Newton’s
inverse-square law at short range, and measurement of the
Casimir force [30–32]. However, we must note that the
obtained σ∞ contains residual electrostatic effects due to
the spatial variations of potentials on the TM and elec-
trodes [33–36], and other damping or stimulation, so the
measured TAC is just a biased estimation. The bias in the
result should be investigated further in the future.
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For weak-force measurements, the squeeze-film-
damping effect is usually unfavorable because it greatly
increases system thermal noise. But in some aspects,
squeeze-film damping is beneficial for performance
improvement. For example, this effect can significantly
increase the damping of mechanical motion, so it helps
to achieve accurate measurement of rarefied-gas pres-
sure. The pressure sensors based on squeeze-film damping
reported so far, which are designed for high pressure
(greater than 0.1 Pa), have sufficient accuracy consider-
ing the effect of elastic collisions of gas molecules (σ = 0)
[37–39]. However, when the gas in the test environment is
very rarefied, the adsorption probability of gas molecules
on the surface of the oscillator increases, so the actual TAC
must be considered.

IV. CONCLUSION

In summary, we measure the gas-damping variation
at different pressures and gaps in a torsion pendulum,
which shows obvious squeeze-film damping. The mea-
sured damping-gap relationship verifies that the residual-
gas effect on a macroscopic object is a synthesized result
of two different mechanisms: elastic and inelastic collision
of gas molecules. In addition, the TACs that characterize
the contribution ratio of these two mechanisms under dif-
ferent conditions are determined in our experiment, and the
TAC pressure dependence is also observed. The discovery
of this dependence helps to increase the understanding of
the interactions between microscopic particles and macro-
scopic objects. Finally, a physical explanation is given
for the pressure dependence, in which the pressure affects
the gas adsorption saturation of the material, and then
influences the probability of inelastic collisions.

The method developed in this study is useful for the
measurement of gas damping and the TAC for specific
materials, spacing, and other conditions. On the one hand,
the measured results can be used to guide the gas-effect
analysis for weak-force measurements, and on the other
hand, it can also provide a basis for TAC-related-deviation
correction of rarefied gas pressure measurement based on
the squeeze-film-damping effect.
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