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A deployable holographic metasurface antenna design for small satellites is presented. The
presented design uses an embedded membrane hinge that does not rely on adhesives, can be
cycled repeatedly, and does not take up significant surface area away from the antenna. A
novel stabilization method is also integrated which uses magnets for passive stabilization and
is demonstrated to be notably flat in a micro-gravity simulated environment. Additionally, a
compliant Euler spiral fold is used for integrated, low-profile deployment. The design is then
validated using RF testing in an anechoic chamber, and the measured performance is shown to
fulfill the expected nominal gain requirement.

I. Introduction

His work addresses the popularity of smallsats by creating and demonstrating a novel holographic metasurface antenna

(HMA) for smallsats that stows compactly, incorporates a unique surrogate hinge design, magnetic stabilization
design, and deployment method. Trends in the aerospace industry have shown that the number of satellites launched
into space each year has steadily increased for the last two decades [1]]. One factor that has contributed to this trend
is that technology has allowed satellites to become increasingly lighter and, therefore, less expensive to launch. An
example of how satellites have become lighter is the advent of the CubeSat, which first launched in 2003 and has since
become a standard platform for simple space missions [2H5]. CubeSats, along with other “PicoSats”, rely on antennas
to establish radio transmission, as well as solar panels to power the satellite [6]]. Because the performance of antennas
and solar panels is directly related to their surface area, engineers have turned to various methods, including origami, to
increase their ratio of deployed surface area to stowed volume [3. [7]].

High-gain antennas such as parabolic reflectors, phased arrays (PAs), electronically steered arrays (ESAs), reflectarrays
(RAs), transmitarrays (TAs), and metasurface antennas (MAs) are commonly used in satellite communication systems
and each has its own advantages and disadvantages. For example, PAs can dynamically steer their beams in a desired
direction with a high level of beam agility [8]; however, their designs are complex, and they require high-power
beam-forming mechanisms that increase both their cost and their profile. TAs and RAs are simple, cost-effective
solutions that achieve high gains due to their large apertures, but they have high profile due to the feed source placed
several wavelengths away from the reflective surfaceff]

Metasurface antennas, particularly HMAs, have all the advantages of RAs and TAs, while, in addition, they are
low-profile structures, making them promising candidates for use in satellite systems. Their performance is achieved
using sub-wavelength unit cells (e.g., passive microstrip patch antennas of size 1/5 X 1/5 as shown in the bottom
left inset of Fig. [I)) properly distributed on their flat apertures, and fed by a single source placed at the center of the
HMA'’s aperture. Despite the attractive electromagnetic properties of all these large aperture high-gain antennas, folding
them compactly for transport to space remains challenging. Stowed antennas must be deployed, which often requires
peripheral infrastructure, significantly increasing the weight of the system. Due to these factors, reducing the weight of
deployable antennas as well as reducing the weight of systems required to deploy the antennas is an important topic of
research and focus of design.

Current satellites use a variety of methods to deploy and stabilize antennas, including telescoping booms [[10-H13]],
masts [14], exterior frames and trusses [15H17]], stored strain energy in structures and tensioned cables [18-24],
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*Notably, state-of-the-art reflectarrays with an aperture surface of 5812, designed to operate at 16 GHz for exhibiting the necessary realized gain
of 26.4 d Bi, place their feed antennas (e.g. horn antennas) at distance Hy = 9.4 (where, A = ¢/ f, f is the frequency of operation of the antenna
and c is the speed of light) from the center of their apertures, that corresponds to 17.6¢m,[9].



Monopole Feed

Fig.1 Initial deployed holographic metasurface antenna (HMA) concept design with 1U CubeSat structure. In
the top left inset, the monopole that feeds the HMA is shown. In the bottom left inset, a 2mm sub-wavelength unit
cell is shown consisting of a metallic square patch printed above a grounded substrate with a thickness of 1.57mm.

pneumatics [23, 26], and hardstops [27H31]. These techniques are viable solutions for maintaining the desired
performance of antennas; however, some of these techniques require external structures, which occupy payload volume
and add mass. These mechanisms are also dependent on hinges and bearings, which can be subject to friction and wear.

The objective of this work was to create an HMA that folds around the outside of a CubeSat and incorporates
surrogate folds, a stabilization technique, and deployment methods (see Fig. [T). The pattern for this antenna was
developed with zero-thickness origami models, which were then modified to accommodate the thickness of each panel.
The final models considered are shown in Tab. [I] with the model chosen highlighted in blue.

Table 1 Fold pattern candidates based on patterns that can fold around 1U CubeSats. The red dashed lines
are valley folds, the blue solid lines are mountain folds, and the interior black solid lines are cuts. The selected
pattern is highlighted in blue.

Fold Pattern
Fold Pattern Name Origami Box with Corner Folds  Four-Sided Flasher Kirigami 13-Panel
Number of Folds 16 16 12
Mountain Folds 12 12 8
Valley Folds 4 4 4
Number of Cuts 0 0 4
Number of Folds and Cuts 16 16 16
Rigid-Foldable Yes No Yes
Special Thickness Accommodation Yes Yes No




(a) (b)

Fig.2 (a) Analog flasher pattern with parameters m=4, r=1, h=1, and dr=0. Each repeating quadrant is referred
to as a “gore”. (b) Associated kirigami flasher pattern. Mountain folds are shown with blue long dashed lines,
valley folds are shown with red short dashed lines, and cut lines are shown with black solid lines.

I1. Design

A. Project Requirements

The aim of this work was to create a foldable metasurface that uses surrogate folds and other components appropriate
for the space environment, can function reliably and repeatedly, deploys from a compact stowed area to a large deployed
area, and is stable in a deployed configuration.

B. Pattern Selection

The deployed shape and aspect ratio requirement was for the deployed antenna to fill out a square 9-panel metasurface
and to stow compactly on the outer sides of the CubeSat. An example is shown in Fig.[I] which shows how the unfolded
holographic metasurface antenna would work with a 1U CubeSat structure.

A kirigami flasher pattern was used for its simplicity and variety of folds. This pattern used a flasher pattern with
the parameters m =4, r = 1, h = 1, and dr = 0 [32]](shown in Fig. @a), which was then modified to reduce the number
of total panels and hinges by introducing cuts between gores, as shown in Fig.[2b. While modifying the design using
kirigami principles introduces more degrees of the freedom to the flasher pattern, it was seen as desirable to reduce the
complexity of integrating a pin-less hinge design by reducing the number of folds in the pattern, as well as reducing the
number of panels that were manufactured from 13 to 9. Note that each repeating section of a flasher pattern is referred
to as a “gore”, and so each of the four repeating sections in this design will also be referred to as such.

C. Embedded Membrane surrogate folds

When origami patterns are thickened to accommodate materials, the paper folds must be replaced with “surrogate
folds”. Often, this can be accomplished with a simple pin joint; however, this work sought to incorporate surrogate folds
which are appropriate for a space environment and which would not require lubrication. An embedded membrane hinge
was chosen for its ability to leave deployed panels on the same plane while maintaining a large usable surface area when
deployed.

1. Embedded Membrane Hinge Geometry

The embedded membrane hinge design chosen was developed by Ynchausti et al. [33]. This method uses two
contacting circles of different radii to keep the membrane tensioned in both the open and closed positions, building off
the Regionally Sandwiching of Compliant Sheets (ReCS) method of sandwiching a membrane between two panels.
This modified approach increases control over the stress by varying the radius of the joint, allowing for less stress on the
membrane while in a closed state, as shown in Fig.|3] When using this design, the larger radius, Ry, is the limiting factor
for the total thickness of the final panels, which in turn determines the weight and volume of the overall antenna. As
such, R was designed to be as small as possible, which was determined by the allowable stress in the membrane
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Fig. 3 Geometry of hinge structure from Ynchausti et.al. [33]. Note that the thickness of the metasurface
antenna panels is given by P, which is added to R; to give R . rrecrive-

material. If the radius could be sufficiently thin, the limiting factor on the panel thickness would become the thickness
required to achieve sufficient panel stiffness and limit compliance. The stress in the membrane hinge is given by
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which substituting o = # into Eqn., when solved for the required radius becomes
Em
R>— 2
28, &

where R is the radius of the bend, E is the modulus of elasticity of the membrane material, m is the thickness of the
membrane, and S, is the yield strength of the membrane.

A stainless steel mesh was chosen as the hinge membrane material for its ability to maintain performance in constant
exposure to UV radiation. The mesh used is a 306 Stainless Steel 400 mesh which was woven in a non-crimped pattern
with a hole diameter of 30 um and a wire diameter of 0.03 mm. This mesh has a modulus of elasticity of E = 193 GPa,
a yield strength of Sy, = 290 MPa, and a thickness of 4 = 0.08mm. Note that in Fig. E], the thickness of the PCB is added
to R to give Ry ¢ 7 fecrive- When treating the mesh as a solid membrane and substituting these parameters into Eqn. @,
the radius required to avoid yielding of the material is found to be

R > 2.66 cm. €))

This is a relatively large radius considering the scale of the antenna and mesh. However, because of the the nature of the
mesh and how it is woven, if differed from a thin solid sheet which is assumed in the stress calculations. Here are a few
factors that affect the stress of the stainless steel mesh:
1) The effective modulus of elasticity for a mesh of the same material would likely be different than that of a solid
sheet.
2) Each wire in the mesh is not locked in place relative to the other wires around it, allowing it to more equally
distribute loads within the mesh.
3) The total thickness of the mesh is greater than the thickness of any single wire being stressed, and so each wire
can undergo more deflection before yielding than is predicted if it were the thickness of the mesh.
4) Due to the way the wires are woven over and under each other, the moment and stress applied to each wire are
not equal to the moment applied to the mesh, and depend on the position of each wire in the weave. As such,
Eqn. (2) is not a constant indicator of the actual maximum radius.
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Fig.4 Close up of hinge design on final prototype.

5) When one wire is stressed more than those around it, it can yield until the load is distributed to other wires,
dispersing the load and prolonging time to failure due to one weak link.

Because of these considerations, Eqn. @ can be taken to be an upper limit for R, and to account for these factors,
a safety factor of 4 was used, resulting in a maximum radius of 0.5 cm, and this choice was verified through fatigue
testing, detailed in Section[[IL.A] The geometry of the radius on each panel complicated the manufacturing process and
could be optimized in future work for each hinge material chosen. From a maximum radius of 0.5 cm, values are found
for each variable, as listed in Table |Zl

From these design values and using equations presented by Ynchausti et. al. [33]] for the relationship between radii
(R1, R»), the angle at which they are placed to each other (), and the total thickness (¢;), are calculated as

T R>

=§(R1+R2) (4)

= (Rl +R2)COS(9) -R 5

Because the PCB panels are relatively thin, and the mesh membrane thickness is negligible, R> ¢t fecrive becomes
Ry + P. This means that for this case 6 can be calculated as 40.39° and #; = 0.3995cm. With this design, the total
surface area was 900cm?, with the hinges taking up just 30cm?, leaving 870cm? or 96.6% of the total area available.
Fig. @] shows the hinge design with the calculated geometry from Table[2]in the final prototype.

D. Stability with Magnetic Embedded Hinges

Magnets were selected for use in the stabilization method because of their ability to maintain a constant force over
time without being subject to creep or stress relaxation. To keep a low profile, magnets were used in a simple bistable
configuration with an offset inspired by Pruett et.al.[34]. Because there is an offset between magnets, the stability in the
stowed state is minimal such that it takes a negligible force to overcome, making the configuration effectively

Table 2 Geometric variables of designed hinge. Items with an asterisk were chosen, and not determined through
calculation. Note that f; is only necessary to facilitate manufacturing of the internal corner at the bottom R;.

Variable Description Value
Ry Radius of the bottom panel 0.5cm
R, Radius of the top panel 0.25 cm
fix Fillet radius 0.2 cm
ms Membrane mesh thickness 0.008 cm
P Thickness of metasurface antenna PCB  0.157 cm
R, Effective Effective R2 0.407 cm
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Fig. 5 (a) Lenticular fold which folds completely flat when stowed and provides an opening force. (b) Side view
of the lenticular fold showing its deployed position and displacement relative to a stowed flat position.

monostable. Integrating this design in the kirigami flasher gains additional stability as the magnets in each gore interlock
with the magnets in the two adjacent gores. Although the magnets could be much smaller in practice, as the antenna
would not be subject to a constant gravitational force while in orbit, this model sought to demonstrate the effectiveness
of a magnetic embedded hinge in achieving stability by supporting the full weight of the panels in the deployed state
under Earth’s gravity. To verify that the force of the magnets would be sufficient to support the antenna panels, magnets
were put into an Instron tensile testing machine. The resulting forces found were then used to calculate that there would
be a factor of safety for supporting the panels under earth’s gravity of 1.3.

E. Deployment

The flasher pattern, upon which the kirigami pattern is based, has one degree of freedom; however, by adding cuts,
seven additional degrees of freedom were introduced.

As the degrees of freedom increase, so does the complexity of incorporating a deployment mechanism. Therefore,
to reduce this complexity, an internal deployment system was preferred. Because magnets were already used for
stabilization, they appeared to be an ideal method to use for deployment as well; however, the effective range of the
magnetic force was insufficient when compared to the travel required by the panels over the course of their deployment.
As such, a lenticular fold is integrated in the frame of the CubeSat to act as a spring during deployment.

1. Lenticular Lock

The lenticular fold is a compliant mechanism that is manufactured in the shape of an Euler spiral, such that
when deformed it stores strain energy and can lie flat. A deployable Euler spiral connector which was developed by
Yellowhorse et al. [35] was integrated into each side of the CubeSat, as shown in Fig.[5] The lenticular fold is placed as
far from the hinge as possible, to provide the largest moment arm to deploy the antenna panels. This functions such that
the stowed state is an unstable state, and when a burn wire is cut the system will self-deploy. After 90° of motion the
inner panels reach their hard stops, and the corner panels continue their motion due to their angular momentum.

II1. Prototypes and Testing

A. Fatigue Testing

To validate the hinge membrane selected, the mechanics and fatigue life were first validated using 3D printed panels,
after which the final design was created and tested using materials similar to those that would be used in space.

As shown in Section there are several unique factors that stem from using a woven mesh as the hinge
membrane material as opposed to a uniform sheet material, each of which impact the calculated hinge radius needed to
avoid yielding when bending, as given in Eqn. (Z). Because of this, the calculated radius (Eqn. (3)) is taken to be an
upper limit and not a design condition, and a smaller radius was chosen and validated using fatigue testing. Validation
was particularly critical for the hinge system before it was integrated into the final design due to the difficulty of precisely
predicting mesh performance. A R value of 0.5 cm was chosen and a R, value of 0.25 cm was calculated, as shown in
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Fig. 6 (a) Panels used to tension and fatigue test the stainless steel mesh hinge. (b) Close-up photograph from a
microscope used to inspect the mesh for material wear and deformation, 50 times zoom, after 100 open-close
cycles.
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Fig. 7 The initial CubeSat prototype with deployable antenna structure, shown with one of its four gores
attached. (a) Deployed structure with mock antenna panels attached. (b) Mock panels half-closed. The smaller
magnets used for stabilization between panels are shown. (c) Mock panels stowed. The larger magnets used for
stabilization between each gore to the CubeSat are shown. Note that all panels except for the central top panel
are covered and protected during stowage. (d) Deployed structure with mock antenna panels removed to show
screw attachment locations. Note the cutout in each of the 1a and 2a (defined in Appendix I, Fig. panels
to reduce the weight of the overall structure as well as to tension the mesh during assembly. (e) Mock antenna
panel with the same thickness as the proposed holographic metasurface antenna panels. (d) CubeSat attachment
points on the top of the CubeSat. Threads are made with brass inserts in the 3D-printed CubeSat model.

Table

To test this design, the stainless steel mesh was gripped between two panels and tensioned to 90 N (20 Ibf). The
joint was then manually cycled 100 times. This testing set-up is shown in Fig.[6] The results of this can be seen in Fig.[6]
b, which shows a 50 times zoom of the mesh at the hinge location. Upon close inspection of the entire joint area, no
mesh fibers were found to be broken, and no yielding of local wires could be found. Future work would improve this by
testing and creating better models for various membrane hinge materials, so that the radius of the hinge could be more
accurately optimized for a given application, resulting in thinner and lighter antennas.
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Fig. 8 The final CubeSat prototype with deployable mock antenna panels shown with all four gores attached.
(a) The structure in the deployed configuration, shows a full pattern with 9 mock antenna panels. Note the high
area-use efficiency. (b) The structure in deployed configuration, side view. Note that in micro-gravity the mock
antenna structure achieves remarkable flatness using the magnets for stabilization and panel thickness as hard
stops. (c) Stowed structure. A burn wire would be used to delay deployment until desired, and all panels besides
the central panel are covered until deployed. (d) The final structure with mock antenna panels removed, showing
the top geometry holding the mesh in place and the magnet placement on the center panel. (e) Final structure
with mock antenna panels removed showing the geometry of each panel in the pattern. (f) Bottom view of the final
antenna showing magnet placement underneath each panel, which is used to interlock and stabilize each gore.

B. Initial Prototype

A 3D printed model was created to verify design mechanics and behavior, as shown in Fig.[7] This model included
mock antenna panels with the same thickness as actual panels to validate folding and stowage behaviors. This design
also incorporated magnets to verify stabilization behavior.

C. Manufacturing of Final Prototype

The deployable CubeSat prototype was designed to be as simple as possible, with uniformly shaped panels and
common hardware used. The overall process used several manufacturing processes, including waterjet, CNC, and
manual milling. Some manufacturing challenges that had to be overcome were the thinness of each panel, the varying
radii in each panel, and the differing hole placement requirements between different panels. These factors required
the use of three separate vacuum table setups, as well as three separate fixture plates. The manufacturing process is
described in Appendix I, Table[3] and each part of the final antenna assembly can be found in the Bill of Materials in
Appendix I, Table[4]

IV. Results

A. Final Model

Following assembly, the deployable structure was placed in a micro-gravity simulation, as shown in Fig.[8p. The
flatness indicates that the magnetic hinges and hard stops were successful in stabilizing the deployable structure in the
desired position and that the magnets used to interlock each gore to the next were effective in keeping each gore in the
correct position relative to the gore next to it. There are several areas where future work could improve the results of
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Fig. 9 (a) A holographic metasurface antenna without hinges; At the inset, the monopole that feeds the HMA is
shown in a zoomed view. (b) Measurement setup, and (c) 2-D normalized radiation pattern of the HMA prototype
without hinges. (d) A fully deployed holographic metasurface antenna mounted on a CubeSat prototype. (e)
Measurement setup, and (f) 2-D normalized radiation pattern of the fully deployed HMA prototype mounted on
a CubeSat prototype.

this design. Epoxy was used to keep the magnets in place, and mechanical fasteners are recommended for future models
for a more secure connection. Additionally, the mesh hinges, which were held in place by the clamping force of the
top and bottom panels, were noted to slip when left for extended periods of time, which would not be an issue in the
zero-gravity environment of space, but which is nonetheless an undesired behavior, and could be reduced by using
epoxy in addition to the clamping force, to further secure the mesh within the panels. The antenna panels could also be
made using forged carbon fiber, which may allow for easier manufacturing of the panel radii and production at scale.

B. RF Testing

Once the mechanical performance was validated, the mock antenna panels were replaced with the final holographic
metasurface antenna (HMA) prototype. In turn, the performance of the HMA was evaluated through design in ANSYS
HFSS and prototype measurements in a standard anechoic chamber. Notably, two HMA designs of electrical size
301 x 301 were modele(ﬂ fabricated and measured; (a) an HMA design with no hinges (see Fig. Eh) that was used as
a reference, and (b) a foldable HMA design comprised of 9 separate panels and 4 rectangular cuts of size Ax = 5.5
mm properly designed to accommodate the area of the hinges designed in Section [[.C.T] (see Figs. [3]and[0d). Aiming
towards a circularly polarized broadside beam which is essential in satellite communications, a concentric circle-based
holographic pattern was properly designed, as depicted in Fig. Pp. To feed the HMA, a monopole antenna was used,
placed at the center of the radiating aperture and powered by a coaxial cable connected at the back side of the panel (see
inset of Fig. [Op).

Figures[Ob and [ shows two fabricated prototypes placed inside a MVG MicroLab anechoic chamber [36]], while
Figs. POc and Of show the corresponding measured normalized 2-D realized gains. Notably, the HMA without the hinges
achieved a total realized gain of 30 dBi, while the deployed HMA achieved 27 dBi. The 3 dB difference between
these results is attributed to fabrication errors, and alignment imperfections when the HMA panels were placed on the
deployable structure assembled on the CubeSat. Nevertheless, the gain of 27 dBi fulfills the required nominal gain for
establishing reliable communication between a terrestrial base station and a CubeSat.

"Both HMA designs were designed to operate at f = 30 GHz; A = ¢/ f, ¢ = 3 x 108 m/s



V. Conclusion

The design and manufacture of the KiHM-9 antenna demonstrates the effectiveness and potential of using various
novel technologies, as well as using origami as a starting point for pattern selection. This design validated the
performance of magnetic embedded hinges as a method of stabilizing a deployable array without the need for active
elements. It also demonstrated the feasibility of embedded membrane hinges as surrogates for zero-thickness models
and discusses ways that they might improve in the future. RF testing of the final prototype showed an acceptable level of
gain when compared to the simulated results, further validating the capability of the technologies. These technologies
combined serve to reduce the peripherals required for deployment and stabilization.

The KiHM-9 shows the potential for future work in this area. Several areas of profitable research for the future
stemming from this work are optimizing the hinge radius on the embedded membrane hinge design used by creating
better stress and fatigue models for materials used in membrane hinges and exploring different manufacturing methods
and materials for the radius hinge design. Additionally, future work could benefit by experimenting with other methods
of securing components, such as adding epoxy to keep the mesh membrane from slipping when stowed and mechanically
securing the magnets rather than relying solely on adhesives. Other methods of manufacturing could be explored to
facilitate the production of the different radii in the hinge design.

By following the methodology laid out in this work and employing the technologies shown herein, designers can
create self-deploying and self-stabilizing space-based holographic metasurface antennas.
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Appendix I

Table 3 Manufacturing Steps.

Step  Part Operation Manufacturing Method
1 All panels Cut out profile Waterjet
2 Vacuum plate Mill CNC
3 All fixture plates Mill CNC
4 All panels, top side Mill CNC with vacuum plate
5 All panels, bottom side ~ Mill CNC with fixture plate
6 Stainless steel mesh Cut Scissors
7 Magnet Attach Epoxy
8 All gores Connect panels Screw together
9 All gores Connect to central panel Screw together
10 Antenna Connect to CubeSat Screw together

Table 4 Bill of Materials. See Appendix I, Fig. for nomenclature on panel numbering.

Part Quantity  Attachment Method
Panel 0A 1 Screws
Panel 0B 1 Screws
Panel 1A 4 Screws
Panel 1B 4 Screws
Panel 2A 4 Screws
Panel 2B 4 Screws
1" by 1/4" by 1/16" Neodymium Magnet 8 Epoxy
1/2" by 1/4" by 1/16" Neodymium Magnet 32 Epoxy
M3x5mm Flat Head Machine Screws 4 N/A
M4x5mm Flat Head Machine Screws 52 N/A
316 Stainless Steel 400 Mesh 1 Friction

Fig. 10 Numbering nomenclature of the panels during manufacturing. Note that ““a” refers the top half of the
panel (associated with R, on panels 1 and 2) and b’ refers to the bottom half of the panel (associated with R, on
panels 1 and 2).
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