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Abstract

Spaceflight has become more accessible than ever due to increased launch reliability and
significant advances in electronics. Among these advancements are small-sized Pock-
etQubes, which are small satellites (5 x 5 x 5 cm for 1P) that can be built using commercial
off-the-shelf components. A critical subsystem in these satellites is the communication
system, which requires compact and deployable antennas. This work focuses on the design
of deployable antennas for TU Delft’s upcoming Delfi-Twin PocketQube mission, operating
in the 10 m and 6 m amateur bands. The Shape Memory Alloy (SMA) nitinol was selected
as the antenna material due to its favorable mechanical and deployment characteristics.
However, its high electrical resistivity limits antenna efficiency. This study investigates
multiple conductive coating techniques for nitinol antenna wires, aiming to improve elec-
trical performance while maintaining mechanical flexibility. The coatings are evaluated
through electrical resistance measurements and mechanical bending tests. Among them, a
DuPont ME164 ink showed the most promising performance, significantly reducing wire
resistance compared to bare nitinol while preserving mechanical integrity. These results
address a novel conductive coating for efficient SMA-based antennas and demonstrate a
valid approach for improving deployable antennas in small-satellite applications.

Keywords: PocketQube; SMA; nitinol; coating; dipole antenna; space

1. Introduction

Throughout recent decades, spaceflight has become much more accessible through
increased launch reliability and advances in electronics. At the end of the 20th century,
advances in microelectronics allowed satellites to be built in smaller form factors than ever
before [1]. However, despite these advancements, small corporations and universities still
face significant challenges in developing and launching satellites due to expensive parts
and launch costs.

In 1999, with the introduction of the CubeSat standard by Puig-Suari and Twiggs
at California Polytechnic State University, spaceflight became more accessible to small
corporations and universities [2]. Puig-Suari and Twiggs specified that a one standard unit
(U)isa 10 x 10 x 10 cm cube which weighs 1.33 kg.
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Due to the immense success of CubeSat, Robert J. Twiggs proposed the development
of the PocketQube in 2009 [3]. Like CubeSat, PocketQubes can be stacked to form larger
units, but their dimensions are reduced by half, with a standard unit (1P) measuring just
5 x 5 x 5 cm, with a weight of 250 gr [4]. TU Delft has developed a series of CubeSats and
PocketQubes as part of the Delfi program, starting with Delfi-C3 (in 2008) [5], followed
by Delfi-Next [6] and Delfi-PQ [7]. The next step is to launch a pair of 3P PocketQube
satellites, called Delfi-Twin [1] (Figure 1). The mission of the latter is to demonstrate
formation flying and relative navigation for small satellites, while conducting various
measurements in low Earth orbit [8]. One of the payloads aboard both satellites of Delfi-
Twin is the RABSII instrument [9] (Radio Amateur Beacons aboard a nano-Satellite for the
Investigation of the Ionosphere). This monitoring system will focus on the ionosphere,
specifically a phenomenon known as sporadic E [9].

Communication system
antennas

Figure 1. Delfi-Twin PocketQube setup.

The ionosphere is a layer of the upper atmosphere which is ionized by solar radiation.
This layer has an impact on radio propagation by reflecting, refracting, and scattering radio
signals [10]. One of these effects is linked to sporadic E, a temporary ionospheric radio
propagation reflection phenomenon with a low prediction probability [11]. sporadic E can
create interference for low-power communication devices and broadcasting services [9]. By
better studying and understanding the formation of sporadic E, its effects and potential
interference when transmitting radio signals can be mitigated. There have been attempts
made to try and study sporadic E at higher frequencies, but these suffer from errors
such as refraction, temperature errors and water vapors [9]. TU Delft’s next PocketQube,
Delfi-Twin, housing the RABSII instrument, will try to study sporadic E at much lower
frequencies, namely 28 MHz and 50 MHz. Therefore, RABSII will be installed operating on
one satellite at 28 MHz, while on the other satellite at 50 MHz. To be able to transmit at these
lower frequencies from a PocketQube platform, the antenna system must be deployable
due to size constraints. Additionally, these platforms only generate a limited amount
of power. Hence, a miniaturized and highly efficient antenna setup is needed aboard
both PocketQubes.

The aim of this research is to select the material for a compact and highly efficient
antenna system, compatible with the volume restriction of Delfi-Twin. The material se-
lection of the antenna is studied, leading to the use of a Shape Memory Alloy (SMA) and
specifically nitinol. This wire comes with its limitations, specifically its high resistive value.
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To overcome this limitation, the application of a highly conductive coating is a potential
solution. Although several coating techniques are already used in space [12-15], the coating
of antennas for space-based applications has only been applied in limited cases [16,17], es-
pecially SMA coatings [18-20]. Mostly, coatings are applied onto larger surfaces. They play
a crucial role across numerous fields such as corrosion protection, surface functionalization,
encapsulation, electronics, including OLEDs, electroluminescent devices, photovoltaics,
EMI shielding and touch sensors. Besides electronics, in the medical sector, coatings are
applied via additive manufacturing to provide components with biocompatibility for use
inside the human body [21]. In this research, several coating techniques are investigated
to reduce the resistive losses of nitinol when used as an antenna wire for space applica-
tions. The conductivity achieved depends on factors such as the coating thickness, the
ink composition and the curing technique. Optimizing conductivity directly enhances the
efficiency of the transmitted radio signal. Since radio-frequency (RF) applications deal with
high frequencies, the skin effect further increases the importance of the coating for antenna
performance [22-24]. Finally, because the antenna wire will be folded within the limited
containment of the Delfi-Twin PocketQube, the coating must withstand bending to a radii
of about 2 mm without loss of performance and conformity.

2. Antenna Design Limitations and Material Selection
2.1. Design Limitations

Considering the use of the PocketQube standard as the baseline to fit a 28 MHz and
50 MHz antenna, several design constraints are imposed on the deployable antenna systems
on both satellites. The system must fit within the dimensional constraints of the Delfi-Twin
PocketQube. Due to having a maximum number of solar panels mounted on all sides of
the satellite and its deployable solar panels (Figure 1), only limited space is available for
the antenna system. Two half-panels are potentially available to house the antenna system,
with dimensions 8 x 4 x 0.2 cm (Figure 2).

Dipole antenna

\
\
\
\
\

Possible location
for both parts
of dipole

Figure 2. Possible location of both parts of the dipole on the satellite panels.

https:/ /doi.org/10.3390/aerospace13020177


https://doi.org/10.3390/aerospace13020177

Aerospace 2026, 13, 177

40f16

Due to this low available volume to store the antenna, the integration of complex
deployable antennas is not possible. Hence, the basic dipole antenna [25] was chosen as
the baseline for the 28 MHz, as well as for the 50 MHz frequency. The simplicity of this
antenna, being just two wires, lowers the deployment risk and increases the reliability of
the antenna system.

For the frequencies of 28 and 50 MHz, the corresponding wavelengths (A) are 10 m
and 6 m, respectively. With the calculated wavelength, the total dipole length L (=A/2)
is 5 m for the 28 MHz frequency, with each wire element measuring 2.5 m. For 50 MHz,
the dipole length L is 3 m, with each element measuring 1.5 m. Each element of the
antenna itself is woven in a zig-zag pattern onto each panel. These wires should fit into the
volume described above. Hence, the thickness of the wires is limited to only a few tenths of
a millimeter.

Additionally, the 3P Delfi-Twin PocketQube has a limited weight of only 750 gr. In
this frame, the antenna system should also not exceed a weight of 60 g.

2.2. Antenna Material Selection

To store this long wire into the aforementioned volume, a Shape Memory Alloy (SMA)
was selected, namely nitinol. These are metallic alloys with the unique property to change
shape with the influence of temperature [26,27]. SMAs were already used in space, like on
the ALBus CubeSat [28], the NASA Mars Pathfinder [29], and on MightySat-1 [30].

SMAs have two different phases, each with their own unique crystal structure inside
the alloy creating different properties. One phase is the high-temperature phase called
austenite (A). When the alloy cools down to a low temperature, it will transform into
its other phase, called martensite (M). The crystal structure between these two states is
different. The transformation inside the crystal structure occurs by lattice distortion, which
means that the atoms move away from their ideal structure. The transformation from
an ideal, mostly cubic crystal structure to the lattice distortion that can be found in the
martensite phase is called martensitic transformation [26].

There are many different combinations of alloys that are used to make SMAs. All
these different alloys have different characteristics. The combination of different metals
results in different melting points and different strengths. One of these important factors
is the E modulus or Young’s modulus, which measures the stiffness of the material and
represents its ability to resist deformation under tensile or compressive stress. A higher
E modulus indicates a stiffer material, whereas a lower value suggests more flexibility.
Some combinations of different metals result in a less dense alloy that could be helpful in
applications where a lightweight alloy is needed, such as medical applications [27]. The
different alloys result in different temperatures of martensite and austenite. In this way,
SMAs can be designed to have different operating temperatures for different scenarios [26].

Due to their excellent characteristics, Ni-Ti, Cu—Ni-Al, and Cu-Zn-Al are often used.
Ni-Ti or nitinol is very ductile and can tolerate high strains and is very corrosion-resistant.
The Cu-based alloys have a wider range of transformation temperatures and the Cu- Zn-Al
alloys have a much higher damping capacity [27].

Nitinol is readily available in different austenite finish temperatures (A¢) and sizes [26].
By training the nitinol to remain straight above its A; temperature, applying heat would
allow it to transform into a straight line, which is in-line with the shape of a dipole antenna.
Fortunately, many nitinol wires are factory-trained to adopt this specific shape, meaning
that the wire would already be preconfigured for the desired straight-line structure. To
deploy the nitinol antenna, a heat source must be applied to raise the wire’s temperature
above its A¢ temperature. Fortunately, the sun radiates approximately 1366 W/m? in
Earth’s orbit [31] and hence can serve as the heat source to deploy the antenna. In previous
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missions, TU Delft observed high temperatures of around 80 °C on the surface of their
Delfi-PQ satellite due to this solar radiation [32]. If the A¢ temperature of the nitinol wire is
set below 80 °C, the sun’s radiation can naturally heat the wire to the required temperature,
thereby deploying the dipole antenna.

2.3. Nitinol Resistivity

One challenge with using nitinol wire as an antenna is its relatively high electrical
resistance compared to conventional antenna materials such as copper, silver, or gold. For
instance, nitinol has an electrical resistivity of approximately 1.10 x 10~® Om, whereas
copper has a much lower resistivity of about 1.68 x 10~8 Om [33]. This significant difference
means that nitinol will impose more electrical resistance if used as an antenna, leading
to reduced efficiency. Higher electrical resistance causes more transmission energy to
be lost along the wire, rather than being effectively radiated. A way to mitigate this
increased electrical resistance is to apply a low-resistivity coating onto the nitinol wire.
Several coating techniques already exist [34-37], but they are not intensively used to coat
nitinol. Possible coating techniques which lower the electrical resistivity value of nitinol
are discussed in Section 3.

3. Nitinol Coating Results

In order to make the nitinol wire more efficient in the frame of antenna use, a second
more conductive layer (e.g., for example copper, silver, or gold) can be placed on top of the
nitinol wire. This coating layer can serve as an effective antenna due to the skin effect. The
skin effect is a frequency-dependent phenomenon in which Alternating Current (AC) tends
to concentrate near the surface of a conductive material like a wire rather than distributing
evenly throughout its cross-section [38,39]. As a result, the current density is greatest at the
outer surface and diminishes exponentially with increasing depth into the material. The
skin depth is defined as the depth at which the current density is around 37% of its value
at the surface of the material [38,39]. This depth & depends on the frequency f of the AC
signal, as well as the conductor’s electrical resistivity p, the relative magnetic permeability
ur, and the vacuum permeability pg [39]:

[P
6= 1
TUf prtho @

For gold, p is 2.24 uQcm, p, is 1, and g is 47 x 107 H/m [33], which at 28 MHz
leads to a skin depth of 14.24 pum.

3.1. Electroplated Coating

A problem with nitinol coatings is that both nickel and titanium are known for their
challenging adhesion properties. The first test to coat the nitinol used a method called
electroplating. Electroplating is a process that uses electrical current to deposit a thin layer
of metal onto the surface of another material [40]. The basic setup involves two electrodes:
an anode and a cathode immersed in an electrolyte bath containing a solution of metal salts.
The anode is typically made of the metal that will form the coating (for example, copper
or nickel), while the cathode is the object to be plated. When a direct current is applied,
metal ions from the anode dissolve into the electrolyte and are attracted to the negatively
charged cathode. There, the metal ions are reduced and deposited onto the surface, forming
a uniform metal layer [41].

Due to the difficult nature of the substrate, unconventional etching solutions were
used. The best results were achieved by immersing the material for 30 s in a bath of
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concentrated nitric acid (37 wt%) diluted 10 times (resulting in 3.7 wt%), with the addition
of 3 wt% sodium fluoride.

After rinsing, the substrate was immersed in a nickel strike. Strikes are nonconven-
tional electroplating solutions typically used for challenging substrates [42]. Among these,
nickel strikes are the most used, and given the presence of nickel in the alloy, this seemed
the most logical choice. An alternative could have been a copper strike, but these are based
on cyanide baths, which should preferably be avoided [43]. The composition of the nickel
strike bath was as follows: 100 g/L HCI and 200 g/L nickel chloride with a current density
of 5-15 A/dm?. The anodes were nickel plates and the temperature of the bath was around
20-30 °C. The nitinol was submerged for about 5 min.

The results of this coating method were unsatisfactory and can be seen in Figure 3, as
the plating on the nitinol wire was not uniform. This is largely due to the inherent difficulty
of achieving strong adhesion between the coating material and the nitinol surface. Even
when nickel, which is an element already present in the nitinol alloy, was used, the coating
did not adhere well and appeared very thin. A resistance measurement was performed on
both the coated and uncoated nitinol samples. The results showed no significant difference
between the two, confirming that the coating was not uniformly applied. The minimal
thickness of the coating was also thin. Therefore, an alternative coating method must be
explored to achieve a more reliable and effective result.

Figure 3. Electroplated nitinol. Result shows a non-uniform plating.

3.2. Ultrasonic Spray Coating

The initial test utilized a particle-free self-reducing silver (Ag) ink solution. In this
solution, the Ag atoms are structured in a chemical complex. Upon curing in an oven,
the complex evaporates, leaving behind only the silver [44]. The ink was applied using a
Sono-Tek ExactaCoat ultrasonic spray coater, using an accumist precision nozzle (Sono-
Tek Corporation, Milton, NY, USA). Approximately 10 cm of 0.3 mm diameter nitinol
wire was used for testing. Prior to coating, the wire was cleaned in an ultrasonic bath
containing isopropanol. It was then suspended horizontally above the hotplate of the
sprayer, allowing the shroud gas to assist in evenly distributing the ink around the wire
during application (Figure 4).
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Figure 4. Test setup for spray coating.

The first test was done to see how the spray deposits on the nitinol wire. A nozzle
traverse speed of 100 mm/s and a nozzle-to-wire distance of 20 mm were maintained
throughout the process. A flow rate of 0.4 mL/min was used, with a 10 s delay between
layers to allow partial drying. This process was repeated for 10 layers. A lower flow rate
means a less-thick coating, so a second test was performed using a higher flow rate of
0.6 mL/min and a longer delay time of 20 s. Again, 10 layers were applied. However,
this configuration resulted in droplet formation at the bottom of the wire, likely due to
insufficient proximity to the heated bed, which prevented efficient drying. As a compromise,
a third configuration was selected: a flow rate of 0.5 mL/min with a 20 s delay time. Due
to the thin nature of each sprayed layer, a program was developed to apply 100 layers
in total. After 100 layers, the wire was cured in an oven at around 130 °C. After curing,
a visual inspection revealed that the coating remained very thin and was non-uniform,
particularly between the top and bottom sides of the nitinol wire. The wire resistance
decreased marginally, from 0.290 (/cm to 0.281 (3/cm.

3.3. Dip Coating

The second coating technique which was explored was dip coating using different
Ag-based inks typically employed in metal screen printing [45-47]. Two different types
of ink were employed. The first was a nanoparticle-based silver ink, characterized by a
minimal amount of binder and a high concentration of silver nanoparticles. Upon sintering,
this type of ink yields bulk-like silver layers with excellent electrical conductivity but
limited flexibility, stretchability, and in some cases limited adhesion properties. The second
ink type was a microflake ink consisting of silver microflakes (usually within the range of
0.5 to 5 micrometers) dispersed within a polymeric binder. In these inks, the flakes form
percolation paths, while the binder provides mechanical stability and adhesion. Silver
microflake inks exhibit lower conductivity compared to silver nanoparticle inks, but their
composition can be tuned to achieve an optimal balance between conductivity, stretchability,
and flexibility for specific applications.

https://doi.org/10.3390/aerospace13020177
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A small volume of ink was put in a recipient, while the nitinol wire was fed through
the ink in an attempt to achieve a uniform coating (see Figure 5). All samples consisted of
10 cm long, 0.3 mm diameter nitinol wires, which were first cleaned in an ultrasonic bath
of isopropanol.

Figure 5. Manual dip coating proof of principle.

The first ink tested was Orgacon SIP2000 provided by Agfa (Agfa-Gevaert Group,
Mortsel, Belgium), a nanoparticle-based ink containing silver particles ranging in size
from 30 to 100 nm, with a solid content of 65 to 70 wt%. Three samples were prepared by
guiding the wire through the SIP2000 ink. Due to the ink’s shear-thinning properties, it
exhibited high viscosity at rest but became less viscous (2-3 Pa s) at the wire interface, under
shear stress as the wire moved through it. This effect enabled the formation of a relatively
uniform coating on the wire surface. To ensure coating uniformity, the withdrawal speed
was kept constant for all samples.

To investigate the effect of curing conditions on the coating, each sample was subjected
to a different thermal treatment: the first sample was placed in a VWR dryline DL56 oven
(VWR, Leuven, Belgium) at 130 °C for around 15 min, the second sample was placed in
the oven at around 150 °C for around 15 min, and the final sample was placed in the oven
at around 130 °C for 45 min. The wire’s electrical resistance reduced from 0.290 )/cm
for the uncoated nitinol wire, to 0.075 Q) /cm (74% decrease), 0.042 () /cm (86% decrease),
and 0.021 QQ/cm (92.8% decrease), respectively. An initial mechanical test was performed
by bending the coated wires to observe how the coating responded to deformation. For
this test, a Solvica cylindrical mandrel tester (Solvica B.V., Dronten, The Netherlands)
with a mandrel diameter of 2 mm was used in accordance with ASTM D522 [48]. As
the SMA wire is intended to deploy only once in space, the bend test was performed
as a one-time evaluation rather than a cyclic fatigue test. The selected 2 mm mandrel,
however, represents a more severe bending condition than the maximum bend radius
when folded in its actual application, thereby providing a conservative assessment of the
coating adhesion. In all three cases, the coating cracked and detached from the wire surface
(Figure 6). Microscopic inspection confirmed the presence of cracks, which are undesirable
as they compromise both the mechanical integrity and electrical conductivity of the coating.
The poor adhesion strength in combination with limited flexibility comes from the fact that
this ink is optimized for screen printing on polymer substrates, on which the adhesion
properties are well-matched and result in excellent conductivity and flexibility. In contrast,
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metals like nitinol are known to exhibit poor adhesion with other metallic coatings, which
explains the behavior observed in this case.

Figure 6. SIP2000 bending test shows the cracked coating detaching from the wire surface.

Additionally, the coatings exhibited surface irregularities, with visible bumps and incon-
sistencies visible under the microscope (Figure 7). This was because the ink was only hand
stirred and thus not properly homogenized prior to application. Using a SpeedMixer (Romaco
BV, Oud-Beijerland, The Netherlands), which mixes the ink at high rotational speeds, could
resolve the inconsistencies by producing a smoother, more uniform ink mixture.

Figure 7. SIP2000 coating texture showing surface irregularities, with visible bumps and inconsistencies.

The next two samples were prepared using a microflake ink. This type of ink can,
as explained earlier, potentially mitigate the adhesion issue since the polymer binder has
a greater affinity for nitinol surfaces, albeit at the expense of electrical conductivity. The
inks employed were DuPont ME164 (DuPont, Mechelen, Belgium) and ECI 1501 silver
inks (Henkel Belgium S.A., Brussels, Belgium), both designed to provide greater elasticity
compared to Agfa Orgacon SIP2000. These formulations are based on silver micro particles
ranging from 0.5 to 10 um in size, dispersed in a polymer binder, both with a solid content
of around 70 wt%. However, both inks presented challenges during the coating process.
Unlike Orgacon SIP2000 (Agfa-Gevaert Group, Mortsel, Belgium), these inks have a sig-
nificantly higher viscosity (1040 Pa s) and lack shear-thinning behavior. As a result, the
ink tended to adhere more heavily to the wire surface, leading to uneven coatings with
visibly thicker patches in certain areas (Figure 8). After coating, both samples were cured in
an oven at 130 °C. The resistance decreased relatively equally, starting from the reference
resistance of 0.290 ()/cm, towards 0.063 Q) /cm (78% reduction) for DuPont ME614 and
0.051 Q3/cm (82% reduction) for Henkel ECI 1501, taking into account the coating thick-
nesses of 108 and 118 um, respectively). The wires were then bent and examined under a
microscope (Figure 8). Neither sample showed any cracking upon bending, indicating im-
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proved mechanical flexibility compared to the nanoparticle-based Orgacon SIP2000-coated
wires. Additionally, the coatings appeared smooth and free of surface bumps, thanks to
proper ink homogenization using a SpeedMixer prior (Romaco BV, Oud-Beijerland, The
Netherlands) to application.

000,

Figure 8. DuPont ME164 bend test leading to uneven coatings with visibly thicker patches in
certain areas.

To improve coating uniformity and mitigate the issues observed with the previous
samples, an additional test was conducted using a diluted version of the DuPont ME164
ink. A thinned ink solution was prepared by mixing the ink with acetone in a 1:2 volume
ratio (ink:solvent), resulting in an effective solid content of approximately 23-24 wt%. This
modified solution significantly enhanced the coating process, allowing the ink to flow
more easily over the wire and producing a more uniform layer. The coated wire was then
cured, bent, and examined with an optical microscope (Figure 9). As expected, the coating
thickness reduced in accordance with the dilution, leading to a corresponding reduction in
wire resistance of 26% relative to the uncoated wire, yielding a resistance of 0.215 (}/cm.
The inspection revealed no visible cracks. As expected, the coating appeared noticeably
thinner than previous samples. This is attributed to the lower viscosity of the diluted ink
solution, which allowed it to spread more evenly and form a more uniform layer on the
wire surface.

Figure 9. Diluted DuPont ME164 bend test showing no visible cracks.
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3.4. Wire Drawing

To increase the coating uniformity of the microflake ink, the conventional dip-coating
method was adapted into a wire-drawing method as earlier reported by G. Holesinger
et al. [49]. In this method, the wire is still dipped and pulled through the ink solution;
however, a die forces the ink to stay within a defined form shape at the pullout point. By
doing so, the die limits and homogenizes the deposited ink layer on the nitinol wire. The
die used in this experiment had a long conical section towards the exit point, generating
shear forces that naturally aligned the wire with the center of the orifice, thereby producing
a uniform coating thickness around the wire circumference. The die used in this research
was a Nordson PTFE precision tip with an orifice opening of 400 um.

In Figure 10, the Nordson PTFE precision tip is filled with DuPont ME614 silver flake
ink. A 300 pm nitinol wire is manually drawn through the 400 pm tip opening, resulting in
a very homogeneous coating, excluding the first few millimeters when advancing towards
the regime condition. The samples were cured at 120 °C for 15 min. After curing, the
wire resistance dropped to 0.106 (3/cm (63% reduction). Optical inspection, as shown
in Figure 11, demonstrates excellent homogeneity of the coating along the length of the
nitinol antenna wire, as well as its strong adhesion during bending. Furthermore, optical
inspection suggests a lower surface roughness compared to dip-coated samples, which can
be important for antenna applications at high frequencies in which the skin effect plays a
significant role.

Figure 10. Wire-drawing process, coating a 300 um nitinol wire with ME614 ink, through a precision
pipette tip with an orifice of 400 um.

Figure 11. Wire-drawn DuPont ME164 bend test showing excellent homogeneity of the coating along
the length of the wire.
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4. Discussion

To evaluate the electrical performance of the different coatings the direct current
(DC) resistance was measured on all samples produced by both spraying and dip coating
methods. The coating thickness for each sample was determined by examining the cross-
section of the wire under a microscope (Figure 12). To create cross-sectional specimen, the
wire is embedded in a clear epoxy resin, cured for 48 h and polished, as earlier explained
in Section 3.

()

(d)

Figure 12. (a) Cross-sectional view of a dip-coated nitinol wire with Agfa Orgacon SIP2000. The
300 pme nitinol wire is coated with a £50 um thick silver layer after sintering; (b) Cross-sectional
view of a dip-coated nitinol wire with DuPont ME614. The 300 ume nitinol wire is coated with a very
non-uniform layer of silver ink; (c) Cross-sectional view of a dip-coated nitinol wire with the diluted
version of DuPont ME614. The 300 ume nitinol wire is coated with a relatively non-uniform layer of
silver ink; (d) Cross-sectional view of a wire-drawn coated nitinol wire with DuPont ME614. The
300 ume nitinol wire is coated with a uniform layer of silver ink.

The resistance is measured using a HP 34401A Multimeter in four wire configurations
to measure the average wire resistance over 10 cm, eliminating probe contact resistances.
In Table 1, an overview is given of the different coating techniques and their accompanying
coating thickness and wire resistance per centimeter of antenna wire.

The results indicate that the coating thickness, the ink composition and the curing
parameters have a significant influence on the resistance of the coating. The sample
coated using the particle-free self-reducing ink via spraying exhibited an extremely thin
coating, resulting in no measurable difference in resistance compared to uncoated nitinol
wire. In contrast, the samples coated with SIP2000, DuPont ME164 and ECI 1501, each
of which produced thicker layers, demonstrated a notable reduction in resistance due to
improved electrical conductivity from the thicker silver coatings. The sample coated with
the diluted DuPont ME164 ink displayed a thinner layer compared to the non-diluted
version, which led to slightly higher resistance. The notable difference in conductivity
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between SIP2000 and ME614 comes from the intrinsic difference in ink type; nanoparticle
versus microflake, respectively, as earlier described. Finally, prolonged curing or sintering
reduces the resistance of the coating until the intrinsic limit of the ink is reached.

Table 1. DC resistance measurement results for different samples.

. . Coatin Wire Resistance
Ink and Curing Coating Method Thickness %um] per cm [Q/cm]

/ No coating / 0.290
Particle-free self-reducing ink (120 °C, 15 min)  Ultrasonic spray coating / 0.281
SIP2000 (130 °C, 15 min) Dip coating 50 0.075
SIP2000 (150 °C 15 min) Dip coating 38 0.042
SIP2000 (130 °C, 45 min) Dip coating 47 0.021
DuPont ME164 (120 °C, 20 min) Dip coating 108 0.063
ECI 1501 (120 °C, 20 min) Dip coating 118 0.051
DuPont ME164 Diluted (120 °C, 20 min) Dip coating 36 0.215
DuPont ME614 (120 °C, 15 min) Wire-drawn 104 0.106

5. Conclusions

A conclusion can be made from these initial tests on coatings for nitinol wire. All
samples retained their shape memory effect, demonstrating that the coating processes did
not hinder the functional properties of the material, in particular, post-curing or sintering
of the ink must retain below the austenite finish temperature (A¢) to preserve the shape
memory effect. Among the tested methods, the manual wire-drawn DuPont ME164 ink
showed the most promising results, offering ease of application, outstanding coating
homogeneity and strong mechanical flexibility under bending. Wire drawing offers the
highest controllability and can therefore be considered for future automation, enabling
adjustable nozzle diameters (coating thickness), tunable coating speed, and controlled
curing temperature. This approach would allow optimization of the coating thickness,
resistance, surface roughness, and homogeneity for specific applications.

The scope of the present work is limited to evaluating the improvement in electri-
cal conductivity of coated SMA wires through resistance measurements, alongside an
assessment of their mechanical bending performance. As such, the full-scale RF perfor-
mance of antennas manufactured from the coated SMA wires is beyond the scope of this
paper. Future work will therefore focus on a RF characterization of the most promising
coating solutions identified in this study. This will include measurements of antenna
input impedance, radiation efficiency, bandwidth, and radiation patterns at the target
operating frequencies in the 10 m and 6 m amateur bands. In addition, the impact of
the coating on RF losses under dynamic deployment conditions can be part of future
work. Further research will also address the long-term reliability aspects relevant to space
missions, such as thermal cycling, vacuum compatibility, and potential degradation of
the coating under space environmental conditions. These efforts will enable a complete
assessment of coated SMA-based deployable antennas and support their qualification for
future small-satellite missions.
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AC Alternating Current

DC Direct Current
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RF Radio-Frequency

SMA Shape Memory Alloy
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