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A sub-micronewton level thrust stand is used to evaluate the performance of five differ-
ent microthrusters. Using a torsional balance design, the JPL microthrust stand (µTS) is
capable of measuring steady-state thrust as low as 1 µN with sub-micronewton resolution
and an impulse as low as 1 µNs with sub-micronewton-second resolution. The µTS can
support a test object with a mass as large as 10 kg while supplying multiple diagnostic,
power, and propellant lines to the thruster. The thrust or impulse is measured by moni-
toring the position of the thrust arm and using a calibrated dynamic model that will be
presented in this paper. The performances of a vacuum arc thruster (VAT), gas-fed pulsed
plasma thruster (GFPPT), indium field emission electric propulsion thruster (In-FEEP),
vaporizing liquid microthruster (VLM), and micro-cold gas thruster have been measured
using this test stand to validate its accuracy and precision.

1 Introduction

Micropropulsion devices that are designed to pro-
duce micronewtons of thrust are being developed in
many industrial, government, and academic labora-
tories around the world [1]. This effort is in response
to missions that plan to use microspacecraft or that
require extremely precise thrust levels. For example,
many upcoming “drag-free” missions such as LISA,
STEP, MICROSCOPE, EX5, LIRE, MAXIM, TPF,
and Stellar Imager will require various microthrust-
ers that can provide between 0-1000 µN with preci-
sion requirements as small as 0.1 µN. Until fairly re-
cently, direct measurement of the thrust produced by
such devices has not been possible by conventional
thrust stands.

Over the last few years, many micronewton and
sub-micronewton thrust stands have been developed
in parallel at institutions including, among others,
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BUSEK Co. Inc. [2], US Air Force and USC [3],
NASA Goddard and the University of Maryland [4],
and ONERA in France [5]. Thrust stands designed
to measure the impulses produced by pulsed micro-
thrusters that can also be used to measure steady-
state thrust have been built at Princeton Univer-
sity [6], the University of Illinois [7], NASA Glenn
[8], and many other institutions. Although each
method of impulse or thrust measurement may be
slightly different, most microthrust stands have been
designed and tested with only one type of thruster in
mind.

This paper describes the development and testing
of a microthrust stand (µTS) in the Advanced Propul-
sion Technology Laboratory at NASA Jet Propul-
sion Laboratory (JPL). Originally constructed from
a torsional pendulum design provided by the Electric
Propulsion and Plasma Dynamics Laboratory (EP-
PDyL) at Princeton University [6], the thrust stand
described in this paper has been modified to accept
a variety of thruster types and diagnostic packages.
The µTS has been used to measure both thrust and
impulse produced by many thrusters currently under
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Figure 1: Drawing of the µTS. Positions of the thruster, LVDT, calibration hammer, and rotational axis are
shown by markers.

development. To date, these thrusters include: a vac-
uum arc thruster (VAT) [9], gas-fed pulsed plasma
thruster (GFPPT) [10], indium field emission electric
propulsion thruster (In-FEEP) [11], vaporizing liq-
uid microthruster (VLM) [12], and a micro-cold gas
thruster developed by Moog, Inc. The goal of this
research has been to develop a useful test-bed for the
advancement of micropropulsion research and pro-
vide a way to evaluate candidate thrusters for some
of the missions mentioned above.

This paper is organized as follows: we begin in
the first section by deriving a model for torsional
pendulum dynamics. This model is developed to the
point where the impulse and thrust can be determined
from the position history of the thrust arm motion.
Next, the performances of various microthrusters are
presented with a focus on how the unique capabilities
of the JPL microthrust stand were used to provide
useful information about each thruster. Finally, in the
appendix, a model for how mechanical vibrations are
related to thrust stand resolution is presented.

2 Torsional Pendulum Dynamics

The µTS is fundamentally a torsional pendulum. The
test mass or thruster is mounted to a horizontal arm
which is supported by two flexural pivots as shown
in Fig. (1). To reduce the influence of gravity, the
thruster is counter-balanced so the center of mass
(CG) of the entire thrust arm is close to the pivot axis.
As shown in the appendix, this arrangement leads to
the highest possible sensitivity. With a small contri-
bution from gravity, the restoring torque is linearly
proportional to the displacement angle, θ(t), and the
effective spring constant, ktheta, created mainly by
the stiffness of the pivots and connecting cables.

The dynamics of this type of system have been
described many times in other sources and will only
be summarized here. The end result is a model of
thrust stand motion or angular deflection, as a func-
tion of the time-dependent force produced by the
thruster, f(t). With the thruster mounted at a fixed
distance away from the rotational axis, �thruster, the
sum of torques acting on the pendulum, including
friction, νθ̇, can be written in this form,

θ̈ + 2ζωnθ̇ + ω2
nθ =

f(t)�thruster

Iθ
, (1)
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where Iθ is the moment of inertia, ζ is the damping
coefficient,

ζ ≡ ν

2

√
1

Iθkθ
, (2)

and ωn is the natural frequency,

ωn ≡
√

kθ

Iθ
. (3)

Assuming that ω, ζ, and Iθ are constant and not func-
tions of θ or t, the characteristics of the solutions
to Eq. (1) are well understood. First, for simplicity,
we will call the position of the thrust arm when all
torques are balanced as the “neutral position.” With
the thrust arm initially at rest and in the neutral posi-
tion, we will now examine its response to two types
of forces: impulsive and constant.

2.1 Impulsive Force

Subjected to an impulsive force, f(t) = Ibitδ(t), the
solution of Eq. (1) is,

θ(t) =
Ibit �thruster

Iθωn

√
1 − ζ2

e−ζωnt sin
(

ωn

√
1 − ζ2 t

)
,

(4)
Calculating the impulse bit requires a measurement
of the initial angular velocity, the moment of iner-
tia, and the length between the applied force and the
rotational axis,

Ibit =
θ̇(0)Iθ

�thruster
. (5)

Note that the spring constant, kθ, does not enter into
the calculation of the impulse bit.

2.2 Constant Force

Subjected to a constant thrust force, f(t) = T , the
solution of Eq. (1) is,

θ(t) =
T �thruster

Iθω2
n

[
1 − e−ζωnt×(

ζ√
1 − ζ2

sin
(√

1 − ζ2 ωnt

)
+

cos
(√

1 − ζ2 ωnt

))]
. (6)
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Figure 2: Position as a function of time for under-,
critically-, and over-damped solutions to the constant
force case, Eq. (6).

Figure 2 shows a plot of Eq. (6) with three different
values of ζ and a natural period of 10 s. Note that
if ζ = 1, the thrust arm will reach a new neutral
position in the shortest amount of time (roughly one
natural period) with no overshoot.

When the thruster has reached a steady-state op-
erating condition, the new neutral position can be
found by taking t → ∞ in Eq. (6),

θ(t → ∞) =
T �thruster

Iθω2
n

=
T �thruster

kθ
. (7)

Solving for the thrust level,

T =
θ(∞)kθ

�thruster
, (8)

which becomes the useful equation for measuring
thrust. In reality an infinite time does not actually
have to pass before the thrust arm reaches the new
position within the limits of the ability to measure θ
accurately. Determining the thrust then comes from
calibration data (measurements of kθ and �thruster)
and measuring θ after a number of natural periods.
Note that the moment of inertia, Iθ, does not enter
into the thrust calculation.

3 Measuring Impulse and Thrust

As shown in Eq. (5) and (8), the impulse and thrust
can be calculated from real-time measurements of
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θ(t) with the constants kθ, Iθ, and �thruster measured
independently as a calibration. These measurements
are described below.

3.1 Measuring θ(t)

The angular position as a function of time can be
measured in many different ways. In the case of
small deflections, θ < 4◦ for example, the position
can be determined within 0.1% by measuring the lin-
ear displacement, x(t), at some point a distance �pm

away from the rotational axis, θ(t) = x(t)/�pm.
In many cases, the linear displacement can be

measured more accurately than the angular displace-
ment, but at the expense of the error associated with
measuring another constant, �pm. Furthermore, any
error in measuring x(t) will translate to errors in
the impulse or thrust measurement so the position
measurement device must be very accurate and pre-
cise. Many methods for measuring position or ac-
celeration have been used in other thrust stand de-
signs such as laser interferometry [6], capacitive
measurements [4], fiber optics [2], high-resolution
accelerometers [5], and others. In our case, we use
a Linear Voltage Displacement Transducer (LVDT)
that has sub-micron resolution for its simplicity of
operation and ease of interpreting the linear voltage
output proportional to position.

With a linear position measurement, the impulse
bit becomes,

Ibit =
ẋ(0)Iθ

�thruster �pm
, (9)

and the thrust can be expressed as,

T =
xfinalkθ

�thruster �pm
. (10)

Measuring ẋ(0) or xfinal for impulse or thrust calcu-
lation, respectively, consists of curve fitting the posi-
tion history using Eq. (4) or taking the average of
the thrust arm position after a few natural periods.
In practice, there is also a small amount of back-
ground motion or drift that must be subtracted be-
fore determining the impulse or thrust. In the case
of impulse measurements, a damped sinusoid is also
fit to the position history before the impulse and the

actual measurement is ∆ẋ(t = 0). In the case of
thrust measurements, the drift rate is assumed to be
constant over the test and is subtracted based on a
linear fit of the baseline data before and after thruster
operation. Measuring kθ, Iθ, �thruster, and �pm must
be done as a calibration before the thrust or impulse
measurement.

3.2 Thrust Stand Calibration

The four constants kθ, Iθ, �thruster, and �pm can be
found by supplying a known impulse, Ical, at some
distance from the pivot axis, �cal, and monitoring the
response of the thrust arm. To derive the relation-
ship between the calibration constants and the posi-
tion history, first we define a useful quantity called
the effective mass, meff ,

meff ≡ Iθ

�thruster �pm
. (11)

The impulse and thrust calculations then follow from
Eqs. (9) and (10),

Ibit = ẋ(0) meff , (12)

T = xfinal meff ω2
n. (13)

The effective mass can be found from the calibration
impulse and a measurement of �cal/�thruster,

meff =
Ical

ẋ(0)
�cal

�thruster
, (14)

In this case, the initial velocity, ẋ(0), and the natural
frequency can be found from curve fitting a damped
sinusoid to the position history obtained during the
calibration (as long as ζ < 1). Note that �pm does
not need to be measured unless a calculation of the
moment of inertia is desired. Furthermore, if the cal-
ibration impulse is delivered at the same position as
the force produced by the thruster, then no lengths
need to be measured at all.

With the µTS, the known impulse is supplied
to the thrust arm by a piezoelectric force transducer
mounted at the end of a rod called the “calibration
hammer,” as shown in Fig. (1). The mounting rod
is cocked at an angle by an electromagnet that is
switched off to release the hammer. Upon impact,
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Figure 3: Velocity change and natural frequency as
a function of the delivered calibration impulse. The
graph shows the results of 25 trials at various cocking
angles.

the transducer outputs a voltage proportional to the
instantaneous force which can then be integrated to
determine the calibration impulse. The impulse mag-
nitude can be changed by changing the cocking an-
gle of the electromagnet. Figure 3 shows a range of
calibration impulses used to find the effective mass
and the natural frequency. Usually both quantities
can be found with a standard deviation less than 1%
of the measured quantity over at least 20 trials, in-
cluding error from position measurement and force
transducer calibration. Finally, note that in our case
the “position” measurement is really a voltage mea-
surement, yet this does not change the method of cal-
ibration or any force calculation. The effective mass
simply has the units of [kg-m/V], and the position
measurement is kept in terms of volts instead of me-
ters. The conversion between voltage and position is
required only if a real value of mass or the moment
of inertia is desired.

4 Performance Measurements

The performance of five different thrusters has
been measured using the µTS including a vacuum
arc thruster (VAT), gas-fed pulsed plasma thruster
(GFPPT), indium field emission electric propulsion
thruster (In-FEEP), vaporizing liquid microthruster
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Figure 4: Impulse produced by a titanium cathode
Vacuum Arc Thruster (VAT) as a function of the en-
ergy stored before the burst. Each point represents
an impulse measurement from a burst of 25 pulses.
The goal of this research was to determine the per-
formance and repeatability of the VAT.

(VLM), and micro-cold gas thruster. In each of the
following sections a brief description of the technol-
ogy will be followed by an outline of the challenges
involved with the measurements and what was ac-
complished in each case. The purpose of this section
is not to discuss the technology development of each
microthruster in detail (full descriptions can be found
in the literature [9, 10, 11, 12]) but to present the ca-
pabilities of the JPL microthrust stand as a diagnostic
tool.

4.1 VAT Impulse Measurements

A vacuum arc thruster (VAT) operates in a pulsed
mode by ablating a small amount of cathode mate-
rial (in our case titanium) with an inductively driven
arc [9]. Normally, impulse bits are so small that burst
of pulses are grouped together with the energy for
all the pulses stored in a single capacitor before the
burst. The challenge in measuring the impulse pro-
duced by a VAT is simply the small magnitude, as
low as 2 µNs.

In this test, the burst capacitor was charged to a
fixed voltage and the thruster was commanded to fire
25 times in one burst. As shown in Fig. (4), over
100 impulse measurements at various voltage levels
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impulse for PT8, a gas-fed pulsed plasma thruster
(GFPPT). The goal of this research was to determine
the difference in performance between argon and wa-
ter vapor propellants.

were conducted in less than two hours. The purpose
of these measurements was to examine the impulse-
to-energy ratio and the repeatability of the impulse
produced by the VAT. From the results of this test,
the µTS demonstrated an ability to measure impulse
with sub-micronewton-second precision and to pro-
vide a large data set for statistical measurements.

4.2 GFPPT Performance Measurements

A gas-fed pulsed plasma thruster (GFPPT) uses
a high-current arc discharge to accelerate plasma
through a self-field Lorentz force [10]. GFPPTs can
use a wide variety of gaseous propellants including
noble gases, hydrocarbons, water vapor, etc. The
challenge in calculating the performance of a GFPPT
is the simultaneous nature of all of the required mea-
surements: impulse, energy, mass bit, specific im-
pulse, and efficiency. For the GFPPT to operate cor-
rectly, the capacitor bank is charged and the valve is
opened just before the discharge, creating small dis-
turbances that could be interpreted as an additional
impulse.

In this test, both argon and water vapor were used
as propellants with the same GFPPT, PT8. As shown
in Fig. (5), the µTS was used to show that perfor-
mance is higher with water vapor at the same specific
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Figure 6: Measured thrust as a function of expected
thrust (based on Eq. (15)) for an indium field emis-
sion electric propulsion thruster (InFEEP). The goal
of this research was to measure the range of thrust
the InFEEP can produce with high precision.

impulse. In all cases, the background disturbances
were measured and subtracted for each pulse. In ad-
dition, each data point is actually an average of one
operating condition repeated at least 20 times. Using
this test, the µTS once again demonstrated the abil-
ity to produce a large amount of data in a relatively
short amount of time. It was also shown that a vari-
ety of propellants can be used with the stand, and that
background disturbances as small as 1 µNs can be
successfully measured and subtracted from the real
impulse measurements.

4.3 InFEEP Thrust Measurements

An indium field emission electric propulsion (In-
FEEP) thruster uses a high voltage to accelerate
liquid-metal ions to a high velocity [11]. A 1-2 W
heater is used to melt the metal propellant (in this
case indium), and between 5-10 kV is used to extract
and accelerate the ions. The challenge in measuring
the thrust produced by an InFEEP is the small mag-
nitude of the thrust, between 1-100 µN, and the high
voltage cable interaction with the thrust stand facility
itself.

In this test, measurements were made over a
wide range of discharge current and voltage values
to examine the dynamic thrust range of the InFEEP
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thruster. As shown in Fig. (6), the µTS was used to
measure thrust with unprecedented precision in the
full range of the InFEEP operation, 1-100 µN. To
solve the problem of the high voltage interaction with
the facility, a DC-DC converter was used to produce
the high voltage very close to the thruster (on the
thrust stand itself), so that only relatively low volt-
age cabling was required. Using this technique, the
thrust produced by the InFEEP was compared to the
expected thrust based on a model of the discharge
current and voltage,

T = I
√

V

√
2mw

e
, (15)

where I is the discharge current, V is the discharge
voltage, and mw is the propellant molecular weight.
From a linear fit of the data, the measured thrust was
close to 80% of the expected thrust, agreeing with
recent measurements made at ONERA [5].

As shown in Fig. (7), the precision of the µTS
was evaluated by setting the InFEEP thruster to pro-
duce approximately 1 µN of thrust. To initiate the
discharge, a higher voltage was used at first and grad-
ually reduced to the correct value. Unfiltered, the
standard deviation on an average of the thrust mea-
surement over a few natural periods was approxi-
mately ±0.3 µN. Using a 0.1 Hz low pass filter, the
standard deviation was even less, closer to ±0.1 µN.
This cut-off frequency corresponds to the natural fre-
quency of the thrust stand. Higher frequency mea-
surements of thrust disturbances were not possible
with the µTS in this configuration.

4.4 VLM Thrust Measurements

The vaporizing liquid microthruster (VLM) is a
MEMS-based technology that heats and vaporizes
water propellant to produce thrust [12]. The chal-
lenge in measuring the thrust produced by the VLM
is due to the complex nature of the thrust stand set-
up. Ten feed lines and cables were required for heater
power, valve control, pressure and temperature mon-
itoring. The water was stored on board the thrust
stand and pressurized using yet another feed line.
Mounting the cables to provide the necessary diag-
nostics while maintaining thrust stand resolution was
difficult.
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The µTS was used to examine the stability of the
thrust produced at various feed pressures and corre-
sponding water flow rates. If the water flow rate is
too high, only a portion of the water is vaporized
before exiting the nozzle and periodic bursts of gas
make the thrust unstable. At lower feed pressures,
the water flow rate is small enough so that all the wa-
ter is vaporized, and the VLM thrust output is stable.
These two conditions were observed using the µTS
and are shown in Fig. (8).

4.5 Micro-Cold Gas Thruster Specific Im-
pulse Measurements

The micro-cold gas thruster under development at
Moog, Inc. is designed to provide a wide range of
thrust from 1-1000 µN. A very fine control valve
controls both the flow and the thrust for this micro-
propulsion device. The challenge in measuring the
specific impulse for this thruster is the wide range of
operating conditions that need to be evaluated.

One way of measuring thrust over a large range
of flow rates is to sweep the valve position over part
of its full stroke. The microthrust stand was set
up with the highest frequency response possible so
that the sweep could take place in a reasonably short
time. As shown in Fig. (9), the µTS response fol-

lowed the flow rate extremely well.

5 Summary

The JPL microthrust stand has been used effectively
to measure thrust and impulse from a variety of mi-
cropropulsion devices. The resolution of the µTS
has been characterized experimentally as <1 µN for
steady-state thrust measurements and <1 µNs for
impulse measurements. Although high frequency
(>1 Hz) response cannot be studied with the µTS,
it has proven quite useful and versatile as a diagnos-
tic tool in developing a number of micropropulsion
devices.
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A APPENDIX: Influence of Gravity
and External Vibrations

Until now our analysis has not included the effects of
gravity or of having a rotational plane that is not ex-
actly horizontal. Including gravity makes the prob-
lem inherently non-linear except in the limit of a
small deflection angle. For that reason and for the
practical reason that we are measuring a linear dis-
placement, we will constrain the thrust stand motion
to small angles. Still, the gravitational torque caused
by an off-axis center of mass and/or a tilted rotational
axis can be significant and will shift the neutral posi-
tion of the thrust arm. In practice it is very difficult to
get either the center of mass exactly on the rotational
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rotational axis, and a rotational axis that is at an an-
gle α from vertical (shown as a dotted line). The
thrust arm is shown deflected from the neutral posi-
tion (also shown as a dotted line) by an angle θ.

axis or to have a rotational axis that is exactly ver-
tical due to misalignment or mechanical vibrations.
This section of the paper will examine the effects of
the gravitational torques in terms of how changes in
the angle of the rotational plane effect the spring con-
stant and neutral position.

A.1 Effect of the Stability Angle, α

The stability angle, α, is defined schematically in
Fig. (10) and can be seen visibly as a tilt in the thrust
arm from a front-on view. For α �= 0, the rotational
axis is tilted in a plane that also contains the neutral
position of the thrust arm (where the spring torque
and gravity torque are both zero) defined previously
in Section 2. If the thrust arm is deflected by an angle
θ, the torque caused by gravity, Tg, is,

Tg = �cmMg sinα (1 − cos θ) . (16)

Note that the gravitational torque is positive as
long as α is positive and only non-zero when θ is
non-zero (i.e. the neutral position remains fixed).
That is, the torque caused by gravity will always aug-
ment the torque caused by the spring as long as α is
positive, making the system stable. If α is less than

zero, as it becomes more and more negative the grav-
itational torque will fight against the spring torque
and the system will eventually become unstable. For
small values of θ, the criteria for a stable system is,

α >
−2kθ

�cmMgθ
. (17)

We should also note that the gravitational torque
is not linear in θ like the spring torque. This can
cause a problem for thrust measurements if θ is large
and the gravitational torque is of the same magnitude
as the spring torque. Since for small deflection an-
gles this only has the effect of changing the effective
spring constant in a linear fashion, we can set a maxi-
mum criteria on the size of α to minimize the gravita-
tional influence. When combined with the minimum
criteria in Eq. (17), we obtain the following limit for
stable, linear, and accurate thrust measurement,

|α| <
kθ

�cmMgθmax
. (18)

Three interesting ways of meeting this requirement
are to have α, M, or �cm close to zero in value.
Again, in practice for any of the parameters, that can
be difficult to achieve. In fact, we will see in the next
section that having a large mass is beneficial in terms
of vibrational noise while, at the same time, we must
insure that α (and thus the effective spring constant
including gravity) remains the same between calibra-
tion and thrust measurement. With that in mind, hav-
ing the smallest value of �cm is obviously beneficial.

A.2 Effect of the Position Angle, β

As shown in Fig. (11), β is the angle of the rotation
axis orthogonal to α. Changing β results in a large
shift of the gravity neutral position. For example, if
α = 0, then even the smallest change in β results
in the gravity neutral position shifting by 90◦ and the
final rest position (where the gravitational torque and
spring torque are equal) shifting by a large amount.
In an analogy to the effect of changing α, the magni-
tude of the influence of gravity depends on the mag-
nitude of β,

Tg = �cmMg sinβ (1 − sin θ) (19)

= �cmMg sinβ

(
1 − cos

(
θ − π

2

))
,
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Figure 11: The angles α, β, and γ are defined in
terms of the spring neutral position, the rotational
axis, and the gravity neutral position (at an angle θ∗).

with α = 0.
As shown in Eq. (19), changing β does not create

any instability, but it does result in a new neutral po-
sition where the gravitational and spring torques are
equal,

θneut ≈
�cmMgβ

kθ
, (20)

where, again, a small angle assumption has been
made for θ and β. Notice that the new neutral posi-
tion is approximately linearly dependent on β. Since,
in many cases, the position must be measured accu-
rately within microns, small and permanent changes
in β can be important. To reduce their influence,
once again we see that having the center of mass on
the rotational axis (�cm ≈ 0) is beneficial.

A.3 Effect of Changing Both α and β

Together, α and β explicitly determine the orienta-
tion of the rotational plane. Changing both the sta-
bility angle, α, and the position angle, β, has the ef-
fect of changing the degree of influence of gravity
and shifting the neutral position. Using the diagram
in Fig. (11) as guide, we define a new angle γ with
the relation,

sin2γ = sin2α + sin2β. (21)

The new gravitational neutral position is in the plane
between the vertical axis and the rotational axis at
an angle θ∗ from the spring neutral position. The
gravitational torque is then,

Tg = �cmMg sin γ (1 − cos (θ − θ∗)) (22)

= �cmMg (sin γ − cos θ sinα − sin θ sinβ) ,
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Figure 12: Transmittance as a function of the ex-
ternal vibration frequency, ωex, and the natural fre-
quency of the thrust arm, ωn. Estimations based on
Eq. (26) are included as slightly lighter lines.

where,

cos θ∗ =
sinα

sin γ
(23)

sin θ∗ =
sinβ

sin γ
. (24)

Note that if β = 0 or α = 0 the gravitational torque
returns to the form in Eq. (16) and Eq. (19), respec-
tively. Similarly, Eq. (20) becomes,

θneut ≈
�cmMgγ

kθ
. (25)

Ultimately, the best way to reduce the influence of
the gravitational torques is to have the smallest �cm

possible.

A.4 Effects of External Vibration

External vibrations essentially have the effect of
changing α and β as the base that supports the thrust
stand oscillates. Although the change in the angles
may be small, as shown in Eq. (25), small changes,
especially in the position angle, β, can result in sig-
nificant motion of the arm. The maximum resolu-
tion of the thrust stand is dictated by the amount of
background vibrational noise in the measurement of
position.

Another important factor in determining the ex-
tent of the vibration effect is the ratio of the vibration
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frequency, ωex, to the natural frequency of the thrust
stand, ωn. The transmission, T , of the vibration is
related to,

T =

√√√√√√√
1 +

(
2ζ ωex

ωn

)2

(
1 −

(
ωex
ωn

)2
)2

+
(
2ζ ωex

ωn

)2
≈ 2ζ

ωn

ωex
.

(26)
A graph of the transmittance and the estimated
transmittance as a function of ωex/ωn is shown in
Fig. (12).

We can now estimate the maximum resolution of
the thrust stand starting with Eq. (13),

∆T = ∆x meff ω2
n. (27)

The change in the position, ∆x, is determined by
the change in γ from Eq. (25). The change in γ is,
in turn, proportional to the transmission of vibration
from the base to the thrust stand, Eq. (26). Putting
these relations together and simplifying yields,

∆T = Mg

(
�cm

�thruster

)
T ∆xbase (28)

≈ 2Mg ζ

(
�cm

�thruster

) (
ωn

ωex

)
∆xbase.

Equation (28) shows that having a small total
mass, damping coefficient, �cm, and natural fre-
quency along with a large thrust arm length and vi-
brational frequency leads to high thrust resolution.
Having a small vibrational displacement (∆xbase) to
begin with is beneficial, however, this may not be
possible due to the nature of the test facility.

It is interesting to note that the spring constant
of the arm does not directly enter into the resolu-
tion equation except through the natural frequency
and the resolution of the position measurement de-
vice. This is true because, for example, although a
stiffer spring will lead to less displacement for the
same amount of thrust, it will not be as susceptible to
vibration. Still, a lighter spring and a large moment
of inertia will lead to a large natural period which is
desirable. Overall, a thrust stand with a small amount
of mass that is positioned far away from the rota-
tional axis will have the best resolution. In fact, if the
thruster is mounted far away from the rotational axis

with the mass distributed so that the moment of iner-
tia is large and the center of mass is on the rotational
axis (�cm ≈ 0), then the resolution is maximized.
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