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Abstract.This paper reports on the characterization of a thrust-stand that can measure impulses from 14 µNs up to
79 µNs with a maximum resolution of 50 nNs in a vacuum chamber. The thrust-stand is based on a torsion balance and
will be used for pulsed plasma thruster tests. Previous works reported a calibration using cylindrical electrodes and a
precision balance with accuracy of 0.1 mg in atmospheric pressure. The calibration in vacuum is paramount as this will
be the test condition for the electric thrusters and also due to the influence of the cryogenic and rotary vacuum pumps
vibration. Preliminary calibration was performed to ensure agreement with previous works. A displacement sensor with
a measuring range of 10.05 µm and a maximum resolution of 0.013 µm was used to measure the oscillation amplitude
of the arm of the thrust balance and a transfer function was then obtained. The damping ratio was evaluated but its
large variability induced errors when comparing with the fitting curve and possible solutions for this issue were given to
mitigate this problem. The impulse bits measured by the thrust-stand were in good agreement with the input impulses.
The uncertainty of the measurements reinforced the fact that a magnetic damper is necessary in order to reduce initial
undesired oscillations.
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1. INTRODUCTION

In the last few decades small spacecraft has been under intensive research (Crisp et al. (2015) and Barnhart et al.
(2009)) due to its desirable features, such as lower cost, easier to deploy and the potential scalability when used in
swarms. The growth of interest in small spacecraft leaded to the development of microthrusters. Thruster is a device that
produces thrust and is crucial for a satellite lifetime because it allows compensation of drag, orbit changes, raising and
de-orbit, enable formation flying, and provides accurate attitude control (Mueller et al., 2010).

Several micropropulsion technologies are currently being investigated, such as electrosprays using liquid metals Taj-
mar et al. (2004), Velásquez-García et al. (2006), Li et al. (2011) and Martel et al. (2012), ionic liquids, cold gas thrusters
Köhler et al. (2002) and Bayt et al. (1998), resistojets (Ye et al., 2001) and pulsed plasma thrusters (PPT) Cassady et al.
(2000) and Guarducci et al. (2011). These devices provide thrust in the range of a few µN to over a hundred µN and
most of them are accelerated by electromagnetic means. Usually electric thruster feature very high specific impulse (ionic
thrusters can reach 10000s of specific impulse or more), but due to power limitations they produce low thrust (< 1 mN)
when compared with chemical thrusters (Goebel and Katz, 2008).

In order to design and test electric thrusters it is ideal to have a suitable thrust-stand (also known as thrust balance) to
accurately measure the magnitude of the thrust. Several types of thrust-stands have been studied over the last few years
and distinct physical principles can be employed.

1.1 Pendulum

The pendulum thrust balance can exist in three main configurations: i) hanging pendulum, ii) inverted pendulum and,
iii) torsional pendulum. The hanging pendulum is the simplest and has high stability, but requires a long arm to yield high
sensitivity. If the vacuum chamber is small, this configuration is not suitable. In the inverted pendulum configuration, the
thruster lies above the flexural pivot, it means that this configuration is less stable than the hanging pendulum, but has
better sensitivity. The torsional pendulum configuration, in turn, is usually constructed with two flexural pivots and has
the highest sensitivity (Polzin et al., 2006) and it has been used for micropropulsion thrust measurements Cubbin et al.
(1997) Rohaizat et al. (2018).
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1.2 Impingement thrust-stand

Impingement thrust-stands work by measuring the force of the particles of the plume impinging as they hit a target
plate. The advantage of this setup is the easy adaptation of the device for different types of propulsion systems. The
disadvantage is the need of the knowledge of the relation between impinging force on the plate and the thrust of the
thruster beforehand to determine the thrust (Chakraborty et al., 2015). This type of thrust-stand has been reported by Wu
et al. (2011), Grubišić and Gabriel (2010) and Gessini et al. (2006).

1.3 Torsion balance

The concept of the torsion balance was first conceived by John Michell and it was used by Henry Cavendish to evaluate
the density of the Earth (Cavendish et al., 1798). Later Charles Augustin de Coulomb used a similar stand to study the
repulsion and attraction force between charged particles. Different designs using a flexural pivot as the torsional element
were described by Dennis et al. (1970) and Marhold and Tajmar (2005), providing the torsional spring constant and the
required load carrying capability. The advantages of the torsion balance configuration are their good repeatability and the
fact that the complete propulsion system can be installed on it. It can provide high accuracy and can be easily calibrated
(Wang et al., 2013).

The present work continues the development of a torsion balance developed by Anselmo (2017), taking it to a vacuum
chamber, assembling all components to operate in vacuum, preparing the vacuum system electrical interfaces, simulating
the PPT with an electrostatic calibration system, calculating the thrust balance transfer function and analyzing the vacuum-
facility induced vibration on the thrust-stand. The thrust-stand was calibrated for measurements between 14 µNs to
54 µNs with a maximum resolution of 0.05 µNs and minimum resolution of 0.10 µNs. Ciaralli et al. (2013) built a
similar impulsive thrust-stand but with no embedded calibration system or PPT simulation device. Figure 1 shows the
assembly of the thrust-stand, electrodes and the displacement sensor inside the vacuum chamber.

Figure 1. Assembly of the thrust-stand

The next sections explain the torsion balance dynamics, implementation methodology, calibration and results.

2. TORSION BALANCE DYNAMICS

The thrust-stand described in this work is essentially a torsional pendulum and is modeled as a rigid body. The
dynamics of this type of system is well understood and has been covered by many authors and books, such as Ziemer
(2001) and Rao and Yap (2011). Therefore, the equations will be only summarized in this section. Equation (1) is the
forced vibration equation for a rigid body, where the mass multiplying the first term on the right hand side was substituted
by the moment of inertia J and the linear displacement x(t) was substituted by the angular displacement θ(t). These
substitutions are valid for all following equations in this paper.

J θ̈(t) + cθ̇(t) + kθ(t) = T (t) (1)

Where θ is the angular displacement, J is the scalar moment of inertia about the axis of rotation, namely the flexural
pivots axis, c is the damping constant. k is the effective spring constant of the flexural pivots, T is the torque due to the
thrust force of the thruster at a distance r from the pivots axis. For an under-damped system, the general response of this
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system subjected to a torque T can be found using Laplace transformation and is given by Eq. (2).

θ(t) =
θ0√
1 − ζ2

e−ζωn tsin(ωd t + φ1 ) +
θ̇0
ωd

e−ζωn tsin(ωd t) +
1

Jωd

∫ t

0

T (τ)e−ζωn(t−τ)sin(ωd(t − τ))dτ (2)

Where θ0 is the initial condition of the angular displacement of the pivots. θ̇0 is the initial angular velocity of the
thrust-stand arm.

The others parameters are defined as bellow.

ωn =

√
k

J
(3)

ζ =
c

cc
(4)

cc = 2Jωn (5)

ωd =
√

1− ζ2ωn (6)

Where ωn is the natural angular frequency of the entire system, ζ is the damping ratio, cc is the critical damping con-
stant and ωd is the angular frequency of the damped vibration. The damping ratio can be computed using the logarithmic
decrement. It represents the rate at which the amplitude decreases in a free damped vibration (Rao and Yap, 2011), using
this technique one finds Eq. (7) and Eq. (8).

ζ =
δ√

(2π)2 + δ2
(7)

δ =
1

N
ln

(
x1

xN+1

)
(8)

Where δ is the logarithmic decrement, N is an integer, x1 is the amplitude of the first cycle of vibration. The system
is subjected to an impulse due to the thrust of the propulsion system and the relation between this impulse and the
displacement of the propulsion support at a distance r from the pivots can be found using the Eq. (9).

J θ̇0 =

∫ t

0

T (t)dt = r

∫ t

0

F (t)dt = rIbit (9)

θ̇0 is the initial angular velocity, F (t) is a generic force that generates the torque T (t) and Ibit is the impulse given
by the thruster. The thrust balance is at rest at t = 0 s, so θ0 = 0 rad and the first term of the Eq. (2) is equal to zero. If
the time of application of the thrust is much smaller than the response time of thrust balance, then the nonhomogeneous
Eq. (1) can be substituted by the homogeneous Eq. (10) with the initial condition θ̇0 6= 0, Symon (1971).

J θ̈(t) + cθ̇(t) + kθ(t) = 0 (10)

Deriving the general solution Eq. (2) for the case of the homogeneous equation, using the relation Eq. (9) with the
initial condition θ̇0 6= 0 and θ0 = 0, and assuming that the displacement of the thrust stand arm is too small, namely
∆xmax = r sin θmax ≈ rθmax, the impulse provided by the thruster can be computed as in Eq. (11).

Ibit =
J2πfn∆xmax

rrsens
(11)

rsens is the radial distance where the displacement sensor is located with relation to the pivots and fn is the natural
frequency of the thrust stand.

Ciaralli et al. (2013) showed that the transfer function of the thrust balance can be found as stated in Eq. (12).

H(s) =
r
J

s2 + 2ζωns+ ωn2
(12)

3. METHODOLOGY

The first step is the calibration of the electrostatic actuator that simulates the PPT thrust followed by the measurements
of the moment of inertia of the assembly and the torsional constant of the flexural pivots. These steps can be done in
atmospheric condition. In order characterize the dynamic response of the thrust balance, it was necessary to design and
build the Function Generator Signal Amplifier. The amplified signal was then sent to the electrostatic actuators inside the
vacuum chamber using special vacuum electrical feedthroughs. The noise from the vacuum cryo-pump on the thrust stand
was measured using a displacement sensor model D63-B(Bv2)C1E3 from Philtec.
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3.1 Calibration of the thrust supply assembly

The force between the electrodes of the electrostatic actuator was measured using a calibrated analytical mass balance
with a resolution of 0.1 mg model Shimadzu AUY220. An Electrometer/High Resistance Meter, Keithley model 6517A,
was used as a power supply to provide voltages from 0 V to 1000 V . The electrodes formed a standard Kelvin guard
ring capacitor with a gap between the outer and inner electrode of 0.5 mm, detailed analytical analysis can be found on
Heerens and Vermeulen (1975) and Moon and Sparks (1948). Fig. 2(a) and Fig. 2(b) show the electrostatic simulation
device being calibrated and details of the electrodes diameters.

Figure 2. (a) Thrust supply assembly on the analytical balance for calibration, (b) Electrodes details. Dimensions:
d1 = 31.70± 0.04 mm, d2 = 50.89± 0.04 mm, d3 = 50.89± 0.04 mm

The distance (D) between the electrodes is within the range 0, 99 mm ≤ D ≤ 1, 00 mm. Equation (13), (Christy
et al., 1979), gives the theoretical value of the electrostatic force between the smaller and the larger electrodes.

Fe =
1

2
ε0 εr

(
U

D

)2

A1 (13)

Where Fe is the electrostatic force between the electrodes, ε0 ≈ 8 .8541878x10−12F/m is the vacuum electric
permittivity, εr ≈ 1 .00059 is the relative electric permittivity for air, U is the applied voltage on the surface of the
electrode and A1 is the area of the smallest electrode. Figure 3 shows a comparison between the theoretical force Eq. (13)
and the force measured in this work and in a previous work (Anselmo (2017)).

3.2 Moment of inertia and flexural pivots

The angular displacement measured by the sensor can be described using Eq. (1) and from it one can deduce the
Eq. (14) for the damped oscillation frequency.

fd =
ωd

2π
=

√
k
J − ( c

2J )2

2π
(14)

Where J is the sum of the following parameters.

J = Jb + Je + Js + JPPT + JCP (15)

Where Jb is the moment of inertia of the thrust-stand arm, Je is the moment of inertia of the electrodes, Js is the
moment of inertia of the thrust-stand support, JPPT is the moment of inertia of the thruster and JCP is the moment of
inertia of the counterweight.

Ideally the counterweight moment of inertia must be equal to the thruster moment of inertia, so the following assump-
tion is made.

JPPT = JCP (16)
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Figure 3. Calibration of the thrust supply assembly

J ′b = Jb + Je + Js (17)

Equation (16) and Eq. (17) imply the following relation.

J = J ′b + 2Jp (18)

Where Jp = JPPT = JCP .
Anselmo (2017) has found experimentally J ′b = (46.58 ± 1.55)x10−3 kgm2 and k = 1.425 ± 0.038) Nm/rad and

computed a theoretical value of J ′b = (46.229 ± 0.003)x10−3 kgm2, using the 3D drawing with the software Autodesk
Inventor Professional 2016. Also, an experimental value of k = 1.4684 ± 0.1468) Nm/rad was provided by the
manufacturer Riverhawk Company.

3.3 Vacuum Systems

The vacuum facility #2 (VF2) of the Laboratory of Space Electric Propulsion - LPEL/LABCP/INPE - has a cryogenic
pump compressor unity model Oerlikon Leybold COOLPAK 6000H, that compresses helium for the cold head of a cryo-
pump Oerlikon Leybold model COOLVAC 5000iCL that yields a pumping speed of 5200 l/s for Nitrogen. The cold
head used was a dual-stage cold head from Oerlikon Leybold model COOLPOWER 5/100. The pre-vacuum pumping is
achieved by a rotary dry pump, Oerlikon Leybold model LEYVAC LV80, with a pumping speed of 80 m3/h and a roots
pump model Oerlikon Leybold RUVAC WH700. The system is able to reach back pressures lower than 5× 10−7 mbar.

4. RESULTS

The Function Generator Signal Amplifier was designed and built in order to provide voltages up to 500 V . A sketch
of the circuit is shown in Figure 4.

The MOSFET IRF840 actuates as a fast switch, as a requirement of this circuit is to be fast enough in order to operate
in the order of µs time scale. The optocoupler A4N25 is used optically isolate the Function Generator Tektronix AFG310
against the higher voltages of the amplifier. The power supply Keysight N5771A provides 250 V for the circuit. Figure 5
shows the output signal of the circuit.

The calibration curves shown in Figure 3 were used to plot the thrust as a function of time shown in Figure 5.
The vacuum experiments have been conducted at 4 × 10−6 mbar. A total of 5 measurements were made using the

input signal shown in Fig. 5. The total impulse provided by this signal is numerically equal to the area below the thrust
curve and equals to 32.481± 0.017 µNs.

Using an oscilloscope (Tektronix, Model TDS5034B) connected to the output of the optical sensor enabled the re-
sponse of the thrust-balance due to an input wave form applied to the electrodes to be analyzed. The dynamic response,
as detailed in Eq. (2), has a damped sinusoidal pattern. Figure 6 shows the measurement setup.

The thrust-stand oscillation due to the input signal and the impulse applied to the thrust-stand is shown in Fig. 7a and
Fig. 7b, respectively.

The damping ratio ζ was calculated using 5 different peaks for each measurement. Calculating the mean and the
standard deviation of all measurements and using t-Student for a degree of freedom of 4, the damping ratio was found to
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Figure 4. Schematic of the Function Generator Signal Amplifier

Figure 5. Output signal provided by the Function Generator Signal Amplifier and thrust generated by the electrodes

be ζ = (1.86 ± 0.16) × 10−4. The damping is mainly due to the mechanical friction, as the air pressure in the chamber
is very low (4 × 10−6 mbar). With the damping ratio it is possible to find the transfer function of the thrust stand H(s)
Eq. (19).

H(s) =
5.534

s2 + 21.01× 10−4s+ 31.899
(19)

The product −ζωn = −0.0010505 provides the coefficient of the exponential decay. It does not match with the
coefficient of the fitting curve provided in Fig. 7a, there is a difference of 33 %. The source of error lies probably in the
short period considered for the determination of damping ratio ζ. Future works should calculate using a longer decay
period.
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Figure 6. Acquisition systems. Function Generator outputs the desired waveform. Power Supply 1 provides power to the
Function Generator Signal Amplifier. The displacement sensor inside the chamber is powered by 12 V from the Power

Supply 2 and its output is connected to the Oscilloscope

Figure 7. (a) Thrust balance response due to the electric signal, exponential decay ∝ exp(−0.001345) using exponential
fitting R2 = 0.979. (b) Impulse profile provided by the electric signal

The impulse measured by the thrust-stand was computed subtracting the first peak from the mean rest position of the
thrust-stand for each measurement. This subtraction provides the highest displacement value required to use in Eq. (11).
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The uncertainty related with the computation of impulse was calculated using Eq. (20).

u(Ibit) =

√(
∂Ibit
∂J

u(J)

)2

+

(
∂Ibit
∂fn

u(fn)

)2

+

(
∂Ibit

∂∆xmax
u(∆xmax)

)2

+

(
∂Ibit
∂r

u(r)

)2

+

(
∂Ibit
∂rsens

u(rsens)

)2

(20)

The parameter J = J ′b = (46.58 ± 1.55)x10−3 kgm2 was provided by Anselmo (2017), fn = (898.9 ± 2.6) mHz
was determined using an oscilloscope for each measurement, ∆xmax = (8.38 ± 0.40) µm was determined for each
measurement using oscilloscope and the sensor sensitivity, r = (0.2600± 0.0086) m and rsens = (0.2650± 0.0086) m
were measured with a calibrated ruler. Using the effective degree of freedom of νeff = 7 and Eq. (11) the measured
impulse of the thrust-stand was Ibit = (32.2 ± 3.5)µNs. There was a difference of 0.87% between the measured
impulse and the impulse provided by the Function Generator Signal Amplifier. In order to further decrease the uncertainty
associated with the impulse measurement, the moment of inertia and the maximum displacement uncertainties must
be mitigated. These uncertainties can be reduced respectively by evaluating the moment of inertia more precisely and
employing a magnetic damper to damp the undesired initial vibration. This noise detected in the thrust-stand while no
thrust was applied was due to the cryo-pump, the Helium compressor, the water chiller and the air compressor operation
and is shown in Fig. 8.

Figure 8. Spectral analysis of the noise

In the range of the frequencies excited due to noise, one can observe a peak at 47.97Hz with an amplitude of 55.3mV .
The frequency of this peak is close to the electrical supply frequency (60 Hz) and it is believed to come from the Helium
compressor, but further spectral analysis will be necessary to determine exactly the source of the noise frequencies, as the
mechanical vibration is influenced by the complex vibration modes of all the mechanical attachments, electric motors,
pipes, fixtures, valves, chamber, etc. The experiments described in this paper were conducted with the cryo-pump turned-
off but, due to the thrust balance high sensitivity and low friction, with the remains of its noise. In future works it will
be necessary to run experiments with the propulsion system operating and the cryo-pump turned-on, and therefore it is
paramount to characterize and mitigate the noise.

5. CONCLUSIONS

The results of the preliminary vacuum characterization of a torsion balance were presented. The instrumentation was
detailed and planning for the vacuum measurements tests were described. An amplifier circuit was designed in order to
amplify the signal from the Function Generator and it worked with a good repeatability and achieved the design goal. The
damping ratio was computed and was used for the determination of the transfer function of the thrust-stand. The damping
ratio is probably the source of error when comparing with the exponential coefficient of the fitting curve and must be
reevaluated using longer decay periods. The impulse bit from a pulsed electric signal applied to the electrostatic actuator
was measured with the thrust-stand and was in good agreement with the input impulse. The uncertainty analysis indicated
that it is necessary to employ a magnetic damper in order to mitigate undesired noise influence in the experiments.
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In future works a magnetic damper will be installed in the thrust-stand assembly and it will be characterized in vacuum
condition. A deepened spectral analysis will be performed in order to identify the sources of vibration of thrust-stand and
a complete transfer function that will include the noise influence shall be evaluated.
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