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3D Printing of Conformal Antennas for Diversity
Wrist Worn Applications

S.Jun, A. Elibiary, B.Sanz-Izquierdo, L. Winchester, D. Bird, A. McCleland

Abstract—This paper presents for the first time the application
of 3D printing techniques for the development of conformal
antennas for diversity wrist worn wireless communications. Three
processes are described with the common challenge of depositing
the metallic layers of the antennas on a bracelet fabricated using
fuse filament fabrication (FFF). The first is a multistep process
which combines adding a layer to smooth the surface of the band,
aerosol jetting the metallic tracks, flash curing and then
electroplating. The second combines painting the metallic layers
by hand and then electroplating. The last process uses a single
machine to fabricate both the bracelet and then the metallic layers
by means of a direct write system with silver conductive ink. The
wrist worn antennas are presented and its performances on the
human wrist are discussed. All antennas cover 2.4 GHz and 5.5
GHz used for WLAN communication with the reflection
coefficients less than -10 dB. The diversity wrist worn antennas
system is developed for the final two processes. Three WLAN
antennas are fabricated at different positions and shape angles
within the bracelet. In terms of communications systems, the
advantage of this configuration is that it can increase coverage.
The radiation patterns of the antenna are nearly omnidirectional
in free space and directional on the human wrist. When the
patterns of the three antennas are combined together, the
coverage for the communication system improves. Simulation
results of all antenna designs and studies using the finite
integration technique (FIT) agree well with experimental
measurement results. The main motivation of this work is to
investigate alternative additive manufacturing methods for the
development of conformal diversity antennas on customized 3D
printed parts.

Index Terms— Additive manufacturing, 3D printing, Bracelet
antenna, Diversity, Wrist worn application.

I. INTRODUCTION

CENTLY, additive manufacturing (AM) or 3D printing
(3DP) has become a popular topic in the research and
development community. This trend has been supported by the
expiration of patents related to AM and 3DP technology and the
increasing availability of new AM machines and processes
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[1]-[3]. AM can provide many benefits such as the reductions in
cost and the time, personal customization and complex shaped
manufacturing [4]. The area of radio frequency (RF) and
microwave engineering can greatly benefit by the use of AM.
For example, 3DP can be used for the development of new and
sometimes complex 3D antenna structures [5] - [13]. Novel 3D
frequency selective structures have been developed by printing
the elements of the array in [5]. Manufacturing consideration
for the printing 3D fractal antennas are discussed in [6]. 3D
printed patch antenna with an embedded wire mesh is presented
and characterized in [7]. 3D printed cube antennas for wireless
sensor applications are introduced in [8]. An electrical meander
line antenna fabricated on the conformal glass substrate is
discussed in [9]. A circularly polarized patch antenna has been
fabricated by using low cost inkjet and 3D printing techniques
in [10].

3DP has also found applications in the development of
wearable garments and devices [11]-[15]. Antennas are needed
if these wearables are smart and wireless connected. Ideally,
these antennas should be printed along the wearable structure.
A novel loop antenna for wearable applications has been
realized by using a flexible 3D printable material in [13]. A
dual band CPW fed antenna has been printed on leather
substrate for foot wear application in [14]. An inkjet printing
method on textiles for wearable antenna is presented in [15].

Antenna diversity is an important technique in advanced
microwave wireless and mobile communication systems.
Antenna diversity can improve performance and wireless
transmission in environments with multipath fading of radio
waves [16], [17]. Multipath signal fading causes the restriction
in system channel capacity. Body worn systems can benefit
from antenna diversity. It can improve channel capacity,
compensate for some of the human body effects such as loss in
antenna matching, radiation efficiency and blocking of the
signal from the human body movements [18] - [21].

This paper presents the 3D printing of conformal antennas for
wrist worn applications. It proposes manufacturing processes to
address the challenges related to the 3D printing of antennas on
a curved substrate that has been fabricated using inexpensive
fuse filament fabrication techniques (FFF). The main issues
relate to the surface roughness and surface energy of the FFF
substrates [22]. On the other hand, wrist worn devices such as a
wristbands and bracelets are made of curved surfaces and
require a procedure that is able to print in such shapes. Three
additive fabrication processes have been assessed and are
discussed here. The first is a multi-step process that is able to
smooth the surface and then add metallic layers on a curved
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bracelet. The second involves painting the antennas on the
bracelet and then electroplating. The last uses a machine to
fabricate both the antenna and the bracelet. This paper is
organized as follows. Section Il describes the basic antenna
design and the development of a diversity antenna systems on
the bracelet. Section I11 describes the three fabrication methods
investigated and analyses the corresponding measurement
results. Finally, section 1V summarizes all the results, compares
the different techniques used and provides some conclusions.
All antenna designs have been simulated using CST
Microwave Studio™ and verified with experimental results.

Il. WRIST WORN ANTENNA DESIGN

A. Antenna design and Analysis

The dipole antenna is one of the simples radiating structures
that can be used for the testing of fabrication processes [23],
[24]. Itis also suitable for evaluation the effect of human body
on antenna performance [11], [25]. Fig. 1 shows the
configuration of the dipole antenna with two resonant arms at
each end on the 3D bracelet. The inner radiuses of the elliptical
bracelet substrate are 35 and 30 mm and the thickness 3 mm.
The dimensions have been chosen using the first author’s wrist.
Low-cost polylactic acid plastic filament (PLA) material with
dielectric constant of er =2.4, loss tangent of tand =0.01 is
employed as substrate [26]. Each dipole arm has two sections,
the longer (L) for the 2.4 GHz and the shorter (S) for the 5.5
GHz WLAN bands. The final dimensions of the antenna are as
followed: A =424 mm, B =9 mm, S=9 mm, L =24 mm,
G =0.4 mm, T= 2 mm. Both the conformal antenna in Fig. 1 (2)
and the corresponding flat antenna (Fig. 1 (b)) meet the WLAN
bands. Only the input matching at higher band is slightly
sensitive to bending the flat structure.

The potential effect of fabrication errors to changes in
impedance matching (S11) is shown in Fig. 2. The length of the
two main arms, L and S, are the most likely dimensions to cause
a change in resonant frequency of the antenna. The longer arms,
L, controls the lower frequency while the second resonator, S,
tunes the higher frequency. The antenna is required to cover the
2.4 GHz to 2.5 GHz band 5.0 GHz to 6 GHz bands with an Sy;
of less than -10 dB. Using this target, the maximum variations
allowed are 2 mm (3%) and 1 mm (5%) for the larger (L) and
smaller (S) resonators respectively. This is considered to be
acceptable for the resolution of the techniques that are
described in this paper. The thickness in the z-axis of the
metallic tracks may also vary during a additive manufacturing
process but this was found to have a marginal effect on Sy, for
values of less than 200 pum.

The high relative permittivity of the human body produces a
shift in the resonance frequency and reduces antenna efficiency
[19]. Therefore, a wrist worn antenna should also be considered
with the presence of the human wrist. A three tissue body
model is typically employed to emulate this. Fig. 3(a) shows a
cross section of the antenna and bracelet mounted on the
elliptical non-homogenous human tissue layers with
dimensions of the skin (1 mm), fat (2 mm) and muscle (29 mm).
The length of the piece of wrist used for the simulation is 24
mm. The electrical parameters of human tissue layers are given
in Table | [27].

PLA substrate

Antenna

(b)
Fig. 1 Configuration of the wrist worn antenna on the bracelet substrate (a)
perspective view (b) dimension.

511,dB
A
§11,dB

Frequency, GHz
) @ )
Fig. 2. Computed sensitivity of the antenna to changes in the dimensions (a)
length L (b) length S on reflection coefficient (Si1).

Frequency, GHz

Fig. 3(b) presents the simulated reflection coefficient (S11) of
the proposed antenna for variations of the distance between the
bracelet and the human body from 0 to 3 mm, and also free
space. The resonant frequencies of the lower and higher bands
are shifted to the left as the gap decreases. The bandwidth of the
higher frequency also becomes wider.

The difference in radiation patterns for the two cases (with vs
without human wrist model) is shown in Fig. 3(c). The human
body reduces significantly the back radiating power. This
reduction may cause insufficient coverage the wireless
communications. This coverage can be improved by adding
more antennas in the bracelet as described below.

B. Diversity Antenna System

Multiple antennas are typically required to increase coverage in
the communication system. This type of antenna arrangement
is typically defined as space diversity. Fig. 4 shows a simple
antenna diversity solution for the bracelet. Two more antennas
have been added symmetrically at a distance of 50.3 mm from
the antenna in the center. The idea is that each antenna may be
connected to its own RF circuit and circuit board and is able to
send information such as location about the person with the
bracelet. Fig. 5 shows the main S parameters of the three
antennas in free space and with human body. All antennas
cover 2.4 GHz and 5.5 GHz frequency bands with S;; less than
-10 dB. There is also good isolation between the antennas as
indicated by the Si parameters (Siz, So1, S23, Ss2, Ss1, S13) with
levels of less than -10 dB.

Fig. 6 shows the simulated radiation pattern (x-z plane) at 2.4
GHz and 5.5 GHz with human body. There is a clear increase in
coverage compared with just one antenna as indicated by the
additional power available at 45°, 135°, 225°, and 315°. Due to
the presence of the human body, the backward direction is
distorted and reduced. However, the three radiation patterns
generated improves coverage. The performance of the pattern
diversity system provides stable communication in all direction
for the transmitting or receiving signals.
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% U # — — — Free Space L .
30 --=- Gap=3mm
------- Gap=lmm
35 4 No gap (b)
-40 T T 1
1 2 3 4 5 6 7
Frequency, Gtz Fig. 4. Configuration of the diversity wrist worn antenna (a) prospective view
(b)' (b) top side.
8
&
-30 T T T T T !
——— Free space 1 2 3 4 5 6 7
T.i g:gj nmlui Frequency, GHz
— - = No Gap (a)
: . o © 0
Fig. 3. Human wrist model with the wrist wear antenna and effect on antenna — s12F)
performance (a) geometry (b) reflection coefficient (S11) (c) radiation pattern =1 823(F)
x-z plane. (Left: 2.4 GHz, Right: 5.5 GHz).
TABLE | ®
HUMAN TISSUE LAYERS e
Relative Permittivity Conductivity é
2.4 GHz 5.5GHz 2.4 GHz 5.5 GHz §
Skin 38 35.3 14 3.4
Fat 5.2 4.9 0.1 0.2
Muscle 52.7 48.8 17 4.6 Frequency, GHz
lated f h(b) d d
Fig. 5. Simulated S-parameters of the proposed diversity wrist worn antenna
1. ADDITIVE MANUFACTURING METHODS INVESTIGATED (a) reflection coefficients (b) correlation coefficicients. (F: Free space, B:
A. Optomec’s Aerosol Jet Technology Human body)

The first process tested is the fabrication of the bracelet using
fuse filament fabrication [11] and then the tracks of the antenna
deposited with Optomec’s Aerosol Jet technology [22]. In order
to start the fabrication process, the digital model of the bracelet
was exported from CST Microwave Studio™ to an STL file. It
was then sent to an Ultimaker 3D printer using CURA software.
The density of the print was set to 100%. White PLA was
employed to make the bracelet. Preliminary experiments using
Optomec’s Aerosol Jet to deposit layers directly on the bracelet
were unsuccessful. This was due to problems related to the
surface properties of the PLA substrate [22], with the surface

Antenna 1
roughness described in the range of 10um to 40um in [28]. T Autenna
Consequently, a new process was developed and is fully L o e
illustrated in Fig. 7. Fig. 6. Radiation patterns of the diversity wrist worn antenna on the human

body at (a) 2.4 GHz (b) 5.5 GHz.
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A layer of fast-acting adhesive (Cyanoacrylates) was deposited Printed FDM

to smooth the FFF surface and also increase the surface energy. wristband

Only then the metallic layers were added uniformly using I

Optomec’s aerosol jetting process with Cabot CS-32 silver Smoothing © Cyanoacrylate
conductive ink. The thickness of the printed silver ink layer was layer layer
about 20 um. Owing to the low-temperature characteristics of | 0

the FFF substrate, the antenna was cured using a NovaCentrix Aerosol Jetting 1 ?ﬂfgggfg
PulseForge machine [29] in the Centre for Process Innovation Process O

(CPI) [30]. The printed antenna was then electroplated to |

further increase the conductivity. This added layer of copper Bhonofonic ,HQ\ PulseForge
was about 50 pum. Fig. 8(a) and Fig. 8(b) show the photograph curing O Machine

of the fabricated antennas before and after electroplating I _
process. A 50 ohm SMA connector was attached to the antenna. Deposited Electroplating
Fig. 9 shows the surface profile of the printed plastic after the copper '® process

smoothing layer, and also the printed ink layer. The calculation
of the surface roughness was done on a TalySurf CCI which
provides ultra-high resolution interferometric measurements
for non-contact surface roughness. The printed plastic PLA
with the layer of glue had a surface roughness of about 5 pum.
The surface roughness of the silver ink was about 1 pm which is
significantly smother than the PLA. This indicates that when
the ink is deposited onto the plastic, it levels out, filling in most
of the gaps along the surface. The electro plating procedure
contributes further to this smoothing process.

S11 measurements were carried out using an Anritsu 37397C
vector network analyzer. A gap from the human wrist to the
antenna was set to approximately 5 mm using polystyrene

Fig. 7. Fabrication process involving aerosol jetting and electroplating

Human Arm

formers. Fig. 10 presents the measured Si; of the wrist worn . L — D |
antenna. The 2.4 GHz and 5.5 GHz bands are covered with an i t

Coaxial cable

S11 level of less than -10 dB. Some differences are observed at
the higher band compared with simulations (Fig.5 (a)). This is
probably due to connectors, cabling effects and fabrication  Fig. g. Fabricated antenna on the 3D printed bracelet (a) before electroplating
errors. Fig. 11 shows the measured radiation patterns at 2.4  (b) after electroplating and with human wrist.

GHz and 5.5 GHz. Both results show omnidirectional radiation

patterns in free space, and mainly directional on the human S SN PRl =
wrist. 2 ERe i S 2 ¥ n

Although this first method was successful, the main drawback oo o8 e o

was the many processes required for the fabrication of the w p o * W

antenna. Another problem was the fact that the machine used in w @ e~ -

the jetting process was only able to move in the x-y axis and = S i 3° -

therefore calculations had to be done to produce the curved ; S5 R 5 o

design. A 3 axis robotic arm would be ideal, but this solution oo TSR o @ :

pm

could prove even more costly. In terms of antenna performance, @) (b)

there is a clear limitation as the body reduces significantly the  Fig. 9. Surface profile map of the 3D printed bracelet (a) PLA substrate after the
power transmitted backwards and therefore communication  smoothing layer was applied, and (b) the top metallic layer.

coverage. Multiple antenna systems are desirable.

um

B. Fabrication of diversity antenna systems by painting and
electroplating 5

As aforementioned, there are cases were multiple antennas
might be required. These can be prototyped using a relatively
simple fabrication process of the antenna by combining silver 159
conductive paint and an electroplating process. This is .
illustrated in Fig. 12. First, the bracelet was printed with thin
grooves of thickness of 0.2 mm. This groove facilitated the 2
painting of the antennas. Then silver conductive ink (RS Frequency, GHz
186-3600 [31]) was applied to the substrate by hand. This ink
did not provide sufficient conductivity for low temperature  Fig. 10. Reflection coefficient (Si1) of the antenna fabricated with Optomec’s
curing. Therefore, a layer of copper of about 50 pm was  Aerosol Jet technology
deposited by electroplating.

S11, dB

—— Without human wrist
~77 With human wrist
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SILVER

Without human wrist . CONDUCTIVE INK
------- With human wrist PAINTING
Fig. 11. Radiation pattern (Left: 2.4 GHz, Right: 5.5 GHz)
Fig. 13 shows the surface profile of the printed layers. The
surface roughness of the PLA substrate was about 10 pm while
the roughness for the copper layer was about 3 pum. Fig. 14
shows the measured S parameter on the human body. Although ELECTROFLATING

the S parameters differed between ports, the antennas are able
to cover the intended frequency bands. The differences in S
parameters for various ports is probably due to the variation in
dISt.an.C es bEtW.een the anten.nas an(.j the h“”.“a” body. These Fig. 12. [lllustration of the first fabrication process for the diversity antenna
variations are likely to occur in real life scenarios. The presence  gygiem.
of a new mode at about 6.8GHz compared with the simulations
(Fig.5 (a)) could be due the effect of cables and connectors. 0
Imperfect ledges due to the painting by hand may also be a =
factor. Fig. 15 presents the set up for the far field measurements
of the antenna with the human wrist. Two scenarios of hand up =
and hand down were tested. Fig. 16 and Fig. 17 present the
measured radiation patterns for the two cases. The measured .
gain at 24 GHz and 55 GHz was 2.0 dB and 1.3 dB
respectively. As seen in the results, both scenarios provided .. ; ; 1 : 3
directional radiation pattern on the human body. Inthe hand up ‘ @ - o -
i 1ati i a
ﬁiﬁéﬁhzrﬁcw;ﬁig‘sﬁ?}l?rt::rr]]Er?(tjt?jrgv\l;Sggiztefrfg(:):gll(ys?getgi Fig.13. Surface profile map for (a) PLA substrate, and (b) copper layer.
the radiation pattern is further blocked by the rest of the human
body. As expected, the case of the hand down has slightly more
backside radiation suppression than the one with the hand up.

50 100 150 200 250 300 350um m

50 100 150 200 250 300 350um pm

C. Full 3D printing using an open-Source FFF machine and a
pneumatic dispenser

The final fabrication technique tested uses a single machine
that combines two technologies: FFF and direct write. In order
to realize such process, a machine was developed in-house
using the open-source Mbot Cube [32] printer as a base frame.
A direct drive extruder was used for the FFF fabrication while a
pneumatic dispenser the direct write technique. The Techcon
TS250 pneumatic dispenser [33] with output pressure of
between 1 - 100 psi was employed. The dispenser was
connected to a syringe with a 250 pm nozzle to deposit variable
line widths of silver ink. The machine with the syringe,
dispenser, and the plastic extruder are shown in Fig. 18(a). The
dispenser was operated using a serial switch. This connected
the printers’ microcontroller board to the input trigger of the
dispenser. By using a mixture of stepper signals from the
RAMPS board, an Arduino was used to turn on or off the
dispenser. The dispenser was capable of depositing a layer )
thICkneSS of Ies_s tha}n 200 Um of the silver conductive ink. The Fig. 14. Reflection coefficients (Si1, Sz, Sa3) and correlation coefficients (Sio,
silver conductive ink was provided by Voxel8 [33]. The s, s, ) of the diversity wrist worn antenna after electroplating process.
conductivity as stated by the manufacturer is about less than 5.0
x 10-7 Q-m which makes it highly conductive.

S-parameters, dB

S-parameters, dB

Frequency, GHz
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-.Coaxial cable

' . Absorber —» k
o

Antenna—>

Antenna —¥%

Coaxijal cable

@ (b)
Fig. 15. Measurement setting in anechoic chamber for radiation patterns of the
diversity wrist worn antenna after electroplating process with human wrist (a)
Hand up (b) Hand down.
0

e R

(® (b)
Antenna 1

— — Antenna2
"""" Antenna 3

Fig. 16. Radiation patterns of the fist diversity wrist worn antennas fabricated
by painting the ink layers (Hand up) at (a) 2.4 GHz (b) 5.5 GHz

K kN

@ (b)

Antenna 1
— — Antenna2
"""" Antenna 3

Fig. 17. Radiation patterns of the fist diversity wrist worn antennas fabricated
by painting the ink layers (Hand Down) at (a) 2.4 GHz (b) 5.5 GHz.

Fig. 18 (b) shows the fully fabricated 3D printed diversity wrist
worn antenna. Due to the nature of the bracelets’ curvature and
the required antenna on each side, the bracelet substrate was
printed in two parts. One print was used for the frame of the
bracelet substrate and the other to house the antennas. The
frame of the bracelet was printed on a rigid, durable yellow
PLA plastic filament from 3D FilaPrint [34], which had an infill
of 100% and a layer resolution of 100pum. The thickness of this
layer was 2 mm. The top layer of the bracelet was developed
using a flexible PLA plastic filament from NinjaFlex [35]. The
thickness of this layer was 1 mm. Immediately after printing
this layer, the pneumatic dispenser printed the metallic tracks
that make the antenna. The thicknesses of the metallic tracks
were about 200 microns. A single layer of ink was enough to
produce a resistance of less 0.4 Ohm between the two further
ends of the dipole arms. Fig. 19 shows the surface profile of the
printed layers. The surface roughness for the flexible PLA was
about 11 um and the metallic ink layer of 2 pm.

s PLA substrate

Antenna 2 Antenna

Antenna 1

SMA connector
(b)

Fig. 18. Photograph of (a) used open-source 3D printer with dual extruders (b)
Fabricated fully 3D printed diversity wrist wear antenna.

100 150 200 230 300 350um pm 50 100 150 pm pm
I 1 0 1

0 180 ; I r 0

(®) (b)
Fig. 19 Surface profile map for (a) flexible PLA substrate, and (b) conductive
layer.

T .
pm pm

The flexible printed part with the antennas was mounted onto
the rigid frame of the bracelet before the silver conductive ink
had fully dried and cured. The two sections were then adhered
together using double-sided tape with a thickness of 100 um.

The measured reflection S parameters of fully 3D printed
diversity wrist worn antenna are shown in Fig. 20. In all tests,
the 2.4 GHz and 5.5 GHz WLAN band were covered. The
-10dB bandwidth ranges from 2.24 GHz to 3.14 GHz at the
lower band and from 4.6 GHz to 7 GHz at the higher land.

Dipole antennas are well known for having unbalance ports.
To suppress unbalanced surface current from the coaxial cable
for the radiation measurement purpose, the probe-fed solution
of the bazooka balun was applied to the antenna [36]. This was
designed for the 2.4 GHz band. Fig. 21 shows the antenna
system on the human wrist with the baluns.

Fig. 22 and Fig. 23 present the radiation patterns. It is evident
that the human wrist provides backward signal attenuation. The
radiation patterns are not any significantly different for two
locations of human wrist such as hand up and hand down. The
patterns were more directional on the human wrist than in free
space. The use of baluns did not show a significant change in
the patterns in the x-z plane compared to the straight
measurements using coaxial feed.
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0, produce three antennas on the same bracelet with various
7 conformal shapes.

—su®

S-parameters, dB

25 @
----- S3BE
-30 A | su@ "
- 2@
-35 § 33 B)
-40 — . ; . ,
1 2 3 4 5 8 7
Frequency, GHz
(a) .
04 (b)

— S12(®

Fig. 22. Radiation patterns of the fully 3D printed diversity antenna with the
human wrist (Hand up) at (a) 2.4 GHz (b) 5.5 GHz.

S-parameters, dB

Frequency, GHz
(b)
Fig. 20. Reflection coefficients (S11, Sz, Sss) and correlation coefficients (Sio,
Szs, Sa1) of the fully 3D printed diversity wrist wear antenna.

(b)
Fig. 23. Radiation patterns of the fully 3D printed diversity antenna with the
human wrist and human body (Hand Down) at (a) 2.4 GHz (b) 5.5 GHz.
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TABLE Il
COMPARISON BETWEEN THE THREE FABRICATION METHODOLOGIES

! Process FDM+Aeroso FDM+Silver FGM+Silver
Antehna L rRii. | Jet (Fig. 5) paint (Fig. 11) paste (Fig. 17)
L Tt
Machine Ultimaker Ultimaker Open-source
model [37] + [37]+painted by MBot 3D,
Optomec’s hand Techcon TS250
Aerosol Jet dispenser.
Fig. 21. Measurement setting in anechoic chamber for fabricated fully 3D Material PLA + PLA + silver PLA + silver
printed diversity wrist wear antenna. cyanoacrylate  conductive ink+ conductive
+silver ink + copper paste (Voxel 8)
copper layer deposited layer
IVV. DISCUSSIONS AND CONCLUSION pperiay P Y
The additive manufacturing of conformal antennas onto a 3D Metal layer 70 100200 200
rinted wearable bracelet has been demonstrated. An antenna thickness ()
p ! A : Resolution High Low Medium
design suitable for the 2.4 GHz and 5.5 GHz WLAN bands has
been employed. Three different AM procedures have been Pros Standard Low cost Low cost
investigated. Table 11 shows the comparison between them. The mar‘r']‘;’tfhag(tj“’e tiéguslgc?ﬁgtf'm gﬁn‘g‘g‘;f:;
first technique is a multistep process consisting on: 3D printing scalable in-house time saving,
of the bracelet, deposition of a smoothing layer, aerosol jet prototyping scalable
printing of silver inks, flash curing, and electroplating with _ ) ) )
copper. The main advantages of this process are the high Cons e';;?grggztt O'\f““;t;jitg’t;*e Zﬁgf;;eb?iig?i'gg
resolution of the printed antennas and the very smooth and thin multi steps  for prototyping
metallic layer. The fact that it uses a range of machines means
tha’i |(§ cou:d becor:;_e a chain prolcess gnccii tft\e_r(ifore couIdTEe Bandwidth 228 -263 928 -263 928 -263
Scaléd up 10 a medium or even large industrial process. 1ne (Simulation, ~ 4.79-6.12 479 -6.12 479 -6.12
main disadvantages are the many tasks involved in the GHz)
fabrication and the cost of the equipment. Only one antenna can )
be printed in the bracelet fabricated unless a 3-axis deposition Bandwidth 215 -2.53 223 -281 224 -314
. . . (Measurement, 397 -7 425 -7 461 -7
process is employed [22]. The second technique involves GH2)

printing the bracelet with grooves and then painting the metallic
layers of the antennas by hand. This process was able to

The main disadvantage is the errors related to the painting of
the antennas by hand. This process is more suitable for small
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scale production and prototyping unless the painting of the
metallic tracks is carried out using an automatic procedure.
The final process employs a single machine combining FFF for
the fabrication of the bracelet and a pneumatic dispenser for the
addition of the metallic layer using silver ink. A flexible PLA
substrate has been used so that the antennas are printed in a
planar form and then folded to create the bracelet. This has been
proven to be the best manufacturing solution in terms of the
number of tasks involved, the relative resolution of the printed
tracks and the fact that is an automatic procedure. This could be
scaled up to a medium industrial process. All processes
described produced good results in terms of Si; and radiation
pattern. These 3D printing techniques can be used for the
fabrication of antennas and devices on bracelets customized to
the user’s wrist.

In terms of wireless communications, the use of three
antennas on a bracelet has been demonstrated to be a good
antenna diversity solution capable increasing coverage in
wireless body area networks, particularly for off-body
applications. These antennas could be used as part of a wireless
location systems where each antenna is connected to its radio
frequency (RF) circuit board and processor.
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