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Abstract
The performance of electrospray thrusters is limited by the precision and constraints of tradi-
tional emitter fabrication techniques, which often lack resolution, geometric flexibility, or material
compatibility for optimal emitter design and fabrication. Here, we demonstrate a high-resolution
additive manufacturing approach for fabricating monolithic fused-silica electrospray emitters
using two-photon polymerization printing followed by thermal conversion. Triply-periodic-
minimal-surface (TPMS) microporous structures were embedded within the emitter body to pro-
vide passive capillary transport of propellant to the emitter tip. Optical profilometry and electron
microscopy confirm high geometric fidelity to the target design and uniform shrinkage of approx-
imately 40% during thermal processing, with preservation of the TPMS architecture. Electrospray
emission testing was performed with ionic liquid EMI-BF4 propellant, demonstrating consistent
emission across sequential voltage sweeps with onset voltages of 2.4–2.6 kV, linear current–voltage
characteristics, and estimated single emitter thrust of 64 nN at specific impulse values exceeding
3000 s.

1. Introduction

Electrospray propulsion has emerged as a promising technology for small spacecraft, offering high effi-
ciency, scalability, and precise thrust control in a compact form. Unlike traditional electric propulsion
systems, such as Hall-effect or ion thrusters, electrospray thrusters operate at lower power levels, produce
minimal plume divergence, and can achieve exceptionally high specific impulses. These characteristics
make them especially attractive for CubeSats and other resource-constrained platforms that demand both
propulsive flexibility and stringent mass and volume budgets.

The performance of electrospray thruster systems is strongly governed by the design and fabrica-
tion of the emitters, as these components directly influence the efficiency of the charged droplet and ion
emission required to generate thrust. Historially, electrospray emitters have been fabricated using sub-
tractive manufacturing techniques, with chemical and electrochemical etching (or electrochemical micro-
machining) [1–4], and plasma and reactive-ion etching [5–11] being among the most dominant emitter
fabrication techniques used to-date. While these etching techniques are well-established and characterized
across many industries, they present several disadvantages and challenges for electrospray emitter fabri-
cation. Achieving the desired emitter geometry often requires multiple photolithographic masking and
etching steps, and issues with nonuniform etching can lead to inconsistencies and defects in the fabri-
cated emitters. Additionally, these processes typically lack the capability to control the internal geome-
try of the emitters, which can be crucial for efficient fluid transport to the emitter tip. Alternative sub-
tractive fabrication techniques have been explored to address some of these challenges, such as the laser
ablation method by Li et al [12] and the work of Natisin et al [13] using conventional CNC milling to
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create borosilicate glass emitters. Despite the maturity of subtractive fabrication techniques for electro-
spray emitters, these processes remain fundamentally limited in their ability to independently control
both the external and internal emitter geometry/structure. In particular, conventional methods do not
readily enable integrated porous networks for capillary-driven transport to the emission site. This limita-
tion is significant, as the internal structure of the emitter governs the wetting behavior and flow stability,
which ultimately impacts electrospray performance. As a result, there remains a clear unmet need for
fabrication approaches that provide complete control over emitter geometry, with engineered internal
structures to support reliable and efficient propellant transport.

In recent years, additive manufacturing (AM) has emerged as a promising alternative for electrospray
emitter fabrication [14–18]. These AM technologies offer key advantages over traditional subtractive
techniques, including greater design freedom and broader design space, faster prototyping and develop-
ment, and the ability to create highly complex three-dimensional structures that are extremely challeng-
ing or impossible with conventional manufacturing processes. By leveraging layer-by-layer construction,
AM techniques provide discrete control over both the external and internal emitter structures, enabling
the integration of tailored geometries that can enhance emitter performance and enable new architec-
tures for electrospray thrusters. Among the broad range of AM technologies, two-photon polymeriza-
tion (TPP) printing stands out as a particularly powerful technique for micro- and nanoscale fabrication,
which is required for precise emitter fabrication [19–22]. TPP printing is a photolithographic printing
process in which solid structures are formed from a photocurable resin via simultaneous two-photon
absorption induced by a highly focused laser. The feature resolution of TPP printing is largely dependent
on the focusing objective, enabling single-micron to sub-micron resolutions. Additionally, TPP printing
supports a wide range of materials, including polymers [17, 21, 23], metals [24, 25], and ceramics [19,
26, 27].

In this study, we leveraged TPP printing to fabricate high-resolution electrospray emitters. The emit-
ters were TPP-printed using a nanoparticle-free polymer organic-inorganic photocurable resin [28]
which undergoes a chemical transformation into fused silica following moderate thermal treatment.
Triply-periodic-minimal-surface (TPMS) microstructures are embedded within the printed emitters to
provide integrated fluid transport. The embedded TPMS structures provide a network of interconnected
micropores with a high surface-to-volume ratio, making them effective for distributing propellant to the
emission site while maintaining structural rigidity. We evaluated the reliability and repeatability of TPP
printing for emitter fabrication, characterizing geometric variations and tolerances of the printed emit-
ters, and the effects of thermal processing and shrinkage. Finally, we experimentally tested the printed
emitters using a standard ionic liquid propellant to evaluate their electrospray performance and beam
characteristics. To the best of the authors’ knowledge, this work represents the first demonstration of
TPP-printed electrospray emitters that are subsequently converted into monolithic fused-silica structures
while retaining microscale fidelity. Unlike prior TPP-based electrospray emitters, which are typically lim-
ited to polymeric materials and simple internal structures (e.g. capillaries) [17, 18, 29, 30], the approach
presented here enables deterministic integration of microporous TPMS structures within the emitter
body to provide passive capillary propellant transport. This combination of micron-scale fabrication res-
olution, internal fluidic structure, and fused-silica material conversion enables a previously inaccessible
design space for electrospray emitter architectures.

2. Materials andmethods

2.1. Emitter fabrication
2.1.1. Resin synthesis
The emitters were printed using an organic-inorganic photocurable resin originally formulated by
Bauer et al [28]. The resin contains a polyhedral oligomeric silsesquioxane (POSS) backbone that
chemically transforms into a fused-silica structure after moderate thermal treatment. The materi-
als for resin synthesis were purchased from commercial suppliers. Acrylic polyoctahedral silsesquiox-
ane with the general formula (RSiO1.5)n with R = C6H9O2 and n = 8, 10, 12 was purchased from
Hybrid Plastics (USA). Trimethylolpropane ethoxylate triacrylate and 2-benzyl-2-(dimethylamino)-
4’-morpholinobutyrophenone were both purchased from Sigma-Aldrich. All chemicals were used as
received without further purification.

The resin was prepared using the following protocol. First, 90 wt% acrylic polyoctahedral silsesquiox-
ane POSS monomer was mixed with 8 wt% trimethylolpropane ethoxylate triacrylate and stirred for
approximately 2 hr to form a homogeneous blend. Subsequently, 2 wt% 2-benzyl-2-(dimethylamino)-
4’-morpholinobutyrophenone, serving as the photoinitiator, was added under UV-protected conditions,
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Figure 1. Overview of the emitter fabrication process.

and the mixture was stirred for 36 hr to ensure thorough dissolution. Finally, the solution was heated at
80 ◦C for 18 hr, which removed any residual photoinitiator particles and resulted in a transparent, uni-
form resin. After cooling to room temperature, the resulting resin was stable under ambient conditions
and could be used for printing.

2.1.2. Emitter design and pre-processing
The emitter geometry was designed in two stages. First, the baseline geometry was modeled using stan-
dard computer-aided design (CAD) software (figure 1 step (1)). This baseline geometry served as a tem-
plate in which the overall size and characteristic dimensions (tip radius, height, cone angle) were pre-
scribed. Next, the template CAD model was processed using a geometric algorithm to embed TPMS
lattice structure into the body of the emitter geometry, producing a porous internal structure as illus-
trated in step (2) of figure 1. The pore size and density of the TPMS structure can be tuned via input
parameters of the geometric algorithm. For this work, the emitters were designed to the following target
dimensions: 500 µm height, 20 µm tip radius, 25◦ cone half-angle, and 10 µm TPMS pore size.

2.1.3. TPP printing
In TPP printing, a near-infrared (NIR) laser is projected through a microscope objective and precisely
focused within a volume of liquid photosensitive resin, as illustrated in step (3) of figure 1. The resin
is specially formulated such that the activation wavelength (to initiate cross-linking) is half the base-
line wavelength of the NIR laser beam, allowing most of the beam to pass through the resin with no
interaction. Photon confinement near the beam’s focal point induces simultaneous two-photon absorp-
tion, resulting in double the beam energy to reach the required activation wavelength/energy of the resin
and initiate cross-linking, forming a solidified volume (voxel) surrounding the focal point. To enable 3D
printing, the substrate is attached to precision linear stages, and the NIR laser is steered using a system
of motorized galvo mirrors (not illustrated in figure 1). Analogous to other 3D printing techniques, the
part is printed in a layer-by-layer manner by scanning the laser in the X–Y plane to define individual
hatch (print) lines and incrementally stepping the stage in the Z direction to form successive layers.

The printing resolution of TPP is largely dependent on the pulse rate of the NIR laser and the mag-
nification of the focusing objective. For this work, the emitters were printed using the commercially
available Photonic Profession GT2 printer (Nanoscribe GmbH) equipped with a femtosecond laser and
10X microscope objective. The 10X objective was selected to maximize the printing field (approx. 1 mm)
and minimize print time (lower magnification results in a larger voxel size, requiring less layers). To pre-
pare for printing, the emitter CAD mesh was processed using the DeScribe slicing software provided
by Nanoscribe. The TPP printing parameters used for fabricating the emitters are reported in table 1.
Hatching distance was kept at the default value of 1 µm for the 10X objective on the GT2 printer.
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Table 1. Two-photon printing parameters.

Parameter Value

Laser power 120 mW (100% full power)

Microscope objective 10X

Voxel size (W ×H) 1.2 µm× 6 µm

Slicing distance (Z) 1 µm

Hatching distance (X–Y) 1 µm

Base scan speed 50 mm s−1

Core scan speed 100 mm s−1

Slicing distance was reduced to 1 µm (5 µm default) to best resolve the intricate TPMS structure. The
first 3 layers were printed at half scan speed (50 mm s−1) to improve adhesion to the substrate, and the
rest of the structure was printed at full scan speed (100 mm s−1) to minimize print time.

Silicon coupons were used as printing substrates due to their excellent surface uniformity and ease
of use with the GT2 system. Prior to printing, the silicon substrates were cleaned via 5 min sonication
in acetone, followed by 5 min sonication in isopropyl alcohol (IPA) to eliminate any potential residue
from the acetone, and finally dried with compressed nitrogen. A small volume of POSS resin was dis-
pensed via syringe onto a cleaned silicon substrate, and loaded into the GT2 printer. The print job (gen-
erated by DeScribe) was loaded into the NanoWrite software (Nanoscribe), and the emitter geometry
was printed. After printing, the substrate (with the printed emitter geometry attached) was removed and
developed in two sequential 10min IPA baths (20 min total development) to dissolve and clear away
unexposed POSS resin (figure 1 step (4)). Following development, the emitters were removed from the
IPA bath and set aside to dry naturally before thermal treatment.

The print time for the emitters reported here was approx. 8 min per emitter, which is sufficiently
fast enough for rapid prototyping and testing of single emitters. However, the total printing time can
accumulate quickly when scaling to large emitter arrays (e.g. 13–14 h of continuous printing for a
10×10 array). These long array print times can be significantly reduced by minor adjustments to the
printing parameters. In particular, increasing the slicing distance reduces the number of required layers
and can greatly lower print time, at the expense of reduced printing resolution and fidelity. Although
not reported here, we have found that emitters can be printed at 2 µm slicing distance with sufficient
resolution but half the per-emitter print time (approx. 3–4 min), improving the scalability of this fabri-
cation process to large arrays.

2.1.4. Thermal post-processing
Thermal post-processing was performed to convert the exposed POSS resin into fused silica, as illus-
trated in step (5) of figure 1. Here, we followed the three-stage thermal profile prescribed by Bauer et al
[28], as follows: (1) constant linear ramp at 1◦Cmin−1, (2) soak at 650◦C for 60 min, and (3) cool nat-
urally to room temperature with the oven off. Thermal processing was conducted in air using a pro-
grammable muffle furnace (Nabertherm L3/11 240 V) for precise temperature control.

2.2. Emitter characterization
2.2.1. Geometric and structural analysis
The geometry and structure of the emitters was characterized using scanning electron microscopy (SEM)
and 3D optical profilometry. The microstructure and resolution of the TPP-printed emitters was ana-
lyzed using a Zeiss Sigma 500 SEM, with accelerating potentials of 1–2 kV to mitigate charging effects on
the insulative materials. 3D optical profilometry was performed using a Keyence VK-X260 confocal laser
profilometer, equipped with the 10X microscope objective. Optical profilometry was used to evaluate
the reliability/repeatability of TPP printing emitters, as well as the variability/tolerance between printed
emitters and the target CAD emitter geometry.

2.2.2. Electrospray emission testing
The electrospray emission performance of the TPP-printed emitters was evaluated by experimental
test-firing using standard ionic liquid propellant. To load an emitter for firing, 50 µl of 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMI-BF4) was manually dispensed near the emitter base using
a syringe. The emitter was left stationary for up to 2 min to allow the EMI-BF4 to passively wick into
the porous TPMS structure and fill the emitter to the tip (though, in many cases complete wicking
occurred in under 30 s). Excess propellant on the silicon substrate near the base of the emitter was care-
fully removed using a tissue, with a small (unmeasurable) volume of propellent left near the emitter
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Figure 2. Schematic of the electrospray source used for characterizing TPP-printed glass emitters.

base to act as a reservoir. The retained volume in the porous emitter was not readily measurable, but
can be estimated at approximately 10–20 nL based on the emitter geometry and porosity of the TPMS
microstructure. The large volume of dispensed propellant (relative to the much smaller open volume of
the emitter) was used to provide enough liquid to equally distribute it around the perimeter of the emit-
ter base and promote uniform wetting. Propellant loading was performed under a microscope for visual
confirmation of propellant wetting to the emitter tip.

The electrospray source used for testing is illustrated in figure 2. The silicon substrate with TPP-
printed glass emitter was secured to a metal SEM stub using double-sided copper tape. The pin of the
SEM stub was inserted into a machined teflon block and secured in place using a metal set screw. The
high-voltage (HV) supply was attached to the set screw to supply the emission potential for electro-
spray. The extractor plate (0.5 mm thick, 1.5 mm aperture diameter) was attached to ground (GND)
and mounted opposite the silicon substrate on a set of XYZ manual linear stages for alignment of the
extractor aperture with the emitter. Emitter alignment was performed by eye and confirmed via optical
microscope. The emitter-extractor distance (emitter tip to extractor) was positioned to approx. 500 µm.
A goniometer was used to adjust the pitch of the emitter and extractor, and a horizontal rotation stage
was used for adjusting the yaw. All emission testing and diagnostics were performed inside a vacuum
chamber, with typical operating pressure of approx. 50–100 µTorr.

3. Results and discussion

3.1. Structure characterization
3.1.1. 3D optical profilometry and geometric variability
Precision and repeatability are key metrics in emitter fabrication, particular for large-scale or full-sized
emitter arrays where geometric variations and inconsistencies between neighboring emitters can nega-
tively impact beam uniformity and performance. To investigate the reliability and repeatability of TPP
emitter fabrication, a collection of 10 emitters were printed using an identical design (same CAD model
and print job). Each emitter was characterized with 3D optical profilometry before and after thermal
treatment to evaluate geometric variability across the collection of emitters, and to identify any changes
in geometry introduced during thermal processing.

Figures 3(a) and (b) shows 3D surface plots of a TPP-printed emitter before (a) and after (b) ther-
mal processing, illustrating the pronounced reduction in emitter height and base diameter resulting
from thermal shrinkage. This effect can be more clearly observed by the extracted 2D profiles plotted
in figure 3(c). Each profile (green and red) contains 10 measurements (1 measurement for each of the
10 emitters analyzed), with the mean profile plotted as the solid lines and the shaded regions repre-
senting ±1 standard deviation from the mean profile. The profile of the target emitter geometry was
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Figure 3. 3D optical profilometry scans of a printed emitter (a) before and (b) after thermal treatment, and (c) 2D scan profiles
before (green) and after (red) thermal treatment. Solid colored lines show the mean profile, with shaded regions representing±
1 std. Black dashed line shows the target CAD geometry.

extracted from the CAD model (prior to the TPMS algorithm) and is plotted as the dashed black line.
All of the extracted emitter profiles were aligned in the axial (vertical) direction using the silicon sub-
strate as the zero-point. Lateral (horizontal) alignment was performed by defining a vertical axis of sym-
metry for each profile which passes through the profile maximum (i.e. the emitter tip), and then align-
ing these symmetry axes at X = 0.

Prior to thermal treatment (green) all of the measured emitters exhibit minimal geometric variabil-
ity and closely match the target CAD emitter profile. The greatest error between the measured profiles
and CAD profile is observed near the tip (i.e. at x = 0), with a difference in height of approx. 20–25
µm to the target height (500 µm). The exact cause for this error is currently not known. However, we
have observed that the TPP-printed structures shrink a small amount (<5% volumetric) during the dry-
ing stage following IPA development, which is suspected to have a negative effect on the printed emitter
height. Profilometry measurements taken after thermal treatment (red) show significant shrinkage of the
emitters in both axial (Y) and lateral (X) dimensions. The average emitter height dropped from approx.
480 µm to 280 µm due to thermal shrinkage, and the base diameter contracted from approx. 700 µm to
400 µm. This corresponds to approx. 42% axial and 38% lateral shrinkage, which are consistent with
previously reported thermal shrinkage values for the POSS printing resin [28]. While the magnitude
of shrinkage was significant, the shrinkage uniformity (i.e. axial and lateral shrinkage nearly the same)
allowed the overall emitter shape/profile to be well-maintained following thermal treatment, effectively
creating a scaled-down version of the pre-thermal and target CAD emitter geometries. Thermal treat-
ment also introduced increased geometric variability between each measured emitter, indicated by the
wider spread of the shaded red region particularly near the base of the emitters. However, the increased
variation remains sufficiently low as to not greatly impact the repeatability and reliability of the emitter
TPP printing process.

3.1.2. Microstructure validation
SEM was performed to evaluate the microstructure and resolution TPP-printed electrospray emitters. For
SEM analysis, a TPMS microporous emitter was printed and SEM images were captured of the emitter
before and after thermal treatment to investigate any effects of thermal shrinkage on microstructure.

Figure 4 presents SEM images of a TPP-printed microporous electrospray emitter before (left col-
umn) and after (right column) thermal processing. The top-most row (a) and (b) shows full-view
images of the overall emitter geometry, and the zoomed-in views (c) and (e), and (d) and (f) focus on
the detailed TPMS microstructure and surface texture. At the full-emitter scale ((a) and (b)) there are
no observed changes/effects from thermal treatment on the emitter shape or TPMS microstructure. The
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Figure 4. SEM images of a TPP-printed emitter before (left column) and after (right column) thermal processing. The emitter tip
is shown in the middle row (c) and (d), and close-up images of the pores are presented in the bottom row (e) and (f).

overall emitter shape and TPMS structure look almost identical when comparing the pre-thermal and
post-thermal images. In fact, the effects of thermal shrinkage is only visually evident in figure 4(a) and
(b) by the difference in scale bars labeled on the respective images. These findings are consistent with
the profilometry measurements of figures 3(c), highlighting the uniformity of thermal shrinkage which
effectively scales-down the emitter geometry while maintaining (with high fidelity) the intricate TPMS
microstructure.

Neglecting shrinkage, the full-scale SEM images (figures 4(a) and (b)) and profilometry measure-
ments (figure 3(c)) show no significant effects on the overall emitter geometry and structure. However,
the higher magnification images of figures 4(c)–(f) reveal some changes in surface roughness and TPMS
pore morphology resulting from thermal treatment. Before thermal treatment (figures 4(d) and (f))
the pores exhibit irregular, jagged boundaries, with visible printing (hatch) lines and artifacts, and a
rough surface texture. After thermal treatment (figures 4(d) and (f)) the surface appears significantly
smoother and densified, which suggests localized material reflow and relaxation that occurs during the
thermal treatment to convert the POSS resin into fused silica. Here, the effects of thermal shrinkage can
be observed by comparing the TPMS pore diameter, which measures approx. 10–12 µm before thermal
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Figure 5. Emission characteristics of a TPMS porous glass electrospray emitter operating with EMI-BF4 propellant. (a) I–V
curves recorded over four consecutive runs at intervals of 10 min in both positive and negative polarities. (b) Corresponding
intercepted current traces for each run.

treatment and 6–8 µm after thermal treatment. This equates to approx. 40% shrinkage in pore diameter
which is consistent with the shrinkage results of in figure 3(c).

3.2. Electrospray emission performance
The emission characteristics of the TPP-printed electrospray emitters were evaluated using direct
current–voltage (I–V) measurements. This diagnostic provides insight into key electrospray operat-
ing parameters, including onset voltage (to initiate emission) and emission linearity. To perform I–V
measurements a HV source (Keithly 2567A SMU) was attached to the HV connection on the emitter
block (figure 2), and the extractor was grounded through a picoammeter (Keithly 6485) to monitor for
intercepted current on the extractor. Control software (Keithly Kickstart) was used to linearly ramp the
applied voltage at a rate of ±10 V s−1 until a maximum of ±3 kV. To evaluate repeatability of firing,
I–V measurements were captured over 4 consecutive runs, all performed under the same pump-down
of the vacuum chamber. For each of the 4 runs, the voltage was first ramped in positive mode, followed
by a reset to 0 V before initiating the negative ramp. Figure 5(a) plots the emission current (recorded
from the source unit) vs. applied voltage of a TPP-printed emitter fired with EMI-BF4 propellant. The
colors of the datapoints represent consecutive runs, as denoted in the legend with the respective start
timestamps t= 0,10,20,30 (in minutes). The intercepted current on the extractor electrode is plotted in
figure 5(b) for each run. In both plots (a) and (b) the region from -2200 V to 2200 V has been omitted
for clarity, as no emission occurred within this voltage range.

The I–V curves of figure 5(a) show highly linear emission behavior in both positive and negative fir-
ing modes across all four runs, with emission currents reaching approx. 800 nA at +3 kV and −500 nA
at −3 kV. However, closer inspection of the emission regime reveals a clear distinction in I–V trend of
the initial run (Run 1) compared to the subsequent runs (Run 2–4). Run 1 has the highest onset volt-
age of approx. 2.55 kV, compared to 2.4–2.45 kV onset voltages of the following runs. Similar transient
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emission behavior and I–V variability has been previously reported for passively-fed porous electro-
spray emitters [31–34]. These effects have been attributed to the coupled dynamics of fluid redistribu-
tion within the porous structure, stochastic activation of emission sites, and sensitivity of the emission
process to the instantaneous filling state of the emitter. In particular, variations in fluid distribution and
capillary-driven flow can lead to measurable changes in onset voltage and emission current during ini-
tial operation before a steady-state is established. Here, this initial conditioning process is reflected in
Run 1, after which the emitter consistently exhibits a lower onset voltage and nearly identical I–V trends
across Run 2–4, suggesting steady-state operation. An interesting characteristic can be observed in the
I–V traces of figure 5(a) for Run 2–4, in which there is a sharp jump in emission current of approx.
±50 nA at ± 2.9 kV. We suggest that this may result from the formation of secondary emission site(s)
at exposed pores near the emitter tip, resulting in a net increase in emitted current.

Intercepted current on the extractor electrode is plotted in figure 5(b) over the same voltage range
as the I-V curves, reaching a maximum of approx. ±2 nA at the end of each voltage sweep (±3000 V),
which equates to < 1% total interception. With the exception of the positive sweep of Run 2 (red), the
intercepted current remained fairly consistent across each run at ⩽ 0.5 nA until approx. 2800 V , after
which it increased with increasing voltage. This increase of intercepted current occurs near the observed
jump in the I-V traces plotted in figure 5(a), and is likely the result of elevated space-charge effects
and/or secondary emission sites which cause the electrospray plume to broaden, increasing interception
on the extractor electrode.

The I–V traces presented in figure 5 were acquired during a single vacuum pump-down without
propellant reloading between runs in order to evaluate short-term sweep-to-sweep repeatability dur-
ing continuous operation. The measured onset voltage and current response remained consistent across
sequential sweeps, indicating repeatable emission behavior over the duration of testing. The authors note
that emission following propellant reloading was qualitatively assessed, and emission was achieved using
fresh propellant. However, reload-to-reload reproducibility, onset-voltage reproducibility, and fixed-
voltage stability were not systematically quantified in this study. More comprehensive repeatability and
reproducibility testing is planned for future work to assess emitter performance and stability across mul-
tiple propellant loading cycles.

3.3. Beam characterization
3.3.1. Time-of-flight (TOF)
TOF mass spectrometry is a standard diagnostic for characterizing ion composition and charge-to-
mass distribution in electrospray beams [35, 36]. The TOF system used in these analyses is described
in greater detail by Hofheins et al [37]. Briefly, an electrostatic deflection gate is positioned between the
electrospray source and the flight tube, with a microchannel plate (MCP) detector at the terminating end
of the tube. The deflection gate is pulsed with a high voltage (2–3 kV) at a controlled frequency, allow-
ing a narrow packet of ions to enter the flight tube. The ions traverse the flight tube, and their arrival
times are captured at the MCP relative to the gate trigger. The resulting time (velocity) traces can be
converted into mass spectra (due to velocity scaling with charge-to-mass ratio), revealing the composi-
tion and charge states of the electrospray products. Here, TOF measurements were taken both with the
beam on-axis (i.e. source alignment with the flight tube), and with the beam slightly off-axis (approx.
5–10◦), allowing characterization of spatial variations in beam composition.

Figure 6 plots the TOF characterization of the TPP-printed glass electrospray emitter fired with EMI-
BF4, in both positive (blue) and negative (red) firing modes. Spectra were acquired on-axis near the
beam center (a) and off-axis (b) to probe spatial variations across the plume. For analysis, the acquired
spectra were processed using a Savitzky-Golay filter (window size 11, polyorder 1) to smooth out the
noise. Each trace in figure 6 is normalized and plotted versus mass-to-charge on a semi-logarithmic axis,
with the expected masses of the monomer (n = 0), dimer (n = 1), and trimer (n = 2) species denoted
by the vertical dashed lines. In both positive and negative operating modes the steps in the measured
TOF current occur near the expected mass values of the monomer, dimer, and trimer species for EMI-
BF4. However, comparing the on-axis measurement (a) with the measurements taken slightly off-axis
(b), we see a significant difference in the TOF signals. On-axis (near the beam center), there is a grad-
ual non-linear increase/decrease in current across each step. Natisin et al reported a similar TOF current
trend for their CNC-machined electrospray thrusters, suggesting that it results from increased species
fragmentation in acceleration region of the beam causing a spread in the energy of the emitted ions
[13]. In comparison, the TOF signals captured off-axis (figure 6(b)) show much more pronounced flat
steps with minimal to no increase in current across steps, which is significant of well-defined monomer
and dimer species, and minimal fragmentation. Additionally, the on-axis spectra (figure 6(a)) shows a
modest high-mass tail in both positive and negative operating modes (i.e. non-zero current beyond 103
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Figure 6. Time-of-flight (TOF) mass spectra collected from a TPP-printed glass electrospray emitter operating with EMI-BF4 at
±2.5 kV. Plot (a) shows spectra recorded near the beam center, and (b) presents the spectra collected off-axis. Traces correspond
to positive (blue) and negative (red) emission modes, as indicated in the legend. The distinct steps in the spectra correspond
to different charge states (n= 0, 1, 2), with variations between on-axis and off-axis measurements highlighting differences in
species distribution across the beam.

Table 2. Estimated beam composition from TOF measurements.

Spectra % Monomer (n= 0) % Dimer (n= 1)

% Trimer/Heaver

species/Droplets (n⩾ 2)

On-axis 30 (60) 55 (30) 15 (10)

Off-axis 45 (40) 50 (50) 5 (10)

Da), in contrast to the off-axis measurements which show little to no detected high-mass species. These
findings reveal a spatially-variable beam composition, with the outer region of the beam predominantly
composed of lower-mass monomer and dimer species, in contrast to the center of the beam which con-
tains a greater quantity of fragmentation products and droplets/higher-mass species. This spatial varia-
tion in species distribution is consistent with known mechanisms governing angular dispersion in elec-
trosprays. One contributing factor is charge-to-mass-dependent acceleration, wherein species with higher
charge-to-mass ratios (e.g. monomers and dimers) experience greater electrostatic acceleration, resulting
in higher velocities and increased angular divergence, while heavier species and droplets remain more
confined near the beam axis due to their lower charge-to-mass ratios and greater inertia. However, the
on-axis distribution of heavier species may also reflect a more complex, non-uniform beam structure.
In particular, recent studies have suggested the presence of a more collimated, cone-jet-like core region
within the electrospray plume of predominantly droplets and higher-mass species, surrounded by a ring
of smaller ions [38–40]. 2D angularly-resolved TOF measurements have revealed the beam structure
across many electrosprays is non-uniform and is currently an active area of research to explain why.

The composition of the electrospray beam can be estimated using the current amplitude from the
TOF traces of figure 6. Estimates of beam composition from TOF spectra are presented in table 2. The
values inside and outside the parenthesis represent negative and positive emission modes, respectively.

3.3.2. Beam angular measurements
Angular current measurements were captured to evaluate the alignment and divergence of the beam
emitted by a TPP-printed emitter. These measurements were performed by adjusting the pitch (Y-angle)
and yaw (X-angle) of the electrospray emitter using the goniometer and rotational stage (figure 2), and
measuring the downstream current as a function of angular position. The angular mapping system used
for these analysis is described in detail by Ulibarri et al [39, 41]. Briefly, the goniometer and rotational
stage are attached to remotely-controlled stepper motor system for automated position and 2D angular
mapping. To measure the beam current, a small electrode was placed downstream (approx. 60 mm from
the extractor) and connected to a pico-ammeter for monitoring and recording the current reaching the
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Figure 7. (a) 2D current heatmap showing beam intensity as a function of angle of the electrospray emitter in both the yaw (X)
and pitch (Y) angles. Brighter regions correspond to higher measured current densities, as denoted in the colorbar. (b) 1D profile
of average current as a function of centered yaw angle (beam centered at 0◦ ), with error bars representing±1 std.

electrode. This diagnostic technique creates an angularly-resolved 2D view of the beam shape, providing
identification of the beam center and beam divergence/spread, and captures transient evolution of the
beam structure.

Figure 7(a) shows a 2D heatmap of average detected current as a function of yaw and pitch angles.
The downstream current was recorded in 1◦ increments from −5◦ to +16◦ and −10◦ to +1◦ in the X
and Y, respectively. For each current measurement, the angular position was held for a period of 2 s,
during which 20–24 current measurements were recorded and averaged before moving to the next mea-
surement position. Figure 7(b) plots the 1D beam current profile as a function of X-angle. The data
plotted in (b) was extracted from the red-outlined region shown in the 2D heatmap (a), spanning −4◦

to −8◦ in Y. Each of the datapoints were calculated for each X-angle by averaging the current along the
Y-angles. The solid datapoints show the averaged measurements, and the errorbars represent ±1 stan-
dard deviation. The X-angle positions in (b) have all been shifted by 4◦ to align the beam center with 0◦

for interpretation and analysis.
The extracted 1D profile in figure 7(b) provides a quantitative measure of beam divergence in the

angular X-direction. The approximately Gaussian shape of the distribution suggests that the bulk of the
transmitted current is confined within a limited angular spread, which is consistent with expectations of
space-charge-limited electrosprays in the cone-jet regime [42, 43]. Using the 1D profile, the beam diver-
gence half-angle was calculated to be approx. 4.3◦ and 8.8◦ at 80% and 99% confidence intervals, which
are consistent with previously reported single-emitter divergence measurements [44, 45].

A slight left-right asymmetry is observed in the angular current distribution of figure 7(b), suggest-
ing a minor non-uniformity in the beam structure along the pitch direction. This asymmetry may arise
from several factors, including small alignment offsets between the emitter and extractor. Additionally,
mechanical backlash or positioning uncertainty in the 2D scanning system may contribute to the
observed asymmetry and is difficult to fully decouple from intrinsic beam structure. These effects can
introduce a small angular bias in the measured current distribution but do not significantly affect the
overall beam divergence trends reported.

3.4. Performance metrics
Performance metrics for the TPP-printed emitters were computed using the results of I–V (figure 5) and
TOF (figure 6) measurements. Specific impulse Isp describes the efficiency of thrust generation, and is
defined by the ratio of thrust F to mass flow rate ṁ:

Isp =
1

g

F

ṁ
(1)

Here, the force and mass flow rate are computed from the TOF data of figure 6 using the integral
formulations [36]:

F=
2VemIem
LTOF

ˆ ∞

0
ITOFdt (2)
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Table 3. Estimated performance metrics for a single TPP-printed glass emitter.

Voltage Current Thrust Thrust/Power Isp
(V) (nA) (nN) (mN/kW) (s)

2500 500 64 (75/52) 51 3227 (1785/4669)

-2500 400 46 (47/46) 48 2251 (1925/2578)

ṁ=
4VemIem
L2TOF

ˆ ∞

0
tITOFdt (3)

where Vem is the emission potential, Iem is the emission current, and LTOF is the length from the gate
to the detector of the TOF system (0.9526 m for these analyses). ITOF is the normalized current signal
from the TOF measurements (figure 6). Table 3 summarizes the resulting performance estimates for a
single TPP-printed emitter under both operating polarities (± 2500 V) using the emission current and
collected current from the I–V and TOF diagnostics. The thrust and Isp metrics were calculated using
both the on-axis and off-axis TOF spectra from figure 6. The average values are reported in the table,
with the on-axis and off-axis calculated values in the parenthesis (on-axis/off-axis). Here, average Isp val-
ues fall in the range of 2200–3300 s, placing them within the upper end of the range typically reported
for conventional electrospray devices (approx. 1000–3500 s, depending on the propellant and the operat-
ing conditions) [13, 36, 46–48]. However, significant variability is observed between on-axis and off-axis
estimates, particularly in positive mode, where the off-axis and on-axis values reach 4669 s and 1785 s,
respectively. This spread is attributed to the increased fraction of droplets and heavier species detected
in the on-axis TOF spectra (figure 6(a)), which disproportionately lowers the calculated Isp. In addi-
tion to the comparably high Isp values, the estimated average single-emitter thrusts of 46 nN (negative)
and 64 nN (positive) fall well within the range of typical values reported for conventional electrospray
thrusters (per-emitter thrusts of approx. 10–100 nN) [13, 36, 48]. Overall, these results demonstrate
that the TPP-printed emitters can achieve performance comparable to traditional ionic liquid electros-
ray emitters, while offering additional flexibility in emitter geometry and internal structure that is not
readily accessible with traditional emitter fabrication techniques.

4. Conclusion

This work demonstrates the capabilities of TPP printing for fabrication of fused-silica electrospray emit-
ters. The unique features of TPP printing enable emitter designs with highly complex architectures and
embedded microporous networks to promote passive propellant transport throughout the emitter body.
Optical profilometry and SEM characterization confirmed that emitters could be fabricated with tight
tolerances to their target CAD geometries, with uniform thermal shrinkage preserving overall emit-
ter geometry. Emission testing showed highly linear I–V behavior, with moderate onset voltages (2.4–
2.6 kV) and consistent operation across consecutive runs. TOF measurements revealed well-defined
charge-state distributions characteristic of EMI-BF4 electrosprays in the quasi-pure ion regime, with
clear differences between positive and negative polarity operation. Performance analysis yielded thrusts
of 40–70 nN with specific impulse values exceeding 3000 s, comparable to conventionally-fabricated elec-
trospray devices. However, the primary contribution of this work is not performance enhancement, but
rather the demonstration of TPP emitter fabrication that enables deterministic control over both external
emitter geometry and internal microstructure.

While this work focuses on single-emitter devices, practical electrospray propulsion systems typ-
ically require large emitter arrays to achieve mission-relevant thrust levels. The fabrication approach
presented here is well-suited for emitter arrays, as TPP printing enables precise and repeatable place-
ment of emitters with controlled spacing and geometry. However, several considerations arise when scal-
ing to arrays. In particular, total print time scales approximately linearly with emitter count due to the
serial nature of TPP printing, which may limit throughput for large-scale fabrication, requiring process
optimizations to reduce print time. Additionally, inter-emitter spacing and alignment to the extraction
electrode(s) become increasingly critical, as small positional offsets can lead to non-uniform emission
and beam interference. TPP printing provides highly accurate placement of emitters to enable precise
and consistent inter-emitter spacing, and allow accurate alignment with the extraction electrode(s). The
ability to integrate complex porous networks directly into the emitter body offers new opportunities for
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scalable array architectures, improved propellant transport, and tailored plume characteristics. Future
work will focus on scaling this approach to multi-emitter arrays, refining TPMS morphology to improve
fluid transport and wetting characteristics, and optimizing emission stability and efficiency for sustained,
repeatable operation.
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