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Abstract— This paper presents a 3D-printed hemispherical
lens integrated with flower-shaped stub antenna for liquid-
mixture characterization. The proposed lens antenna is
designed, fabricated, and integrated with the ultra-wideband
planar antenna. A high impact polystyrene (HIPs) is selected to
design the 3D-printed lens antenna by using the fused deposition
modelling (FDM) technique, due to low loss 3D-printed
material. The optimum the dimensions of the lens antenna are
obtained by using the 3D EM Simulation CST Studio, which is
used to investigate the performance of the antenna, e.g., gain,
radiation pattern and reflection coefficient. To discriminate the
liquid content in ethanol-water mixture, the level of the
transmission coefficient (S21) is detected. The proposed sensor
system offers various preferable features, e.g., non-destructive
method and non-contact measurement. Five samples, e.g., 60%,
65%, 70%, 75%, and 80% ethanol in the ethanol-water
mixtures, are measured and performed to generate the
extraction model. The proposed sensor also offers other
advantages, e.g., real-time monitoring and no life-cycle
limitation.

Keywords— liquid-mixture characterization, 3D-printed lens
antenna, non-destructive measurement, real-time monitoring

I. INTRODUCTION

The microwave and millimeter-wave sensors have become
attractive techniques in liquid-mixture concentration
characterization, which are applied to many systems such as
industrial, biomedical, and biological applications [1]-[9]. The
microwave measurement techniques provide many
advantages, i.e., real-time monitoring, high sensitivity, non-
destructive method, not require any chemical processes, etc.
Two microwave characterization techniques, e.g.,
transmission-line and resonance techniques, are mostly used
to apply in microwave sensor systems. The transmission-line
technique is mostly used for broadband material
characterization [1]. On the other hand, the resonance
technique offers high precision and accuracy. This technique
is often used in discrete frequency or narrow band [2]. For
instance, a tailor-made H-plane split rectangular waveguide,
operating at 90 GHz, is designed for discriminating the level
of the ethanol concentration in the DI-water liquid-mixture
content [1]. In [1], the sensors provide high sensitivity by
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discriminating ethanol content of approximately 2% in the
liquid mixture. Additionally, in [3], the modified H-plane split
waveguide is designed for detecting the thickness of the
photoresist film by using the resonance technique. The
extracted results can discriminate the level of SU-8 layer in
micrometer scale.

The additive manufacturing process provides enhanced
flexibility in choosing the dielectric material to be used as the
hollow substrate. It has advantages of stability, ease of design,
low-cost, lightweight, and the possibility for mechanical
flexibility. It offers a new degree of design freedom for
applications benefitting from the use of conformal and flexible
structures [10]-[13]. The 3D printing technology, also known
as additive manufacturing, is defined as the development of an
arbitrary 3D shape, by building layer upon layer. Based on 3D
printing technology, there are many techniques, e.g., fused
deposition modeling (FDM), polymer jetting (PolyJet) and
digital light processing (DLP). However, due to a performance
in fabricating high-accuracy 3D structures and various choices
of printing materials, the DLP technique is often preferred to
FDM and PolyJet fabrication.

This paper presents 3D-printed lens antennas using the
FDM technique to improve the antenna characteristic of a
flower-shaped stub antenna. The 3D-printed hemispherical
lens antennas are designed for integrating with a flower-
shaped stub antenna without any adhesive layer. To
characterize the percentage of the liquid content in the liquid
mixture, the transmission line technique is used due to
broadband measurement and is suitable for lossy materials.
The proposed antennas are placed between the liquid under
test (LUT). The space between the sample and antennas is
optimized by using 3D EM Simulation CST Studio. Five
samples, e.g., 60%, 65%, 70%, 75%, and 80% ecthanol in the
ethanol/water mixtures, are measured. The proposed system
offers various preferable features, e.g., non-destructive
method and non-contact measurement.

II. ANTENNA DESIGN AND FABRICATION

A. Ultra-Wideband Flower-Shaped Stub Antenna

The flower-shaped stub antenna has been published in
[14]. This antenna was designed for supporting ultra-
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Fig. 1. The simulated 3D radiation pattern of the original ultra-wideband
flower-shaped stub antenna at (a) 3 GHz, (b) 6 GHz, (c) 9 GHz and
(d) 11 GHz.

wideband (UWB) applications. The operating frequency starts
from

3 GHz to 12.5 GHz with a compact size of 16 mm X 24 mm.
This antenna is fabricated by using an FR-4 substrate with a
thickness, S;, of 0.8 mm. The design and geometry of this
antenna are used in [14]. Figure 1 shows the simulated 3D
radiation pattern of four frequencies, e.g., 3 GHz, 6 GHz, 9
GHz, and 11 GHz, which has the maximum realized gain of
2.8 dBi, 2.9 dBi, 4.39 dBi, and 5.79 dBi, respectively. Based
on simulated results, at the higher frequency, the maximum
gain does not confine at the center antenna (zero-degree). To
improve the antenna characteristic and control the antenna
beam, the 3D-printed hemispherical lens antennas are
designed in part B.

B. 3D-Printed Hemisphical Lens Antennas

The 3D-printed hemispherical lens antenna is designed
based on the FDM printing method. The high impact
polystyrenes (HIPS) material is used to design the lens
antenna due to its low cost, low profile, and materials
available in the laboratory. In [10], a relative permittivity, &,
and loss factor, tan J, of the HIPS material, has been reported,
which are 2.45 and 5.75x107%, respectively. Figure 2 shows
the geometry of the ultra-wideband flower-shaped stub
antenna with 3D-printed hemispherical lens antennas. The
ratio of the lens radius, R, and extension length, Lie,s, which
were reported in [10], is fixed at 1 to get maximum gain. The
optimum dimensions of the lens antenna are obtained by using
the 3D EM Simulation CST Studio, which is used to
investigate the performance of the antenna, e.g., gain,
radiation pattern, and reflection coefficient. The lens radius,
Riens, and extension length, Liens, have the same value of 12
mm. The width, W}, and length, L, of the 3D-printed case, are
30 mm and 27 mm, respectively. The thickness of the 3D-
printed case is 5.835 mm. The gap, g, is controlled to reduce
the reflection coefficient, Si;. The gap, g, is set to 3 mm.
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Fig. 2. The geometry of the ultra-wideband flower-shaped stub antenna
integrated with 3D-printed lens antennas.
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Fig. 3. The simulated 3D radiation pattern of the Integrated 3D-Printed Lens
with ultra-wideband flower-shaped stub antenna at (a) 3 GHz, (b) 6 GHz,
(¢) 9 GHz and (d) 11 GHz.

Figure 3 shows the simulated realized gain antenna after
assembly of the 3D-printed lens antennas with UWB flower-
shaped stub antenna. Four frequencies are selected to show the
shape and direction of the pattern. The maximum realized gain
at 3 GHz, 6 GHz, 9 GHz, and 11 GHz, are 2.97 dBi, 5.46 dBi,
5.43 dBi, and 5.01 dBi, respectively. The antenna gain at zero
degrees is improved after integrating a 3D-printed lens
antenna.

C. 3D-printed Lens Fabricaiton and Assembly

The proposed lens antenna is fabricated by using the FDM
manufacturing technique. The Zortrax M200, which is an
available 3D-printing machine in the laboratory, is selected to
run the 3D-printed hemispherical lens antenna. The HIPS is
mostly used for printing a model that requires a smooth
surface. The Z-SUIT Zortrax is a commercial program to use
for the setup of the 3D printing parameter. In this printing



setup, a layer thickness is set to 90 pm. The diameter of the
nozzle is 0.4 mm, and 100% infill density. Figures 4 show the
before and after assembly of the UWB flower-shaped stub
antenna and 3D-printed lens antennas.

III. MEASUREMENT RESULTS

A. Antenan Performance

A vector network analyzer, which is a Rohde & Schwarz
ZVB-20 model, is used with Through-Open-Short-Match
(TOSM) calibration to calculate the reflection coefficient, Si1,
and radiation pattern of the fabricated 3D-printed lens
antennas. Figure 5 shows the simulated and measured results
of the reflection coefficient, Si1, over the band of 2 GHz to 12
GHz. The measured result shows that the reflection
coefficient, Si1, has a value lower than 10 dB from 3.1 GHz to
10.5 GHz. To measure the radiation pattern of the fabricated
lens antenna, a standard horn antenna with an average gain of
15 dBi was used as the reference antenna. The DAMs Heavy-
Duty Antenna Model-5100, which is a turntable for rotating
the antenna under test (AUT), was connected with the Rohde
& Schwarz ZVB-20. The Diamond Studio Suite software is
used to manage and accumulate the transmission
coefficient, S, between the reference antenna and the AUT.
Figure 6 shows the comparison of the measured results at the
zero-degree in case of with and without integrated 3D-printed
hemispherical lens antenna. From the measurement result, the
antenna gains of the 3D-printed lens antenna have an average
gain of 5.6 dBi, while the original flower-shaped stub antenna
has an average gain of 0.67 dBi.

B. Measurement Setup and Results

The S-parameter measurements were performed by using
a ROHDE & SCHWARZ ZVB-20 Vector Network Analyzer
(VNA). Two-port calibration technique was performed using
the Thru-Open-Short-Match method (TOSM), in order to
eliminate the systematic errors contributed by the VNA and
connecting cables. The frequency range of the VNA was set
from 9 GHz to 11 GHz. The number of sampling frequency
points was 2,001 points. The intermediate frequency (IF) filter
bandwidth was set to 1 kHz. Figure 7 shows the measurement
setup of the liquid mixture characterization. Two fabricated
3D-printed hemispherical lens antennas are placed between
LUT, which is filled in the glass bottle. The distance between
the glass bottle and 3D-printed lens antennas, L, is fixed to 10
mm. The temperature of the liquid solution sample was well
maintained at a room temperature of 25 degrees Celsius. At
least five repeated individual measurements were conducted
to ensure the measurement and sensor repeatability.

Figure 8 shows the measured results of the transmission
coefficient, S»1, of six conditions, e.g., empty solution, ethanol
60%, ethanol 65%, ethanol 70%, ethanol 75%, and ethanol
80%. From measurement results, focusing at 9.90 GHz, the
transmission coefficient, S»1, of the empty solution is -5.71 dB.
When filling the liquid solutions, the level of the transmission
coefficient, S»1, will drop, which depends on the percentage of
the ethanol in the ethanol/water liquid mixture. The levels of
the transmission coefficient, S»;, when filling the liquid
solution of 60% ethanol, 65 % ethanol, 70 % ecthanol, 75 %
ethanol, and 80 % ethanol, are -20.46 dB, -18.95 dB, -18.02
dB, -17.12 dB, and -15.76 dB, respectively. Based on
measurement results, the trend of the proposed system can
conclude that when increasing the percentage of ethanol, the
level of the transmission coefficient, S»1, will shift down.

The 3D-printed hemispherical lens
antenna geometry of 12 mm lens radius
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Fig. 4. The fabricated ultra-wideband flower-shaped stub antenna and
3D-printd lens antenna (a) before assembly and (b) after assembly.
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Fig. 5. The simulated and measured results of the reflection coefficient, S,
when embedding the 3D-printed hemispherical lens antenna.
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Fig. 6. The measured gain at 0 degree of the ultra-wideband flower-shaped
stub antenna with and without 3D-printed hemispherical lens antenna.

IV. CONCULSION

This paper reports 3D-printed hemispherical lens antennas
integrated with UWB flower-shaped stub antenna for improve
the antenna characteristics, e.g., reflection coefficient, S11,
and antenna gain. The 3D-printed hemispherical lens antennas
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Fig. 7. The 3D-printed lens antennas are setup by placing between the DUT.
The distance between lens antenna and DUT is set to 10 mm.
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Fig. 8. The measured results of the transmission coefficient, S>;, of Six
conditions.

are designed for integrating with a flower-shaped stub antenna
without any adhesive layer. The average antenna gain at the
zero-degree is increased from 0.67 dBi to 5.6 dBi after
integrated 3D-printed lens antenna. The proposed antennas are
placed between the liquid under test (LUT). Five solutions,
e.g., 60%, 65%, 70%, 75%, and 80% ethanol in the
ethanol/water mixtures, are measured. The proposed system
provides various preferable features, e.g., non-destructive
method and shot assay measurement time.
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