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Compact, Monolithically 3-D-Printed, Hyperbolic
Quadrupole Mass Filters for CubeSat
Mass Spectrometry

Alejandro Diaz

Abstract— We report the design, fabrication, and character-
ization of monolithically 3-D-printed, hyperbolic, compact RF
quadrupole mass filters (QMFs) for CubeSat mass spectrometry
(MS). The devices are fabricated via multimaterial extrusion
using polylactic acid (PLA) for the dielectric parts and PLA
doped with copper nanoparticles for the conductive parts. The
work also included the development of compact electronics to
drive the QMFs that are compatible with the size, weight, and
power constraints of CubeSats. Experimental characterization
shows the QMFs can scan up to 300 Da of mass range and can
satisfactorily generate mass spectra for argon (a representative
gas found in the ionosphere). The work is of interest for in-space
manufacturing of CubeSat chemical sensors that could expand
our understanding of climate change and atmospheric pollution.

Index Terms— Additively manufactured chemical sensors,
compact mass spectrometry (MS), CubeSat instrumentation, low-
power electronics, multimaterial extrusion, quadrupole mass
filter (QMF).

I. INTRODUCTION

ASS spectrometry (MS) is the gold standard for quan-

titative chemical analysis. Mass spectrometers employ
mass filters that use electromagnetic fields to sort out, in vac-
uum, by mass-to-charge ratio, the ionized constituents of
a sample [1]. However, mainstream mass spectrometers are
bulky, heavy, and power hungry, i.e., they are incompatible
with deployment in autonomous platforms, such as drones and
CubeSats. However, having such MS data would be invaluable
for climate change monitoring and pollution tracking [2].
The CubeSat application has the advantage that it does not
require vacuum pumps, simplifying the hardware and greatly
reducing the power consumption of the miniaturized mass
spectrometer [3]. There are a wide variety of mass filters
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Fig. 1. Schematic of a mass spectrometer with a quadrupole as mass filter.
Ion optics direct the ions into the QMF and into the detector.

employed in MS, including magnetic sectors [4], time-of-flight
(TOF) [5], ion traps [6], and quadrupoles [7]. Nonetheless,
many of these mass filters are hard to miniaturize while
still attaining adequate performance [8], [9]. For example,
magnetic sectors require more powerful magnets to deflect ions
of the same energy across smaller regions in space, and TOFs
require high-performance electronics to measure increasingly
shorter ion flight times.

A quadrupole mass filter (QMF) is composed of four
conductive rods symmetrically arranged around an axis that
filter ions while being biased at sinusoidal voltages of specific
phase, amplitude, and dc offset (see Fig. 1). QMF mass
spectrometers are not true mass spectrometers in the sense
that they do not sort out all species at the same time. Instead,
for a given mix of voltages, they only transmit ions of a certain
mass-to-charge ratio. Mass spectra are obtained by assuming
the ions are singly ionized and by varying in time (sweeping)
the amplitude of the mix of voltages applied to the QMF while
measuring the current transmitted by the mass filter at each
voltage combination.

The dynamics of ions inside a QMF are described by the
Mathieu equation [10]

d’u

dg?
where u is a spatial coordinate perpendicular to the axis of
the quadrupole (e.g., x and y for a quadrupole with z axis)
and £ is a dimensionless parameter equal to w - /2, where ¢
is time and w is the angular frequency of the RF voltage.
The stability of the ion trajectories within the quadrupole
potential well (i.e., whether the ions are transmitted across the
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QMF to the detector) depends on the values of the associated
dimensionless parameters a and g, which is given by
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where U is the dc offset, V is the amplitude of the RF voltage,
e is the electron’s charge, m is the mass of the ion, and
r, is half the separation between electrodes opposed across
the QMF axis. For the first stability region of the Mathieu
equation (the stability region at which the great majority of
QMFs operate), a = 0.237 and ¢ = 0.706. For a given (a, q),
it is possible to compensate a decrease in the dimensions of the
QMF with changes in the frequency and amplitudes of the RF
and dc voltages, so ions still have stable trajectories within the
mass filter and are transmitted to the detector. Consequently,
there are multiple reports of miniaturized QMFs that explore
this idea [11], [12], [13], [14]. However, the manufacture of
these devices is expensive, time-consuming, and incompatible
with current in-space manufacturing capabilities. In addition,
some of these designs use nonideal electrode shapes (e.g.,
square electrodes [13]) that introduce spurious harmonics that
greatly affect the mass filter’s performance.

Additive manufacturing (AM) encompasses a group of tech-
niques for fabricating solid objects, typically layer by layer,
using a computer-aided design (CAD) file as a template [15].
Via AM, it is possible to build freeform objects. Moreover, via
material extrusion (an AM technique that creates objects by
rastering across a surface a nozzle that pours material [16]),
it is possible to monolithically create complex, functional,
multimaterial hardware [17], [18], [19]. There are reports of
3-D-printed, miniature QMFs [20], [21], but they are not
monolithically made, neither are fully made via 3-D printing.
Additionally, extrusion is not only the most widely spread 3-D
printing method, but also it uses the cheapest printing hardware
and feedstock.

Presently, only chemical rockets can put a payload in
orbit [22]. Based on the rocket equation [23], placing a body
in orbit requires ejecting many times its mass; therefore, only
a small fraction of the rocket is cargo. Currently, the cost to
put an object in orbit is on the order of thousands of dollars
per kilogram, and the cost of a rocket is on the order of tens
of millions of U.S. dollars [24], greatly limiting the kinds
of missions that can be implemented in space. The adoption
of CubeSats to implement space missions could decisively
help reduce costs as they introduce large savings in mass and
volume compared to traditional satellites. The cost of space
hardware could be further reduced if created in space via
AM [26], as it introduces three clear benefits: 1) AM uses
multipurpose feedstock, which eliminates the need to have in
orbit a stock of parts, e.g., rods of various diameters, plates
of various thicknesses, screws, and cables; 2) AM minimizes
waste as objects are created net-shape [15]; and 3) any repairs
to the hardware do not require shipping spare parts from Earth
but can be made in orbit using files transmitted from ground.
Furthermore, monolithically 3-D printing hardware saves time
and energy during postprinting, e.g., assembly.
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Low Earth orbit is currently cluttered with debris from
decades of space activity, including orbiting spacecraft not
removed at the end of their service life and remnant upper
stages from rocket launches [26]. Making space hardware
in polymer would greatly facilitate their degradation during
reentry. As a matter of fact, there are efforts on making
satellites out of wood (i.e., lignin—a polymer) to attain the
disposal of the hardware during reentry [27].

This study significantly extends and improves our earlier
report of the first proof-of-concept demonstration of com-
pact, monolithically 3-D-printed, hyperbolic RF QMFs [28].
The devices are made via extrusion using polylactic acid
(PLA) for the dielectric parts and PLA doped with copper
nanoparticles for the conductive parts. The work includes the
development of compact, low-power, precision electronics for
driving the devices that are compatible with the size, weight,
and power constraints of CubeSats. Compared to our earlier
report [28], the quadrupoles attain twice the resolution due
to improvements in the fabrication of the devices and in
the driving circuitry. In particular, the optimized fabrication
process attains linearity and close resemblance to the CAD
dimensions; moreover, the circuit is capable of delivering
twice the voltage while consuming one fourth of the power
and generating RF signals with no spurious harmonics. Fur-
thermore, the characterization of the electrical resistance of
the conductive material significantly deviates from expected
values (from the vendor) but shows that the RF voltages are
contained within the electrodes.

II. DEVICE DESIGN

The study developed both a 3-D-printed QMF design and
compact electronics to run the QMF.

A. OMF Design

The design of the QMFs reported in this study (see Fig. 2)
reflects the capabilities of the 3-D printer employed and the
constraints in size and power typically found in a 6U CubeSat.
The length of the QMF is 7.5 cm and has four, evenly spaced,
electrically isolated, hyperbolic rods separated by 4 mm across
the QMF axis (i.e., r, = 2 mm). The shape of the electrodes
is motivated by the shape of the equipotential surfaces of the
quadrupolar potential, which are hyperbolic. It is possible to
implement a QMF with round electrodes, but its performance
is significantly lower [29] as it generates spurious harmonics.

To ensure good fabrication accuracy, these dimensions are
at least two orders of magnitude larger than the positioning
precision of the movement of the 3-D printer (~25-um in-
plane and ~1-um out-of-plane—from the vendor). At both
ends, the QMF has integrated flanges that mate with standard
high-vacuum hardware to greatly facilitate the testing of the
QMFs. The QMF is intended to be printed along its axis, from
bottom to top. Consequently, the bottom and top flanges have
different geometries to interface with the quadrupole dielectric
structure to reflect constraints and capabilities associated with
3-D printing via extrusion. Specifically, there is a filleted,
90° transition between the bottom flange and the quadrupole
dielectric structure, while there is a 45° transition between the
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Fig. 2. Exploded CAD view (left) and merged view (right) of the devices
reported in this study. In the figure, the nonconductive housing is colored in
purple, while the hyperbolic, conductive, electrically isolated rods are colored
in gold. Ions are transmitted across the QMF through the space surrounded
by the hyperbolic rods.

dielectric structure and the top flange. The 3-D-printed QMFs
are designed to be driven at 1-2.65 MHz and use up to 400 Vpp
to scan a mass range of 1-50 Da, suitable to scan the masses
of the gases present in the ionosphere [30]. Each electrode has
a blind hole at midpoint of its outermost surface from the axis
of the QMF to facilitate connecting leads to the electrodes.

B. Electronics Design

The electronics that drive the QMF need to supply two 180°
out-of-phase, RF sinusoidal waves at specific frequencies and
amplitudes with dc offsets to be able to transmit ions across
the mass filter. The dc offsets for both sinusoidal waves are
symmetric about 0 V and opposite. The value of the dc offsets
is related to the amplitude of the RF sinusoidal waves as a
function of the dimensionless parameters a and g given by (1)
and (2) for (a, q) = (0.237, 0.706). The QMF is intended to
scan masses between 1 and 50 Da to be able to conduct MS
of the ionosphere. Roughly speaking, to accomplish this mass
range, the circuit should supply 2-3-MHz RF bias voltages
between 4 and 200 V,, with 0.2-V voltage steps and 0.33—
16.5-V dc voltage offsets. Alternatively, a lower frequency
with a higher voltage range accomplishes the same effect.

In a nutshell, the proposed QMF driving circuit uses
full-bridge Class D amplifiers that feed a transformer net-
work and then two series of tunable resistor, inductance, and
capacitance (RLC) resonant circuits to energize the QMFs.
Amplifiers with Class D topologies were selected because they
offer the highest efficiency along with the lowest distortion of
the signal [31]. The circuit implements a full-bridge config-
uration (versus a half-bridge configuration) to achieve higher
output power and efficiency despite the added complexity of
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Fig. 3. Simulation result of electromagnetic waves produced by the circuit

based on a LTC7060 chip.

the design. The circuits were designed in LTSpice (Analog
Devices, Inc., Norwood, MA, USA).

An LTC7060 chip was used to control the pulsewidth
modulation (PWM) signals for the four driving MOSFETSs
part of the bridge, as it only requires a single PWM input,
which a microcontroller can easily supply. The full bridge then
feeds two parallel transformers that drive two RLC circuits
and quadrupole with the sinusoidal waves. The dc voltage
applied to the top of the full bridge controls the amplitude
of the sinusoidal waves across the quadrupole (the quadrupole
is modeled by two capacitors tied to ground). The Fourier
analysis of the simulated response of the circuit (see Fig. 3)
shows that most of the signal corresponds to a sinusoidal with
2.65-MHz frequency (see Fig. 4). There is a second harmonic
around 8 MHz and a third harmonic at about 13 MHz that are
an order of magnitude smaller. It is important to produce as
much as possible a pure sinusoidal, as higher harmonics affect
the capability of the QMF to sort out ions.

III. QMF FABRICATION

The QMFs reported in this study were monolithically made
via multimaterial extrusion. A modified MakerGear M3-ID
(MakerGear LLC, Beachwood, OH, USA) with two indepen-
dent extruders was used to print the devices using 0.5-mm
nozzles and commercial feedstock. Each extruder was dedi-
cated to print a given material to avoid cross-contamination.
The dielectric parts of the devices were made in PLA (3-D-
Fuel Pro PLA+4, 3DomFuel, Inc., Fargo, ND, USA), while
the conductive parts were made in PLA doped with copper
nanoparticles (Electrifi, Multi3D, Middlesex, NC, USA). Sim-
plify3D (Simplify3D, Cincinnati, OH, USA) was used to slice
the CAD files and to finely tune the printing profiles of the
materials. The conductive PLA was printed with a nozzle at
160 °C, while the dielectric PLA was printed with a nozzle
at 230 °C; in both cases, the bed temperature was set at
65 °C. The devices were printed in 100-um layers. Leads
made of 22 AWG cable were connected to the electrodes using
conductive silver epoxy to gain electrical contact to the QMF
electrodes.
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Fig. 4. FFT of the simulated output of the LTC7060 chip-based circuit.

The examples of fabricated devices are shown in Fig. 5.
The weight of a QMF with electrical leads connected is about
50 g. Each QMF fits inside a cylinder with 50 mm diameter
and 75 mm height (147 cm?), resulting in a quarter of the
maximum mass density of a CubeSat (1.3 kg/L). It takes about
8 h to print a QMF while using about U.S. $100 of printable
feedstock—most of the cost is the conductive filament. Given
that the QMFs are entirely made of polymer, the devices line
up with the aim of producing less junk in space, as disposal of
the hardware would take place during CubeSat reentry [35].

IV. DEVICE CHARACTERIZATION AND DISCUSSION

The experiments conducted in this study encompassed
1) characterization of the electrical conductivity of the
Cu-doped PLA printable feedstock; 2) characterization of
the correlation between CAD dimensions and printed dimen-
sions; 3) characterization of the QMF driving electronics; and
4) characterization of the QMFs.

A. Electrical Conductivity Characterization

The experimental characterization of the electrical conduc-
tivity of Electrifi was conducted using 3-D-printed structures
composed of a long strip on top of a dielectric base, with
short copper leads attached every 5 mm using conductive
epoxy. The devices were energized using a source-meter power
supply (Keithley 2657A, Tektronix, Inc., Beaverton, OR, USA)
with 0.03% error when supplying or measuring currents or
voltages. The resistance of the copper leads is expected to be
insignificant compared to the resistance of the 3-D-printed part
(the resistivity of copper is 1.77 x 107% Q- cm, while the
manufacturer of Electrifi reports a resistivity of 6.0 x 1073
Q- cm). Silver epoxy was used to make electrical connection
as it has the lowest contact resistance compared to screw
terminals or melted Electrifi [32]. To measure the electrical
resistivity of 3-D-printed Electrifi, a 0.1-A current was applied
to the Electrifi structure, while the voltage was measured
relative to ground every 5 mm using the copper leads using
a calibrated precision multimeter (Keithley 2100, Tektronix,
Inc., Beaverton, OR, USA) with 0.005% voltage measurement
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(a)

Fig. 5. (a) Monolithically 3-D-printed QMFs next to a U.S. dime coin for
comparison. (b) Close-up of QMF inside metal housing (the inner diameter
of the metal housing is equal to 5 cm).

error. The structures had a 3 x 5 mm cross section and were

printed in 100-um layers. The electrical resistivity p is given
by

p=A dx
where Ry is the electrical resistance, A is the cross-sectional
area of the test structure, and x is the direction along the axis
of the structure.

Fig. 6 shows the data from the 3-D-printed test structures
used to characterize the electrical resistivity of Electrifi. There
is excellent correlation between the data and the linear fit.

“
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Fig. 6. Resistance versus length from 3-D-printed structures made in Electrifi.
The error in the resistance measurements is 0.03%, while the error in the
length measurements is 500 um (the size of the studs printed along the strip
that were used to anchor the copper leads).

From the intercept of the fit, a contact resistance equal to 0.11
Q2 is obtained; the value corroborates the excellent conductivity
of the silver epoxy used to make electrical contact to the 3-
D-printed, conductive objects. Similarly, from the slope of the
linear fit, the electrical resistivity of Electrifi is estimated at
1.78 x 1072 Q.cm. This value is a threefold the resistivity
reported by the vendor; however, to the best of our knowledge,
it is still by far the smallest resistivity value from a 3-D
printable filament [33], [34]. The skin depth o is given by

2p
= [— 5
’ Tf ok, ©)

where f is the RF frequency, and w, and w, are the mag-
netic permeability of free space and the relative magnetic
permeability of the material, respectively. Assuming a relative
magnetic permeability of 1 for Electrifi results in a skin depth
equal to 4.1 mm; in other words, the electrode cross-section is
large enough to contain the RF wave (the electrodes are about
10 mm in cross-section).

B. Metrology Results

To assess the fidelity between 3-D-printed and CAD dimen-
sions for each material (PLA, Cu doped PLA), a set of step
pyramids that systematically varied the step height and width
were made; each step increased 100 pum in height, while
the width of the steps decreased by 600 wm. The structures
were measured using a confocal microscope with nanometer
resolution (Keyence VK-X, Keyence, Itasca, IL, USA).

Table I summarizes the linear fits of the metrology con-
ducted on the step pyramids made of PLA and PLA doped
with copper. The linear fit describes the 3-D-printed dimension
as a function of the CAD dimension; therefore, for zero CAD
dimension, there is an offset in the printed dimension. Fol-
lowing ISO/ASTM 52900:2015 guidelines, X is the in-plane
direction that goes from left to right of the printer, Y is the
in-plane direction that goes from back to front of the printer,
and Z is the out-of-plane direction from bottom to top of the
printer.
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TABLE I

SUMMARY OF THE LINEAR FITS OF THE METROLOGY DATA CONDUCTED
ON 3-D-PRINTED STEP PYRAMIDS

Axis Material Measurements Slope Offset R?
X 3D-Fuel Pro PLA+ 2,850 1.0374 -23448 ym  0.9961
X Electrifi 2,850 1.0585 -282.12 um  0.9948
Y 3D-Fuel Pro PLA+ 2,700 1.0106 -55.58 um 0.9988
Y Electrifi 2,700 0.9881 -34.95 pym 0.9996
z 3D-Fuel Pro PLA+ 18,500 0.9985 -30 um 0.9995
z Electrifi 18,500 0.9768 34.08 um 0.9881
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Fig. 7. Block diagram of circuit implemented in this study. Adapted

from [28].

Overall, there is excellent correspondence and linearity
between the CAD and printed dimensions, in all cases with a
least-squares slope close to one. Furthermore, the offsets and
slopes of the linear fits are very similar across materials for
each axis. However, the offset in the X-axis is larger compared
to the offset in the Y-axis—probably a peculiarity of the 3-
D printer used in the study given that the XY movement is
nominally identical. Following the recommendations of other
studies [33], the linear fit values were used to correct to first
order slight differences between printed and CAD dimensions
and manufacture dimensionally accurate objects.

C. Electronics Characterization

The circuits were diagnosed using source-meter power sup-
plies (Keithley 2657A, Tektronix, Inc., Beaverton, OR, USA)
with 0.03% error when applying of measuring currents or
voltages and a Rigol! DS6104 Digital Oscilloscope (Rigol,
Portland, OR, USA) with 0.5% measurement error.

The implemented QMF driving circuit is composed of
five subcircuits (see Fig. 7): 1) an ESP32 microcontroller
board; 2) a buffer board; 3) a full-bridge board; 4) an RLC
transformer network; and 5) a buck-boost power supply; an
early, piecewise version of the circuit is shown in Fig. 8. The
overarching circuit flow is as follows: 1) a square wave of
specific frequency is generated and amplified; 2) the square
wave interfaces with an IC to control four MOSFETS (full
bridge) that send current across a transformer network that

IRegistered trademark.
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Early, piecewise version of the QMF driving circuit next to a U.S. dime coin for comparison. The overall dimensions of the microcontroller board

and the buffer board are 80 x 75 x 7 mm and 20 x 70 x 7 mm, respectively. The overall dimensions of the transformer board and the MOSFET board
are 100 x 60 x 15 mm and 85 x 90 x 7 mm, respectively. The four subcircuits weigh combined 70 g. The setup also uses commercial three buck-boost
converters as power supply occupying a volume of 100 x 75 x 20 mm and weighting 120 g.

both amplifies the signal and splits it into two 180°, out-
of-phase square waves; and 3) finally, two identical tuned
RLC circuits (operating at their resonant frequency) filter and
amplify the square waves into sinusoidal waves across the
QMFE.

The following is a more detailed description of the circuit
developed to drive the QMFs. The ESP32 microcontroller
board [see Fig. 9(a)] creates a square wave that switches
at the desired frequency. The buffer board [see Fig. 9(b)]
takes the generated square wave from the ESP32 and feeds it
into the LTC7060 board [see Fig. 9(c)]. The LTC7060 circuit
interfaces with the full bridge [see Fig. 9(d)] that controls four
MOSFETs. The MOSFETs are turned on and off in pairs to
“push and pull” current across the load. In this case, the load
is a symmetric transformer and RLC network [see Fig. 9(e)]
that power the QMF. The MOSFETs supply a square wave to
the two identical transformers; however, they are referenced to
differing dc voltages and are reversed, such that the outputs of
the transformers are 180° out-of-phase from each other. The
amplified, out-phase square waves are converted into high-
amplitude, sinusoidal waves by two identical, at resonance
RLC circuits. The resulting sinusoids are directly applied
to the electrodes of the QMF. The circuitry also contains
ground planes to reduce noise and interfering signals. The
circuit is capable of supplying RF voltages between 0 V and
400 Vpp with dc offsets required by the Mathieu equation
to set stable ion trajectories within the QMF. The circuit to

drive the QMF consumes 786 mW of power to provide up
to 448 V,, signals (see Fig. 10)—well beyond the voltages
required to drive the QMF to measure the ionosphere and well
below the power available in a typical CubeSat [36]. The final
circuit that combines the microcontroller, buffer, and MOSFET
subcircuits is 55 x 125 x 7 mm. The buck-boost convert-
ers used in this study were off-the-shelf items (TPS55289
Buck-Boost Converter Evaluation Board, Texas Instruments,
Dallas, TX, USA). The fast Fourier transform (FFT) of the
signal generated by the circuit shows no spurious harmon-
ics, evidencing the circuit generates a pure sinusoidal signal
(see Fig. 11).

There are several suggested directions to improve the QMF
driving circuit. First, we used an off-the-shelf, variable buck-
boost converter; it is possible to develop a custom converter
to further reduce the power consumption and volume. Second,
implementing negative feedback for the dc and RF amplitudes
would make the system more precise. Third, control of the
ionizer (if the MS is intended to characterize neutral species
of the ionosphere), ion optics, and a current detector would
be necessary to have a fully contained MS solution. Finally,
the circuitry developed in this study is not space compatible;
however, if the circuitry was encased in an aluminum enclosure
about 7 mm thick, the circuitry would be space compatible
with regard to radiation for missions, such as going to the
moon or Mars [37]. The design of the CubeSat will strongly
influence how this would be accomplished.
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(e)

Subcircuits used to drive the 3-D-printed QMFs. (a) Schematic of the ESP32 driving electronics, (b) schematic of buffer board, (c) LTC7060 board,

(d) H-bridge MOSFET board, and (e) parallel transformers to RLC network and load capacitors that simulate the capacitive load of a quadrupole.
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Fig. 10. Oscilloscope screenshot showing the 448-V},, RF sinusoidal waves
(yellow and teal curves) that are produced by the circuit while consuming
786 mW. Blue line is the dc offset. Magenta line is the dc sinusoidal amplitude
voltage supply. Sinusoidal waves are measured across the quadrupole with a
224:1 resistor network. The error of the oscilloscope measurements is 0.5%.

D. OMF Characterization

The QMFs were tested in a vacuum chamber (Kurt Lesker,
Jefferson Hills, PA, USA) pumped down by a dry rough pump
(Adixen ACP 15, Pfeiffer, Annecy, France) and a turbomolec-
ular pump (HiPace 300 Turbo TC400, Pfeiffer Vacuum Inc.,
Nashua, NH, USA); the chamber had a base pressure equal
to 4 x 1078 Torr. The QMF was connected to a commercial
thermionic electron impact gas ionizer (Ardara Technologies
Slimline, Ardara Technologies LP, Ardara, PA, USA) and a
Faraday plate as a detector (see Fig. 12). Argon was introduced
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50

0 .0
0 5 10 15 20
Frequency (MHz)

Fig. 11. FFT of the signal generated by the circuit. The data evidence that
the circuit produces a pure sinusoidal wave. The error of the signal strength
measurements is 0.5%.

to the chamber using a leak valve, reaching a pressure equal
to 2.7 x 10~* Torr. Ions were created with an energy equal to
9.8 eV. Ar is commonly used for benchmarking mass filters
because it has a large electron impact ionization cross-section,
making it easier to ionize versus other gas species. Also,
although it would be simple to leak air into the vacuum cham-
ber, unlike air (oxygen), Ar does not degrade the thermionic
filament of the electron impact ionizer, making it possible to
ionize the gas at high pressure (0.1 mTorr) without degrading
the ionizer. In addition, the ionosphere is mostly composed of
Ny, O,, O, H, He, and Ar [30]; the heaviest species of the
set is Ar (40 Da); therefore, measuring the other gases would
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Fig. 12.  QMF connected to commercial housing, ionizer, ion optics, and
detector next to a U.S. dime coin as comparison. There is an Einzel lens within
the metal housing (between the QMF and the entrance lens) that focuses and
collimates the ion beam getting into the QMF.

require applying lower voltages [as shown by (2) and (3), there
is a linear relationship between the amplitude of the voltages
and the mass of the ions transmitted by the quadrupole].
With the QMF voltages ON and the ionizer OFF, the Faraday
cup detected noise currents on the order of ~1.15 x 107!2 A
[see Fig. 13(a)]. With the ionizer ON and the QMF sinusoidal
voltages ON at 1.34 MHz, the detector correctly generates the
mass spectra of Ar (40 Da) with a peak intensity almost two
orders of magnitude larger than the noise floor [see Fig. 13(b)].
The Ar peak matches the predicted value from the Mathieu
equation. The resolution R of a quadrupole is given by

m

R=—
Am

(6)
where m is the peak mass and Am is the peak mass width,
typically the full-width at half-maximum (FWHM). The reso-
lution benchmarks the ability of the quadrupole to distinguish
adjacent peaks. The resolution of the Ar peak is equal to 5.
A summary of the results of this study and the literature is
provided in Table II. The resolution attained by our QMFs
is comparable to those reported from 3-D printed QMFs,
far more considering that those devices operate at larger RF
frequencies and R o f2 [1]. For example, Szyszka et al. [20]
reported a miniaturized, 3-D-printed QMF that attains a res-
olution of 9 at 28 Da while operating at 6 MHz. Also,
Brki¢ et al. [21] reported 3-D-printed quadrupoles with reso-
lution equal to 7 at 2 Da for similar transmitted ion currents
while operating at 3.68 MHz. Nonetheless, to the best of
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Fig. 13. Collector current versus peak-to-peak RF bias voltage with

(a) ionizer off and (b) ionizer on. Red line indicates the expected peak of 40 Da
according to the Mathieu equation. The QMF data show a mass scanning of
up to 300 Da. The error in the measured/applied currents and voltages is
0.03%.

TABLE I

SUMMARY OF SPECIFICATIONS AND PERFORMANCE OF REPORTED,
MINIATURIZED QMFs

Ref. R (-) T, (nm) L (mm) f(MHz)
[39] 32 @40 Da 217 30 6
[7] 70 @ 28 Da 690 90 2
[38] 200 @ 219 Da 217 30 6
[13] 40 @ 40 Da 707 30 4
[20] 11 @28 Da 870 70 35
[21] 7@2Da 2000 50 3.69
This work 5 @40 Da 2000 75 1.34

our knowledge, the QMFs reported in this study are the first
monolithically and entirely made via 3-D printing.

The resolution of our QMFs is over an order of
magnitude smaller than reported nonprinted, miniaturized
quadrupoles. For example, Geear et al. [38] reported minia-
turized quadrupoles with a resolution of 200 at 200 Da while
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operating at 6 MHz, Veldsquez-Garcia et al. [7] reported QMFs
with a resolution of 70 at 28 Da while operating at 2 MHz,
Cheung et al. [13] reported a resolution of 40 at 40 Da
while operating at 4 MHz, and Taylor et al. [39] demonstrated
QMFs with 32 resolution at 40 Da while operating at 6 MHz.
Nevertheless, these devices were made using semiconductor
cleanroom technology, which is expensive, time-consuming,
and incompatible with in-space manufacturing. Moreover,
these QMFs were run with bulky electronics. In contrast,
the 3-D-printed QMFs reported in this study are over an
order of magnitude cheaper (each costs about U.S. $100 in
materials) and over two orders of magnitude faster to make
(it takes about 8 h to print one of them) and are compatible
with in-space manufacturing (there are working extrusion 3-D-
printers installed in the International Space Station [40]), and
they include QMF driving electronics compatible with the size
and power available in a 6U CubeSat. In addition, our 3-D-
printed QMFs are disposable during reentry as they are made
of polymer. It might be possible to increase the resolution of
our QMFs by increasing the RF frequency and/or the length L
of the devices as R « f 212 [9]. Given the constraints in size
and weight imposed by CubeSats, implementing driving cir-
cuits with a larger RF frequency is a more desirable approach,
although this requires the use of larger bias voltages and a
redesign of the electronics. A further reduction of the electrode
in-plane dimensions using the same electrically conductive
feedstock is possible if the RF frequency is increased and still
be able to contain the RF wave.

V. CONCLUSION

This study reported the first proof-of-concept demonstration
of monolithically 3-D-printed, hyperbolic, compact RF QMFs
for CubeSat MS. The devices are fabricated via multimaterial
extrusion using doped and undoped PLA. The work also
included the development of compact electronics to drive the
QMFs that are compatible with the size, weight, and power
constraints of CubeSats. Mass spectra for Ar (a representative
gas found in the ionosphere) were successfully obtained.

There are several possible directions for extending the work.
Regarding the manufacturing of the QMF, extrusion 3-D print-
ing has accuracy limitations compared to other AM techniques,
e.g., vat photopolymerization. However, most 3-D printing
techniques do not have the capability to monolithically create
multimaterial objects. Also, the plating of the conductive
structures in the QMF might improve the performance of the
QMF by making the electrodes significantly more electrically
conductive. In terms of the QMF hardware, it might be
possible to monolithically integrate the ion optics with the
QMF to better control the ions into and out of the quadrupole.

Tentative directions to improve the QMF driving electronics
include adding feedback for the voltage amplitudes to more
accurately control the voltages, adding more filtering/shielding
to produce sine waves with less harmonics, and involving
more power saving techniques, both in code and in the
physical printed circuit board (PCB). To send the electronics
to space, future work will have to interface the microcontroller
with other electronics/power supplies onboard the satellite,
looking to make the electronics more compact. The buck-boost
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power supplies used in this study have many test points and
prototyping features, and thus, the footprint and weight can
be greatly reduced. The other electronics required to have a
working, compact mass spectrometer, e.g., ionizer, detector,
should also be developed.

There are also alternate methods of driving a QMF that
might yield better performance. For example, instead of vary-
ing the RF amplitudes, the frequency can be varied to achieve
the same mass spectrum scanning [41], which would heavily
reduce the RF amplitude requirement and could work readily
with our system, given that the electronics can control the
driving frequency via code. There are also alternate stability
regions to operate within that should achieve higher resolution
at the expense of more power [42]. Additionally, further
improving the printing setup and experimenting with more
conductive filaments or plating the electrodes could tentatively
yield QMFs with higher resolution.
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