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Abstract—This paper presents a new digitally driven
manufacturing process chain for the production of high
performance, three-dimensional RF devices. This is achieved by
combining Fused Filament Fabrication of polyetherimide based
polymer with selectivelight-based synthesisof silver nanoparticles
and electrochemical deposition of copper. The resultant
manufacturing method produces devices with excellent DC
electrical resistivity (6.68 pQcm) and dielectric properties (relative
permittivity of 2.67 and loss tangent of 0.001). Chemically
modifying and patterning the substrate to produce the
metallization overcomes many of the limitations of direct write
deposition methods resulting in improved perfor mance, adhesion
and resolution of the antenna pattern. The fabricated
demonstrator s cover a broadband range of 0.1 GHz - 10 GHz and
the measured results show a direct agreement with the smulated
design over a wide frequency band. Overall the materials used as
a substrate have a low relative permittivity and lower dielectric
loss than FR-4, thereby making them well suited for antenna
applications.

Keywords—3D Printing; Conformal Antennas, Additive
Manufacturing; Capsule Antennas; Polyetherimide

I.  INTRODUCTION
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conductor surface
dielectric properties.

roughness and the polymer substrate

Il. FABRICATION METHOD AND HIGH-FREQUENCY PROPERTIES

Polyetherimide-based polymer filameéat3D printed using
a modified Fused Filament Fabrication process using an
extrusion temperature of 350°C, and a bed temperature of
195°C. This 3D substratds then chemically modified and
patterned with a newly developed method of locally
synthesizing Ag nanoparticles using selective light irradiation
[4]. In order to create the required thickness of conductor layer
asecondary electroless copper plating process is employed using
electroless plating (Fig. 1).

In order to validate this new process chain for the agile and
rapid manufacture of bespoke and geometrically complex RF
and microwave circuits, a capsule antenna for applications in
medical robotics was designed, fabricated and meastined
3D antenna is constructed through the conformal selective
metallization of silver nanoparticles onto the cylindrical
polyetherimide surface. Unlike planar substrates, the surface
normal is continuously varying on curvilinear surfaces, which
presents added fabrication challenges. The antennas were

New manufacturing procmare required to generate nove| designed _USing the CommeI’CiaHy aVaiIabIe- 3D F|n|te Element
and advanced antennas for the next generation of aerospatethod simulation package ArsyElectronics Desktop and
biomedical, and consumer electronic devices [1]. This idvere subsequently measured in free space.
particularly beneficial to the design and fabrication of antennas
for ingestible capsules used in medical diagnostics [2]

Conventional RF Antennas are typically mass-produced to T V. Removal of remaining Ag" ians

achieve economic viability, however these template-based oty amicaciy B & P8t
methods are geometrically restricted and do not allow masgf % Kotteatment -~ e
customization. Additive manufacturing has the potential to

Poly {amic acid)

PEI Substrate

create complex 3D objects but is limited to a single material T 7 Electroless plating
class therefore requiring secondary processing such as direqfy,  ""&V%a -~ il —— T
write to deposit the conductor pattern on a conformal surface [3] m“ gl
This paper presents a new digitally driven method for the
fabrication of high performance antennas on planar and _ .3_"‘-W'as'*f!"adiagg;hmm il
conformal surfaces that can be directly employed in microwave £ & 4efim JA—
circuit manufacture. This is evidenced by the close agreement of . doped film
PEIl Substrate

the antennas with the simulation results over a wide frequency
band, covering all communication standards below 6 GHz, as
well as satellite communication frequency bands. Furthermore, Figure 1: Schematic of the proposed process for diremtigifig silver
the developed process compares favorably to commercially patterns on a polyetherimide surface

available printed circuit board (PCB) technology in terms of
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Ill. RFDESIGN OF THE CAPSULE ANTENNA electromagnetic FEM simulation software package ANSYS
One area where ihnew process is particularly suited to Electronic Desktop.

enable novel applications is the field of capsule robotics for This comparison is presented in Fig. 4bpwing a close
medical diagnostics. Currently, conformal capsule antennas aggreement between the simulation and measurement results for
implemented either on a separate substrate which is theéRe conformal capsule antenna, however, there is a difference
wrapped around the capsule and fixed with adhesive, or vigeween the results above 4 GHz. This is most likely due to
single-core copper wire fixed in difficuto-fabricate grooves [2, differences between modelled and actual relative permittivity of
5, 6]. The ability to directly and selectively deposit copper withPolyetherimide based material at microwave frequencies, as
high peel strength on the cylindrical capsule surface will lead t@ell as the parasitic inductance and capacitance contributed by
increased reliability of these capsules, as well as opening upe SMA end-launch connector, which were not modelled in the
design freedoms to allow new and novel antenna configurationsimulation package. Another comparison, between the planar

A typical capsule antenna is a printed planar monopolé’md conformal impler_nentations, i; shown _in Fig. 4b. In both
extending Ag/4 above a ground plane. As the frequency ranges Cases, there are multiple frequencies at which the return loss of
used to communicate with ingestible capsutesypically quite 1€ @ntenna is below -6 dB, which is the level normally used for
low, e.g. 434 MHz [7], these monopoles are often implemente! ntennas in more challenging environments, such as inside the
as a meander or spiral line as a size-reduction measure [8]. Hman body [8]. As the antenna is a monopole, these resonant
this case, we have used two spiral monopoles, connected quencies occur when the electrical length 0 of the copper track
parallel, to ensure wide solid angle coverage. The designed® Multiple of g4 [9].

antennas are illustrated in Fig. 2a and Fig. 2b for the conformal
and planar versions, respectively. The conformal antennas were
realized on 3D printed capsules using a Polyetherimide based
material as dielectric. The thickness of the capsule wall is 500
pm, while the thickness of the planar substrate is 800 um.

10mm

> @ (b)

N ) Figure 3: Hybrid Additively Manufactured prototypé(a) conformal capsule
N antenna, and (b) planar antenna

(@) (b)

Figure 2: 3D EM simulation model of (a) conformal capsuigenna design,
and (b) planar antenna design

Return lossdB)

IV. FABRICATED SAMPLES AND MEASUREMENT RESULTS

Some of the antennas that were fabricated using the newly oo
developed hybrid additive manufacturing process are shown in (a)
Fig. 3. The return loss of these samples was then measured using
a Keysight FieldFox N9917 Handheld Vector Network Analyzer
(VNA), allowing the antennas to be measured both in a
laboratory environment as well as in an anechoic chamber. The
results presented here are for the antennas in a laboratory
environment, however differences with anechoic chamber
results were found to be minimal. The VNA was setup to
measure 801 frequency points over the frequency range 0.1 GHz
- 10 GHz. Single-port Short, Open, Load (SOL) calibration with =i
mechanical standards were used to de-embed the effects of the ' ’ ’
connecting coaxial cable, however the contributions of the end-
launch SMA connectors are still present in the measurements. (b)

The intermediate frequency (IF) bandwidth of the measurement Figure 4: (a) Comparison between simulated and measeselis for the
receivers of the VNA was set to 10 kHz. Measurement resulteapsule antenna design, (b) Comparison between meassuts for capsule
were then compared to simulation results obtained using the 3D vs planar antenna design

Return lossdB)
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The simulated radiation pattern of the conformal capsule ACKNOWLEDGMENT
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achieved using the design proposed in this paper. Additionall

the E-plane and H-plane radiation pattern cuts are given in Figip;) 555133/1), Photobioform 11 (Grant Nos. EP/N018222/1
5b. The maximum gain is negative, which is characteristic o nd EP/N018265/2) SWIET (Grant No. EP/NO05686/1) and
ingestible and implantable antennas. Sonopill (Grant No. I’EP/K034537/2).

The authors thank the Engineering & Physical Sciences
search Council (EPSRC) for their financial support under the
rants Photobioform | (Grant Nos. EP/L022192/1 and

REFERENCES

[1] Adams, J. Jacob, Eric B. Duoss, Thomas F. Malkowski, Michael J.
Motala, Bok Yeop Ahn, Ralph G. Nuzzo, Jennifer T.rBard, and
Jennifer A. Lewis. "Conformal printing of electrically sinahtennaon
threedimensional surfaces." Advanced Materials 23, no. 1011
1335-1340.

[2] Julia Faerber, Gerard Cummins, Sumanth .K. Pavuluri] Reugord,
Adrian A. Rodriguez, Holly Lay, Rachael McPhillipBen F. Cox,
Conrad Connor, Ron Gregson, Eddie Clutton, Sadequéh&n, Sandy

e Cochran, and Marc P.Y. DesmullieZln vivo characterisation of a

E)) conformal antenna for capsule endoscopy.” IEEE Trans. Biomed. Cir.

And Syst. 12, no. 1 (2018): 95-105.

[3] Park, Bong Kyun, Dongjo Kim, Sunho Jeong, Jooho Moond,Jang Shi
: Kim. "Direct writing of copper conductive patterns imk-jet printing."
/—\ Thin Solid Films 515, no. 19 (2007): 7706-7711.

[4] Jose Marqueblueso Thomas D.A. Jones, David E. Watson, Assel
Ryspayeva, Mohammadreza Nekouie Esfahani, MatthewRt&horth,
Russell A. Harris, Robert W. Kay, and Marc P.Y. Desmzllfé Rapid
Photopatterning Method for Selective Plating of 2&nhd 3D
Microcircuitry on Polyetherimide." Advanced FunctirMaterials 28,
no. 6 (2018): 1704451

[5] Cheng, Xiaoyu, David E. Senior, Cheolbok Kim, and Y-tya Yoon.
"A compact omnidirectional self-packaged patch antennidh
complementary split-ring resonator loading for wirelesgloscope
applications." IEEE Antennas and Wireless Propagation ketiér
(2011): 1532-1535.

Conformal Antenna Gain

(b) [6] Kang, Cheng-Hung, Sung-Jung Wu, and Jenn-Hwan Tédkauovel
folded UWB antenna for wireless body area netwolkEH Transactions
Figure 5: (a) Simulated radiation pattern of thefoonal capsule antenpa on antennas and propagation 60, no. 2 (2012): 11392-
(b) Conformal antenna gain: E-plane and H-plane tiadipattern [7] D. Nikolayev, M. Zhadobov, L. Le Coq, P. KarbandaR. Sauleau,
“Robust Ultra-Miniature Capsule Antenna for Ingestible and Implalea
V. CONCLUSION& FUTURE WORK Applications,” IEEE Trans. Antennas Propag., vol. 65, no. 11, p@761

6119, Nov. 2017.

In summary, a novel hybrid additive manufacturing platformﬁ] Werner, Douglas H., and Zhi Hao Jiang, eds. 2016. Bleegnetics of
has been developed opening up new design freedoms for the Body Area Networks. Hoboken, NJ, USA: John Wiley &nSplnc.
digital fabrication of RF antennas. The fabricated demonstrators  https://doi.org/10.1002/9781119082910.
covered a wideband frequency range of ©.10 GHz. The [9] Volakis, John Leonidas. 2007. Antenna Engineering Haokl 4th ed.
measured results show a direct quantitative and qualitative McGraw-Hill. https://doi.org/10.1179/174581607x25875
agreement with the simulated design over a wide frequency
band. Future work will involve measuring the radiation pattern
of the antenna in free space as well as inside a tissue phantom.



