Kunze et al. Journal of Electric Propulsion (2024) 3:3 Journa | Of Electric Prop u | sion
https://doi.org/10.1007/544205-023-00066-7

. : : ®
3D micro printed capillary electrospray iy

thruster with a fully modular integrated
extraction electrode

Fynn L. Kunze' ®, Torsten Henning'® and Peter J. Klar'

*Correspondence:

Fynn.Kunze@physik.uni-giessen. Abstract

de An internally wetted capillary-type electrospray thruster design is presented. The capil-
"Institute of Experimental lary emitters are optimized for fabrication using 3D micro lithography and can achieve
Physics | and Center sub 10-micrometer capillary diameters with an aspect ratio of over 20. Also provided
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LaMa, Justus Liebig University, is a design for a completely modular integrated extraction electrode that comprises
Heinrich-Buff-Ring 16, an electrode carrier produced by 3D micro lithography and a thin metal film. The elec-

DE-35392 Giessen, Germany trode orifices, distance to emitters, and size are all customizable thanks to the modular-

ity of the design, which is compatible with any electrospray thruster type. The design
provides alignment precision within 5 micrometers of the emitter tip and electrode
orifice. While our new electrode achieved reproducible extraction, instability is still
present. The data on emission from these emitter-electrode stacks is presented, as well
as in situ microscopic optical observation of individual emitters. The images demon-
strate emission in multiple extraction modes, microfluidic behaviour of the capillaries
in space-like conditions, and interactions of the emission modes with the integrated
electrode.
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Introduction

Electrospray thrusters belong to the electrostatic thruster family [1]. They are a promis-
ing option for micro propulsion applications, such as on CubeSats. Their scalability is
a key factor driving the interest in these thrusters for micro and nano satellites [2—4].
Electrospray thrusters can be easily downscaled and even benefit from it, which sets
them apart from more traditional electric propulsion systems like Hall thrusters [5].
Another reason is that depending on the system configuration a neutraliser can be omit-
ted from the propulsion system, thus reducing the already low power requirements fur-
ther [2]. Additionally they provide precise thrust and impulse bits, making them ideal
for high precision manoeuvres like constellation flight. Another advantage is their use of
liquid or semi-solid propellants. This property renders them highly manageable during
launch and integration and the accessibility of the propellants is appealing for commer-
cial applications such as mega constellations [5].
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Electrospray thrusters operate by extracting ions or droplets from a liquid propel-
lant using a static electric field. The fluid is deformed due to the electrical field and
grows into a conical shape called Taylor-cone as the field strength is increased [2, 6].
At the Taylor-cone tip, the electric field density is sufficiently high to forcibly extract
ions or droplets of the propellant from the fluid, causing them to accelerate alongside
the electric field [7]. To function properly, the fluid must either be conductive or have
a polar component such as water [6]. For most types of elctrospray thrusters, either
liquid metal or ionic liquids are typically utilized as propellant. Liquid metal must
first be heated to its melting point before use. Indium is commonly used due to its rel-
atively low melting point of 150°C [8]. Ionic liquids, on the other hand, are salts that
remain in a liquid state below room temperature [9-11]. Additionally, these liquids
have very low vapour pressure, allowing them to remain stable in vacuum conditions
[11]. Their composition of pure ions results in high electrical conductivity, making
them an ideal propellant for electrospray thrusters. Moreover, the use of ionic liquids
permits extraction of both positive and negative ion species, eliminating the need for
an external neutraliser [12].

An electrospray thruster typically comprises three main components: the propel-
lant intake, emitter structure, and extraction electrode. The propellant intake, which
can be either a tubing system in actively fed thrusters or a reservoir in passively fed
systems, provides the necessary propellant for the emitter structure. Once the fluid
reaches the emitter structure, it is exposed to an electrical field, which facilitates ion
extraction. There are three variations in the structure of the emitter, distinguished
by the method of supplying propellant to the emission sites. The general operating
principle remains the same for all three variations [13]. One type of emitter is the
porous emitter, which delivers propellant through a porous base material from which
the emitter structure is formed. Usually, a conical structure is used, although wedges
or edges may also be effective for facilitating ion emission [12]. Another type of emit-
ter is the external emitter, where the propellant is supplied to the base of an emis-
sion structure and is drawn up to the emission point by surface forces [13]. Similar to
porous emitters, the conical shape is usually preferred. Another approach is the capil-
lary emitter, also known as the internally wetted emitter [13, 14]. This type employs a
capillary system to convey the propellant to the emission site. Each approach presents
distinctive challenges. For instance, the arbitrary pore size and distribution of porous
emitter structures render their reliable production almost impracticable. External
emitters may have reduced emission predictability due to the extraction of second-
ary ions from the fluid between emitter structures. Capillary emitters are susceptible
to overflow as a result of the capillaries’ low hydraulic resistance [18]. The extrac-
tion electrode is the final component required for ion extraction. It functions as the
liquid’s ground reference and is essential for creating the electric field necessary for
extraction. Typically, a metal lattice is used as the extraction electrode, which is posi-
tioned above the emitter structure [2].

In our work we focus on the additive manufacturing of miniaturised capillary type
electrospray thrusters. We utilize a micro 3D printing technique, two photon lithogra-
phy, to fabricate high aspect ratio capillary emitters structures as well as a newly devel-
oped fully modular extraction electrode.
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Methods

In this paper, we present a fully modular design of an electrospray thruster and report
on the results obtained from testing these emitters. The included data comprise scan-
ning electron microscope images, optical images, and extraction data. In this section
we want to focus on the fabrication and characterisation methods used to obtain the
result presented later on.

Additive manufacturing

3D micro printing and capillary designs

Our new design builds upon our previous work [14, 16, 17], which employs the tech-
nique of two-photon laser lithography, an additive manufacturing process. As the name
suggests, this method utilizes two-photon interactions to initiate chemical reactions in
a photosensitive resin [14, 15]. A single photon carries too little energy to trigger a pho-
tochemical reaction, thus passes right through the photo resist without being absorbed.
A reaction can occur only if two photons are simultaneously absorbed, which neces-
sitates a sufficiently high intensity. Such intensities are attained by focusing the laser
through microscope optics [14, 15]. At the lens’ focal point, the beam is compacted
into a minute volume, producing very high photon densities. Inside this small vol-
ume, referred to as a 3D pixel or voxel, two photon absorption can occur [14, 15]. By
using negative tone photoresist, a hardened piece of epoxy is produced inside the voxel
through photochemical reactions. A 3D structure can be created by scanning the voxel
through the resist, either by moving the substrate with the resin or by changing the
laser path via mirrors. This process closely resembles standard 3D printing. Depend-
ing on the photoresist and microscope lens used, lateral resolutions as low as 100 nm
can be attained. In comparison to other micro mechanical fabrication techniques such
as micro machining or etching, two-photon lithography presents significantly fewer
constraints in terms of shape and structure possibilities [15]. Under-cut, asymmetric,
and even hollow structures can be manufactured using this microfabrication technique,
which is often difficult or outright impossible with other microfabrication techniques.
Another advantage is the ability to fabricate structures with a high aspect ratio (width
to height ratio). In our previous work, we demonstrated that it is possible to fabricate
structures with capillary diameters of less than 10 um and an aspect ratio larger than
20. This possibility is directly related to the capillary design employed for the emitters
[14, 16, 17]. One of the major challenges with capillary type emitters is their hydraulic
resistance [18]. If the emitters possess insufficient resistance, they are prone to over-
flowing or producing large droplets instead of a fine ion spray. To enhance the hydrau-
lic resistance, one solution is to increase the aspect ratio of the capillary. The flow rate
through a finite capillary is described by the Hagen-Poiseuille law.

4
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5 18P 1)

V=

The volume flow rate V is dependent on the capillary radius r, the viscosity of the
fluid n, the length of the capillary /, and the pressure gradient between the input side
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and output side Ap = pin — pout- For our purposes, we can generalize that the pres-
sure on the output side p,,; is nearly equal to zero since it is open to space.

This results in two categories of variables: those dependent on the emitter design,
namely the radius and capillary length, and the system variables, such as fluid viscos-
ity and input pressure. The radius exerts the greatest influence on flow rate, as it is
proportional to the 4th power. Increasing the length of the capillary would also result
in an increase in resistance. However, compared to the impact of the radius, the linear
increase in length has a much smaller effect. The dependence on both the radius and
the capillary length is the reason why a high aspect ratio is needed to achieve low flow
rates, as both a smaller radius and a longer capillary decrease the flow rate.

IP-Q Material system

In our previous work, we utilized SU-8, a photoresist, as the base material for our
emitter structures. SU-8 is renowned for its mechanical stability, high resistance to
solvents and chemicals, and stability under space-like conditions [16]. We employed
the NanoScribe™ PPGT, a 3D lithography device, to fabricate emitters and emitter
arrays with aspect ratios ranging from 5 to 20. One of the significant drawbacks of
working with SU-8 is resist preparation. SU-8 needs to be applied onto a silicon wafer
by means of a spin coater, resulting in very smooth but rather thin resist films. The
maximum attainable layer thickness with SU-8 is about 400 m, which imposes a lim-
itation on the maximum height of the emitter or any other structures. Consequently,
we opted to use IP-Q resist, which was specially developed by NanoScribe™ for 3D
lithography with their ‘large feature solution’ set. With IP-Q, structures up to 10 mm
in height can be fabricated. IP-Q provides comparable mechanical and chemical
properties to SU-8 and performs similarly as a base material for microfluidic appli-
cations. However, there are some variations in wetting angle and surface properties
which require further investigation to arrive at a comprehensive comparison.

In addition, it is necessary to verify the radiation hardness of IP-Q for future appli-
cations. For now, IP-Q serves as a suitable replacement for SU-8. Another benefit of
utilizing IP-Q is the significantly faster process time as a result of using a 10x objec-
tive instead of the previously used 20x objective. The process time has been reduced
from 12 hours per emitter array to 4 hours per array. It should be noted that the
higher printing speed is achieved at the expense of increased voxel dimensions. With
the 10x objective, the lateral voxel size is about 1.5 um, and the longitudinal size is
about 25 pm. Although the lateral size is comparable to that of the 20x objective, the
longitudinal size is approximately five times larger. This enlargement of the voxel size
reduces the print resolution, resulting in a slight loss of print quality. However, this
effect is negligible once accounted for. Figure 1 illustrates a capillary emitter example
made with the 10x objective in IP-Q. The capillary has a diameter of 40 pm and a
length of 300 um. However, a change in material system from SU-8 to IP-Q neces-
sitated a new examination of printing parameters and structure designs to obtain
equivalent results to those previously achieved using SU-8. All in all, we can now
manufacture emitters that have greater height and capillary length compared to the
SU-8 process.
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Fig. 1 Image taken through a optical microscope with a 50x magnification. The emitter is fabricated using
3D lithography in the large feature configuration and IP-Q resin. This design features a 30 um diameter
capillary with a length of 300 um. Due to the parallax the capillary seems wider at the top, however SEM
imaging shows a uniform capillary diameter over the whole length. We also included an image of an emitter
with a 10 um diameter capillary in Fig. 9 in the Appendix

Fully modular integrated extraction electrode

The decrease in printing time is a favourable outcome, but the primary incentive for
transitioning to IP-Q was the increased structure height that could be achieved. Con-
sidering IP-Q, we developed and constructed an integrated extraction electrode for the
emitter arrays. The integration of the electrode into the emitter design presents numer-
ous advantages, such as enhancing the alignment accuracy between the emitter orifice
and electrode, thus lessening the intercepted ion current. 3D printing the electrode
further reduces fabrication errors. Such errors can result in differences in the extrac-
tion behaviour of emitters, due to the interaction of the emitters with the electrode. The
compact design itself is another benefit, as the integrated electrode requires far less sup-
port material. The 3D lithography method ensures a manufacturing of multiple extrac-
tion electrodes that are nearly identical in size and shape and offers high flexibility to
adapt the design of the electrode in any desired way.

One option for integration involves incorporating the electrode into the emitter array’s
design and printing them together in a single fabrication step. This approach yields opti-
mal alignment and structural integrity at the cost of flexibility. Another consideration
here is the metallization of the electrode. As the base material is the insulating IP-Q pol-
ymer, a secondary metallization process is necessary to produce a functional electrode.
Directly printing the electrode onto the array can complicate this process. An alternative
approach is to create a modular electrode that can be added to the emitter in a sub-
sequent step. We chose this option because it is easier to incorporate into our current
design and offers more flexibility.

In Fig. 2, a scanning electron microscope (SEM) image depicts the electrode mounted
on an emitter. The image shows the design we developed for the electrode, which com-
prises three parts: the bottom layer, placed atop the emitter; several pillars, creating the
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Fig. 2 A 3D rendering of the electrode structure and a scanning electron microscope (SEM) image depicting
an emitter with the newly developed integrated extraction electrode. The 3D rendering is based on the
same schematic used to fabricate the presented electrode, but does not include any emitter structure. In

the rendering, the emitter base (blue), the alignment cones (red), and the electrode structure (white) are
highlighted. The modular electrode is composed of the bottom layer, the spacer layer and the top layer
which holds the metal film (yellow) that acts as the extraction electrode for the emitters. The SEM image
gives an isometric view of the emitter-electrode pair based of the schematic presented above, revealing the
electrode’s placement on the emitter surface. In the forefront is one of two alignment cones visible that are
affixed within the base of the electrode. The minor distortion adjacent to the cone is a result of the adhesive
resin employed to fasten the electrode to the emitter

space between the emitter and the top layer; and the top layer, which carries the metal
part of the electrode. Each layer is described in more detail below, starting with the top
layer.

The top layer is 75 um thick and contains emission apertures, with each aperture hav-
ing a 500 um diameter and centred on an emitter position. The number of apertures can
be customized as per user requirements. Figure 3 depicts a single aperture, while Fig. 4
exhibits a design with seven apertures. The layer itself is composed of IP-Q polymer and
is non-conductive; therefore, the top of the electrode needs to be metallized. Metallisa-
tion is carried out after the printing of the whole electrode structure and is done using a
thermal evaporation apparatus. Such a device is advantageous for metallizing as it solely
coats one side with metal, keeping the other sides essentially metal-free which evades
short circuits.

This method is commonly used in semiconductor manufacturing to apply metal
coatings to microelectronic wafers. A piece of the chosen metal is placed in a tung-
sten carrier and heated under vacuum conditions until it evaporates, releasing
metal vapour into the surrounding. The metal vapour’s origin is positioned at such
a distance from the structure that the particle flux can be assumed parallel when it
reaches the sample, where it solidifies on the sample surface. The deposition produces
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Fig. 3 Scanning electron microscope image giving a top-down view of the emitter and the electrode
aperture with a highly aligned appearance. The emitter, in this case a three-capillary design, is centred on the
aperture with very little divergence from the center position

Fig. 4 The two optical microscope images depict the same emitter array with an integrated electrode. The
images were taken without moving the sample and only adjusting the focal plane. For clarity, the two images
are superimposed on top of each other, displaying only a portion of each image. In the left section of the
image, the surface of a metallized electrode is in the focal plane, and the aperture through which ions exit
the thruster is prominently visible. In the right portion of the image, the emitter tips are situated in the focal
plane. Small black dots in the center of the emitter tip indicate the visible capillary openings. The near-perfect
alignment between the emitter and the electrode is observable due to the stacking of the two images. The
capillary orifice is precisely centered on the electrode aperture

a shadow-casting effect similar to a light source, resulting in only the surface fac-
ing the vapour’s origin being coated. This is one reason why a modular system was
chosen, because with a modular design it is possible to coat the electrode structure
separately, thus avoiding an unintentional coating of the emitters through the extrac-
tor holes. Such a metal coating on the emitters may affect their wetting behaviour
and increase the chance of propellant overflow to the surface or short circuits due to
the conductive metal layer. Another factor to consider is the slight variation in the
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thickness of the metal coating. While these variations are negligible in case of the
extraction electrode since they are very small compared to the distance to the emitter,
they may result in significant variations in wetting behaviour and interaction with the
liquid propellant near the emitter making the emitters less comparable even within
the same production batch. Masking the emitters under the extractor to avoid uncon-
trolled coating would be a significant challenge, but the modular design circumvents
this challenge. For enhancing the metal’s adherence to the polymer, we initially incor-
porate a thin layer of chromium measuring 2-5 nm, succeeded by a silver layer meas-
uring 150-250 nm. The metal layer is sufficiently thick to cover the entire surface, and
the high conductivity of silver guarantees a uniform electrical field.

The spacer layer is the second layer that provides mechanical stability and secures
the metallized layer in place. It comprises several round pillars with a 300 pm diame-
ter, ensuring the necessary stability while enabling nearly unobstructed observation of
the emitter. Although the stability could be enhanced by using full walls, we opted for
a visually open design. The visual open design was chosen for the in-situ observations.
Full walls would indeed increase the mechanical stability, however, would also block any
view to the emitter structures. For a finalised design a full wall adaptation would surely
be beneficial. The added mechanical resilience would be useful for the strong forces and
vibrations on launcher start. The height of the pillar can be adjusted to determine the
distance between the emitter tip and metal electrode. This flexibility in height allows for
customization of the electrical field distribution between the emitters and electrode, and
the maximum extraction voltage, to meet the specific needs of the application.

The bottom layer serves as the connection point between the emitter and the elec-
trode, determining their alignment. For optimal alignment, we have incorporated a
self-aligning feature consisting of two conical markers printed on the emitter array sur-
face. These markers are added after the printing of the emitter structure and possess
no impact on the emitters themselves. There are two openings in the bottom layer of
the electrode that securely fit onto the surface markings of the emitter, which makes the
integration process straightforward, resembling the use of building blocks. The conical
shape of the markers and the extremely precise tolerances result in a perfect alignment
of the electrode with the emitters, as shown in Figs. 3 and 4. These images illustrate the
exceptional level of alignment attainable at an individual scale, however, the moment, we
do not have enough data for providing meaningful statistical data concerning the coaxi-
ality deviation after assembling extraction electrode and emitter structure. For a more
detailed image of the alignment we refer to Fig. 10 in the Appendix.

The design of the extraction electrode is completely modular and can be applied to
any of our manufactured emitter arrays. It provides a wide range of options, thanks to
its adjustable number of apertures, aperture diameters, and height, for matching the
electrode design to the emitter array or specific applications. Alignment of the open-
ings to the emitters is ensured by the conical indicators and can be accurately repli-
cated. In addition, the ability to observe the emitters during operation is facilitated by
the high visibility in the space between the emitter and electrode. Furthermore, the
electrode design is not directly linked to the emitter design, indicating its suitability
also for externally wetted or porous type emitters. With its modular design it can be
easily adapted to other types of electrospray thrusters.
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In situ microscopical optical observation

Miniaturization is advantageous for electrospray thrusters, as previously stated [5]. Nev-
ertheless, this creates challenges in characterizing the fabricated emitters. Due to their
small size and the vacuum environment in which they are tested, standard optical obser-
vation is not always feasible for gaining insight into functionality and extraction behav-
iour on a microscopic scale. There are numerous variables that may influence emitter
emission behaviour, such as extraction voltage, feed rate for actively fed systems, emitter
geometry, and electrode spacing, among others. Determining the influence of emitter
design is particularly difficult by electrical characterization alone.

For better understanding of the interplay between variables, we will be employing
two optical cameras. One camera, a basic optical USB camera with adjustable focus,
is employed to capture real-time footage of the entire emitter stack. Its purpose is to
record the fluid intake and the interaction between extracted ions and the electrode as
a whole. The second camera is a high-resolution black and white camera with an inter-
changeable adapter for a microscope objective. We can fit objectives that magnify 5x to
50x% on the camera to focus on specific parts of the emitter. Using 10x magnification, we
can observe multiple emitters of the array while still being able to resolve the emitter tip
with the extraction site. With this dual camera set-up, we can observe the emitter stack
at both macro and micro levels in real-time. This facilitates correlation of optical data
obtained from the cameras with the emission data obtained from electrical characteri-
zation. One significant benefit of utilizing a camera set-up with capillary-type emitters
is the ability to observe the microfluidic behaviour of capillaries. As fluidic resistance
presents a major challenge for capillary-type emitters, observing capillarity in situ helps
significantly in designing the emitters to meet desired parameters. Moreover, these
capabilities are not limited to capillary-type emitters exclusively. For example real-time
optical observation can assist in pinpointing the root causes of secondary emission site
formation between emitters or the interaction between the fluid and the electrode in
external wetted designs. This type of observational method has numerous applications,
beside the already discussed ones.

Active fluid feeding under vacuum conditions
To achieve a representative simulation of space-like conditions, we utilize a vacuum
chamber to test the emitter arrays. However, the fluid supply under such conditions pre-
sent a significant challenge. Various methods exist for vacuum liquid propellant feeding.
One such method involves utilizing capillary forces in porous materials to passively pull
liquid from a reservoir to the extraction sites [13, 19]. Passively-fed systems are low in
complexity and contain no moving parts. The material’s self-regulation is due to capillary
forces that contain the propellant. However, it does not provide control over fluid intake
and distribution. It was reported, that the thruster performance correlates with the res-
ervoir fill levels, resulting in loss of performance over time with less liquid remaining
inside the tank [19]. Additionally, manufacturing the emitters to achieve equal liquid dis-
tribution along the emitter array is complex and costly. Unequal distribution would also
negatively impact the performance [19].

One way to actively control fluid feeding is by using a gas-powered system. The sys-
tem includes a reservoir with one open side that is placed in a pressure container, which
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can be evacuated or flooded with a gas. A capillary is connected to another side of the
reservoir, leading to the electrospray thruster [20—22]. The pressure inside the container
can be controlled to regulate the fluid’s flow rate into the capillary. Though effective, this
method is complex. The regulation of pressure must be exact requiring high pumping
power for rapid pressure relief. Additionally, precise control of the gas used to increase
the pressure is required [20]. A further concern is the potential for gas to dissolve into
the liquid and degas inside the thruster later on.

A second means of precisely managing flow rate is utilizing a precision pump. We
already have successfully utilized this methods in the past, achieving favourable out-
comes [14, 16, 17]. Utilizing a high-precision syringe pump enables us to effectively
regulate the input rate via pump throttling. We can calibrate the flow rate, which cor-
responds to the pump throttle, using a mass flow meter. This guarantees that the appro-
priate amount of fluid is delivered to the emitter, providing full control over the feeding
process. However, there remains a pressure difference issue when the pump holding the
syringe is at ambient pressure. A minor leak of fluid from the outside into the emitter
due to this pressure difference was detectable by the mass flow meter. To address this
issue, a shut-off valve was utilized. Another issue that arose over time was the accumu-
lation of air in the system, despite the use of gas-tight fittings and syringes. This led to
spontaneous degassing within our emitter arrays, which disrupted testing. Therefore, we
adapted our pump to function under vacuum conditions and relocated the entire feed-
ing system to the inside of the vacuum chamber. A schematic diagram of the modified
arrangement is presented in Fig. 5. A second modification was made to the syringe in
order to allow gas to escape during vacuum chamber evacuation.

This involved shortening the syringe to enable complete plunger extraction during
pump down, which exposes the fluid inside the syringe to the chamber. Once a pressure
of less than 1 - 10~* Pa was reached, the plunger could be pushed back into the syringe,
effectively sealing it. A special guiding attachment ensures correct plunger insertion.
This arrangement allows for precise feeding rate control during operation, while also
guaranteeing that no gas is fed to the emitter.

Results
Optical images and videos of emitter operation and in-situ observation as well as emis-
sion data are presented. In all experiments, the electrode is grounded and then either
a positive or negative high voltage is applied to the ionic liquid, 1-ethyl-3-methylimi-
dazolium tetrafluoroborate (EMIM-BF,). All data including the video files and the cor-
responding extraction data, is available according to the FAIR regulations in our data
repository [23]. The data presented here is for three emitter designs with different geom-
etries. The individual characteristics of each design can be found in Table 1 and are fur-
ther discussed in more detail in the corresponding section. For each design, a 3D render
showing a cross-section of the capillary structure is available in our data repository [23].
The emitter designs and the corresponding data presented here were chosen from mul-
tiple experiments conducted on samples with similar or identical geometries. All results
are reproducible for emitters of identical capillary configuration and of each design.
Figure 6 displays multiple images captured from a video segment spanning approxi-
mately one second in time as well as the correlating emission data. The three optical
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Table 1 Design parameters for the presented emitter structures

Capillary type Capillary length Capillary diameter Special notes
Design 1 straight circular 100 um 20 um conical opening at
200 um max. 40 pm the emitter tip
Design 2 straight circular 300 um 30 um
Design 3 straight rectangular 300 um 15 pmx30 pm five capillaries
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Fig. 6 Three optical images captured from a live video of an emitter array as well as the correlating emission
data is shown. The pictures are arranged in chronological order, with the first one being on the left and
the latest on the right. The time elapsed between the left and right image is estimated to be about one
second. For this emitter, we opted for a design featuring a straight capillary that opens conically at the tip.
The diameter measures 20 um at the narrowest point and 40 um at the tip. The image on the left depicts
the droplet formation on the emitter tip while the capillary in the center of the emitter supplies the required
fluid. In the middle image, the droplet is drawn towards the integrated extraction electrode while remaining
connected to the emitter, taking on a raindrop-like shape. The right image depicts the same droplet, which
has now significantly reduced in size and returned to the emitter tip, forming a spherical shape. Below the
optical images the correlating emission data is plotted. On the horizontal axis is shown the time, which
was normalized to improve the readability of the time frame of the extraction event. The time origin was
arbitrarily chosen to fit the image data and set to 0 for visualisation reasons. The applied high voltage (red
dots) and the converted extraction current (black squares) are plotted on the Y-axis. The emission correlating
the images is represented by the numbers plotted into the graph, with 1 corresponding the left most
picture and 3 to the right one



Kunze et al. Journal of Electric Propulsion (2024) 3:3 Page 13 of 19

images are arranged in chronological order from left to right. The images show a single
emitter of an emitter array, which features a straight, round capillary with a diameter of
20 wm and which opens conically at the tip to a diameter of 40 um. The conical opening
at the tip allows fluid to build up in this area.

The capillary’s length totals 300 um with 100 um having a diameter of 20 pm. The
correlating electrical emission data taken at the same time frame is plotted below the
images. In the graph the extraction voltage and collected currents are plotted versus
time. For visibly reasons the staring time was arbitrarily set to 0. The data shown con-
firms an extraction event happening in the time frame depicted by the optical images.
During the experiment, a voltage was applied once a droplet was observed at the emitter
tip. The point in time when the voltage was first applied lies outside the presented time
frame. Slow, incremental increases in voltage were made until extraction was detected.
This process took place over several minutes to allow the system to adjust accordingly. At
the 2-second mark, a new voltage target was set, and the extraction voltage was slowly
increased to reach the new target. For this experiment a negative voltage was applied to
the ionic liquid. The extractor electrode and collector plate were at ground potential.

From the left to the right, one can see the formation of a small droplet in the cone
shaped tip of the emitter. It is not visibly deformed and sits close to the tip. In the middle
image, the droplet is significantly enlarged and seems to be drawn towards the extraction
electrode. Compared to the previous image, the droplet has greatly increased in volume,
and a significant portion of the fluid is suspended in the vacuum above the tip, while
only a small part remains attached to the emitter. The droplet then returns to a smaller
size, comparable to the droplet seen in the first image. This change can be observed in
the right picture. However, there is still an apparent attraction exerted on the droplet,
as it maintains a spherical shape rather than collapsing into a meniscus. The numbers
plotted in the bottom section of Fig. 6 correlate with the chronological order of opti-
cal images with 1 denoting the left picture and 3 the right. The three images only cap-
ture a brief interval of the complete extraction process while the extraction data gives a
complete overview of the extraction event spanning over seven seconds. The extraction

Fig. 7 One optical image obtained from live footage of an emitter array and the correlation extraction data.
The integrated extraction electrode (marked in red) is visible on the left side and an emitter (marked in blue)
in the right portion, which features a straight capillary with a diameter of 30 um and a length of 300 um.
The image portrays the extraction of EMIM-BF 4 from the tip of the same emitter in the form of a fine spray
(marked in yellow)
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event was ultimately terminated when the ionic liquid overflowed onto the emitter sur-
face, which was accompanied by multiple arc hits on the emitters.

The second dataset consists of a single optical image extracted from live footage. This pic-
ture shows a fine mist being extracted from an emitter, displayed in Fig. 7. The emitter on the
right produces an ion spray aimed at the extraction electrode situated on the left side of the
image. For this experiment we utilized an emitter featuring a straight capillary with a fixed
diameter of 30 pum and a length of 300 um. The emission data that was collected is not avail-
able due to a device error in the amplifier electronics. The high currents from the extraction
event caused a safety shut-down of the amplifier. The emission was terminated by violent
arcing which caused damage to the emitter. We believe that the reason for the termination in
this case was a combination of the significant currents, the clearly visible spray in Fig. 7, and
too high extraction voltages. This combination most likely caused the arcing we observed.

The last dataset consists of one optical image and the correlation emission data of the
extraction event. The optical image in Fig. 8 displays an emitter and extraction electrode on
the right and left, respectively. The emitter design incorporates five rectangular capillaries
arranged in a star shape pattern. Each capillary has dimensions of 15 um x 30 pum x 300

m for length, width, and height, respectively. The image shows a fully formed Taylor-cone.
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Fig. 8 An optical image captured from a live video of an emitter array, which shows an emitter and an

extraction electrode aperture. The emitter consists of five rectangular capillaries arranged in a star pattern,

each measuring 15 wm x 30 wm . The image displays a fully formed Taylor-cone positioned over the one

of the emitters and oriented towards the extraction electrode. For better visualisation the outline of the

Taylor-cone was retraced by a red line. Additionally, the Taylor-cone is observed to be centred to the

electrode aperture. In the bottom half the extraction data is presented, with the normalized time plotted on

the X-axis and the applied high voltage and the converted extraction current plotted on the Y-axis
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For visibility purposes the outline of the Taylor-cone was enhanced with an red line in Fig. 8.
The Taylor-cone in the image is positioned on the emitter such that it points directly at the
extraction electrode. A slight reflection at the edge of the emitter tip reveals the bottom part
of the Taylor-cone. Figure 8 also shows the correlated electrical emission data. Similar to the
other experiments the extraction voltage was applied once the presence of fluid in the res-
ervoir behind the emitter was confirmed in the camera image. The voltage was then slowly
raised over the span of several minutes and after each incremental increase the system was
given time to adjust to the new voltage. During this experiment a positive voltage was applied
to the ionic liquid. The extractor electrode and collector plate were both at ground potential.
The extraction event plotted in Fig. 8 took place in the adjustment process. The image shown
in Fig. 8 can be placed around the nine second mark. The data exhibits very high emission
with a maximum of 10 pA, which remains relatively stable from eight seconds to ten sec-
onds. The extraction voltage is also stable at approximately 1.7 kV during this period. After
ten seconds of emission, instability occurred which resulted in an arcing. This is reflected by
the fluctuations observed in the high voltage and the exaction current.

Discussion

From the data obtained we can identify different extraction behaviour for the three
emitter designs. The images and data in Fig. 6 strongly imply a droplet extraction mode
featuring large droplets. This can also be seen in the emission data plotted in Fig. 6,
which shows multiple peaks. It can be inferred from the images that significant portions
of the droplet are detached during the process of being attracted towards the electrode.
After losing a considerable amount of volume, the droplet descends back towards the
emitter, possibly due to an imbalance of positive and negative ions within the fluid. This
may also account for the reduced attraction observed following the droplet’s split. Sub-
sequently, new negative ions are attracted through the capillary, resulting in the forma-
tion of a new, large droplet. The video demonstrates the repetition of the cycle depicted
in the three images. The extraction was stopped after a significant amount of fluid over-
spilled onto the surface of the emitter structure, wetting the complete space between
the individual emitters. The observed behaviour suggests that the fluid resistance of the
design presented, is still too low which is very likely also the cause of the overflow. The
capillary is capable of drawing a significant amount of fluid in a short period of time,
which favours droplet formation. Another inference can be made in regard to the design
featuring a conical opening at its tip. Its intended purpose was the creation of a buffer
zone for the fluid, thus reducing the chance of overspilling. However, it appears to have
a detrimental effect on extraction behaviour since it promotes droplet formation at the
tip. A notable observation can be made from the correlated video and emission data.
The droplets appear to have significant mass but low charge. The level of extraction cur-
rent in the emission data in Fig. 6 does not match the mass loss of the droplet. This
phenomenon may be explained by the size of the droplet, which likely contains nearly
equal amounts of negative and positive ions, with one type being slightly more domi-
nant. As a result, there is enough attraction towards the electrode, but the measured
currents are low. From the observations, one can gain significant insight into the inter-
action between the ionic liquid, emitter, and electrical field. The influence of the emitter
design is also apparent from the images and the emission data. Unrelated to the emitter
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design, the image sequence proves that the integrated electrode design is working as
intended. The droplet is pulled towards the electrode aperture and shows very little tilt.
This indicates a stable and well defined electrical field between emitter and electrode.
Furthermore, the droplets are able to exit the emitter stack and reach the detector plate.

This influence is also evident in Fig. 7. The emitters implement a revised design
that omits the conical buffer zone at the tip. A comparison of the emission behaviour
depicted in Figs. 6 and 7 reveals the effect. The latest design shown in Fig. 7 does not
exhibit droplet extraction, but instead shows a fine spray. This spray is indicative of a
fine droplet emission or even purely ionic emission. Further validation of the emis-
sion data is necessary. As previously described, data collection was unsuccessful due
to over-current in the amplifier electronics. However, the high currents, which are
typical for pure ionic extraction, support this interpretation. This image also dem-
onstrates the successful application of the recently developed electrode design. The
spray pattern visible at the emitter tip exhibits symmetrical behaviour towards the
aperture and points precisely at the opening. This observation further strengthens our
hypothesis about the electric field distribution between the emitter and the electrode.
Additionally, substantial currents were able to exit the electrode and reach the detec-
tor, even overpowering the electronics. The picture suggests a need for further inves-
tigation of the influence of the capillary on the emission. A white flash seen inside
the emitter prompts uncertainty whether it reflects light from another emitter or if
the spray is generated inside the capillary and, thus, glows. The implications for the
design and the thruster as a whole are significant, depending on the circumstances.

As evidenced by the preceding images, Fig. 8 shows a clear Taylor-cone and con-
firms again the successful implementation of the electrode design. In this case, the
ionic liquid is also pulled toward the electrode, even forming a complete Taylor-cone.
The accompanying emission data corroborates this, as a substantial current was col-
lected during cone formation.

As stated in “Results” section, the emission was terminated by instabilities which
resulted in arcing. We hypothesise from the image data captured, that in this case too
much fluid was pulled from the reservoir and caused an overflow. The extraction data
also suggest that the Taylor cone collapsed rather spontaneously, thus terminating
the extraction. Another explanation could be residual gas inside the reservoir which
exited the array through one of the emitters. While rare, we observed that some gas
may be captured inside the reservoir and may be extracted by the moving fluid. A
spontaneous decompression of the gas could also lead to a collapse of the Taylor cone
and cause arcing.

The data shown in Fig. 8 serves as an example of fluid-induced start-up, where
voltage is applied before the fluid can reach the emitter tip. Investigations of fluid-
induced versus voltage-induced start-ups reveal significant differences [24]. In certain
situations, one method of starting a the thruster may be more advantageous than the
other. Another important factor to consider is the design of the emitter. The rectangu-
lar capillary approach was used in this case, which is exclusive to this manufacturing
method. This highlights the importance of innovative thinking when designing emit-
ters. Exploring the various shapes and design features possible through 3D lithogra-
phy could lead to unforeseen outcomes and benefits.
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Conclusion

We introduced a completely modular design for extraction electrodes and its manu-
facturing process, which can be personalized to fulfil the requirements of the users
while remaining compatible with any electrospray emitter. Moreover, we displayed
the self-aligning ability of our design and demonstrated its implementation and
integration into our electrospray emitter arrays through SEM and optical images.
Additionally, we presented a new technique for acquiring in-situ video data of elec-
trospray emitters and showcased the outcomes. We modified and created various
emitter designs that utilized the IP-Q resin. These emitters were then subject to char-
acterization by using optical videos and electrical emission data. Although emission
behaviour remains unsteady, we are optimistic that stable emission will be achieved
by refining our techniques in accordance with the IP-Q material system and adjust-
ing the emitter designs. Once stable emission is confirmed, time-of-flight data will be
collected to analyse the performance of the thruster. We also want to investigate the
influence of different ionic liquids on the emission behaviour.

Appendix A Additional figures

Fig.9 A microscope image of an IP-Q emitter. The emitter features a 10 um capillray diameter over a hight of
300 wm. The lower part of the emitter is obscured by the emitter base and only a 200 um secton of the capillary
is visible
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Fig. 10 Supplementary for Fig. 4. The picture shows a magnified section of the microscope image presented in
Fig. 4 with additional markings. The blue cross-hair is aligned to the extractor orifice and the red cross-hair to the
emitter structure. The small green dot in the center of the image marks the center of the capillary opening. From
this picture the alignment quality of the emitter-extractor combination can be determined. The deviation of the
center of the capillary from the center of the extractor orifice measures approximately 5 pm
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