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A B S T R A C T

The advancement of 3D printing (additive manufacturing) has gained interest in variety of applications, espe-
cially for antenna fabrication. The demand for cheap, reliable, and high-performance antenna fabrication 
methods is essential in order to cope with the demand of wireless communications industry. In this work, the 
focus was emphasized on enhancing the electrical conductivity of the 3D printed substrates fabricated by ster-
eolithography (SLA) 3D printer. The 3D printed substrate went through a dual metallization approach, involving 
sputtering and electrodeposition techniques for the fabrication of conductive metal layers. The parameters for 
the sputtering were fixed for all the substrate while current density during electrodeposition process was varied 
at 25 %, 50 %, 75 % and 100 % from recommended value of current. The results showed that the current density 
during the electrodeposition determined the conductivity performance of the metal layers and established a 
significant correlation with the surface morphological. Three different frequencies comprised of 2.4 GHz, 3.5 
GHz and 5.0 GHz were selected to simulate and fabricate a microstrip patch antenna using the optimized current 
density which was valued optimal at 75 % (52.5 mA). The percentage of accuracy between simulated and 
measured frequencies of antenna, portrayed that the measured values were slightly higher than the simulated 
approximately about 5.14 to 6.67 %. Therefore, the integration of additive manufacturing or 3D printing 
techniques for antenna could address the critical necessity for fast and economical solution in wireless systems.

1. Introduction

Additive manufacturing or also known as 3D printing technology has 
emerged as a key feature for the Forth Industrial Revolution (IR 4.0), 
playing a vital role in shaping the landscape for future manufacturing 
[1–3]. The technology emphasizes forming three-dimensional (3D) 
structure through additive processing where materials are layered on 
top of one another in a sequential manner based on digital information 
typically according computer-aided design (CAD) file [4]. Technology 
has evolved from fabricating prototypes to manufacturing final products 
for a plethora of applications which includes automotive, aerospace, 
medical, dental, construction, robotics, education, and fashion [5,6]. 

Unlike its predecessor, subtractive manufacturing usually fabricates an 
object by removing materials such as solid blocks of rods, plastic, or 
metal to create a desired design. Thus, it produces high materials 
wastage and could become a hidden cost towards manufacturer [7]. 
Therefore, 3D printing could tackle this issue since the materials waste 
can be negligible. Nevertheless, other distinct features have captured the 
interest of specific industries, namely the electronics industry, prompt-
ing the usage of these technologies to develop alternative manufacturing 
for electronic devices in particular antenna application.

An antenna is a device that specialized in converting electric currents 
into electromagnetic waves (EM) or vice versa allowing radio-frequency 
communication between distant locations [8]. Antennas are used to 
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either to transmit or receive non-ionizing EM field which include radio 
waves, microwaves, infrared radiation (IR) and visible light [9,10]. The 
first two formers are extensively used by the industries and public. They 
are typically classified as either transmitter or receiver, but can also act 
as dual function know as transceiver [11]. They are being classified by 
their design for instance aperture, array, reflector, lens, wire and 
microstrip antenna [12–16]. Each of these designs are established to 
operate for a specific application. Among them, microstrip antennas are 
widely known used in various wireless applications for instance wireless 
communications, satellite communications, radar systems, remote 
sensing and medical devices [17–21]. These could be attributed from 
their compact size, ease of fabrication, versatile and cost effectiveness 
for mass production [22].

Conventionally, the antenna fabrication process starts with the se-
lection of the dielectric substrate which has pre- determined parameters 
by the manufacturer, followed by the deposition of conductive metal 
layer on the substrate, usually copper based metal. A process called 
photolithography is used to pattern an antenna geometrical design, in 
which subsequently will be etching during the chemical process to 
obtain desired design of antenna [23]. This process involves multi-stage 
levels along with intricate procedures, demanding specialized equip-
ment and expose towards hazardous chemicals [24]. Other drawbacks 
are the limitation in terms of complex and precise structure of antenna 
design, limited for substrate material compatibility due to the deposition 
of metal, risk of human error and the labor-intensive nature of the 
process which demand constant supervision. The application of 3D 
printing technology as a manufacturing tool in antenna fabrication can 
effectively tackle these issues. In recent years the utilization of 3D 
printing technology has emerged as an alternative fabrication method 
for antenna fabrication [25,26]. Notably, 3D printers such as fused 
deposition modelling FDM, inkjet 3D printers and stereolithography 
(SLA) printers are capable in designing 3D printing antenna.

FDM is considered as a predominant 3D printing technology utilized 
not only for general 3D structure but also fabrication of complex antenna 
design. The 3D inkjet printing has gained recognition in antenna fabri-
cation due to several advantages in possesses including high-resolution, 
able to print on conform surface, and able to print on a variety of ma-
terials [27]. The versatility of the 3D inkjet printing has demonstrated a 
variety of unique antenna designs which includes Yagi-uda, helical, 
RFID, dipole, slot antenna, horn antenna, dipole antenna and even 
dielectric resonator antenna [28,29]. Conversely, the drawback to FDM 
is the limited resolution at lateral axis printing direction (approximately 
±0.8 mm) and produce a very rough finish surface quality [30]. This 
restraint its capability to design for high frequency that could contribute 
towards signal losses due to the uneven surface roughness [31,32].

Meanwhile, 3D inkjet printing come across a problem related to-
wards the conductivity of printed materials. The conductive ink for 3D 
inkjet printers typically exhibited lower conductivity compared to 
traditional metallic materials commonly used in antennas [33]. This 
could result in increased signal losses and reduced overall antenna ef-
ficiency. Additionally, the layer-by-layer deposition process inherent in 
3D printing can introduce discontinuities in the antenna structure, 
leading to impedance mismatches and unwanted scattering effects [34,
35].

Among these 3D printing techniques, strereolithography (SLA) is 
considered as one of the most promising methods for printing antenna. 
SLA has a unique printing process where liquid resin will interact with 
UV light which then polymerizes the resin to form a 3D structure [36]. 
These capabilities allow the printing structure to be more accurate and 
able to do complex structure which is suitable for antenna fabrication 
[22]. However, one of the limitations for SLA technology to fabricate the 
antenna is due to the metallization of the 3D printed structure. Several 
efforts have been made by using electrodeposition and sputtering 
technique to metalize the 3D printed substrate. However, delamination 
of printed layers occurred due to weak adhesion between the metal layer 
and SLA printed structure.

This research was conducted to evaluate the influence of dual 
metallization consists of sputtering and electrodeposition on 3D printed 
SLA substrates towards electrical conductivity performance of micro-
strip patch antenna. The initial step involved sputtering the 3D printed 
SLA substrates with two different metals which were titanium and 
copper. These layers served as precedent layers for subsequent electro-
deposition process. The electrodeposition process demands subjecting 
the 3D printed SLA substrate to vary current densities for monitoring 
copper layer formation that became a key determinant of metallization 
conductivity. The optimization of current density for electrodeposition 
of copper layer was evaluated by analyzing the correlation between the 
electrical conductivity and surface morphological of surface metal 
layers.

The optimized value of current density for electrodeposition process 
was subsequently employed in the fabrication of 3D printed substrates 
for microstrip patch antennas that operated across different frequencies: 
2.4 GHz, 3.5 GHz, and 5.0 GHz. This frequency variation was crucial for 
evaluating the metal layer’s ability across numerous wireless commu-
nication circumstances. The insights of this research provide an ample 
understanding and exploring the potential of 3D printing in the fabri-
cation of substrate using SLA technique for antenna fabrication. The 
simplicity and customization of 3D printing have broaden the limitation 
of fabrication process for diverse wireless communications field. Fig. 1
shows the illustration of antenna applications that existed around us.

2. Materials and methods

2.1. Sample preparation

A sample substrate with screw holes was designed in computer-aided 
design (CAD) software to enable different preparation process and 
testing method with consistent sample as shown in Fig. 2. A circle 
substrate was designed with a 4.3 cm radius and 1.6 mm thickness. The 
design was printed using stereolithography (SLA) 3D printer (Form 2, 
Formlabs, Somerville, MA, USA) with ultraviolet (UV) curable high 
temperature resin from Formlabs. The 3D printer is equipped with 405 
nm laser with optical power of 250mW. Printed samples were subjected 
to post process involving cleaning with isopropanol (IPA) and cured 
using UV cure machine (Formcure, Formlabs, Somerville, MA, USA) for 
60 min.

2.2. Metallization process

The sample undergone metallization process to add conductive 
layers by deposition a blanket seed layer of titanium and copper by using 
DC sputtering system by Kurt J. Lesker (PRO Line PVD 75, Jefferson 

Fig. 1. Overall view application of wireless communication.
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Hills, PA, USA) [37]. A blanket layer of titanium was used to improve the 
adhesion between 3D printed sample and the copper layer [22,38]. The 
process parameters for metal deposition were shown in the Table 1.

The 3D printed substrate was then proceeded to another process of 
adding an additional layer of copper by using the electrodeposition 
technique. The process was used to provide the required conductor 
thickness for the radio-frequency (RF) applications and to improve the 
surface uniformity of the substrate. By running an electrical current 
through a solution containing copper ions, copper was electroplated 
onto a substrate, such as metal or plastic, to form a thin film of copper 
metal. Electrodeposition set-up of Caswell Inc’s Plug N’ Plate® Acid 
Copper Kit was used in this experiment. Samples were connected to 
cathode terminal while a copper sheet (electrode) was connected to 
anode terminal, whereas the copper sulfate was used as the solution. 
Before electrodeposition process started, the substrate would undergo 
surface treatment using sulfuric acid. The thickness of the copper layer 
can be controlled by adjusting the voltage, current density, and duration 
of electrodeposition process. The current density of the electrodeposi-
tion process was varied from the recommended value of current which 
was 70 mA per square inch provided by Caswell Inc. The electrodepo-
sition process was done with different current densities as shown in 
Table 2 below for 30 min to study the effect of surface uniformity on the 
conductive paths. After the process, the samples were then taken out and 
washed with deionized water to get rid of any surplus solution. The 
samples were promptly cloth-dried and put inside an oven at 60 ◦C for 
drying. All samples have been coated with titanium for 35 min, copper 
for 30 min, and different current density for copper electrodeposition 
(%). Table 3 shows the sample name according to the current density for 
copper plating (%).

2.3. Electrical conductivity

The easiest and the most widely used technique to measure the sheet 
resistance (RS) of a thin film is using the four-point probe (4pp) tech-
nique. Four evenly spaced, co-linear probes are utilized in a standard 
four-point probe instrument to make electrical contact with the 

substance being evaluated. During the measurement, a direct current 
(DC) was sent via the outer probes, allowing a voltage to be generated 
between the two inner probes. Eq. (1) will be used to compute the sheet 
resistance by measuring this potential difference between the probes. 
The sheet resistance, which was measured in [Ω/sq], would be helpful 
for analyzing thin conducting layers, the voltage drop measured across 
the inner probes labelled as ΔV, and I is the current applied at the outer 
probes. 

RS =
π

ln (2)
ΔV
I

= 4.53236
ΔV
I

(1) 

In this work, the sheet resistance measurements system from Jandel 
Four Point Probe (RM3000+, Leighton Buzzard, BEDS, UK) was used to 
evaluate the electrical resistance of thin metal layers. Later, Eq. (2) was 
used to determine the material’s resistivity ρ, from the sheet resistance 
Rs, where tf is the thickness of the sheet being investigated. 

RS =
ρ
tf

(2) 

During the measurement, the sample was placed in the holder and 
the probes were placed slowly to made contact with the film avoiding 
any damage to the coated surface. With a total of five locations per 
sample tested, a full substrate mapping was performed throughout the 
whole sample that been cut to 1 × 1 cm substrate in order to analyze the 
variance in sheet resistance across the films. The mean of the sheet 
resistance was computed. It was important to carefully specify the 
measurement sites on samples by focusing on distinct areas, including 
the center, top, bottom, left, and right, to enable reliable measurement 
process.

2.4. Surface morphology

The field-emission scanning electron microscope (FESEM) of JSM- 
IT800 SHL (JEOL) was used to study the surface morphology and the 
thickness of the coated substrate. The high-resolution micrograph from 
the FESEM allows for the unique topological feature of the coated sur-
face to be identified. Accordingly, all surface morphological and topo-
logical information from coated surface (from macro- to nanoscale) will 
be analyzed to relate the effect of process parameters with the electrical 
conductivity and RF wave propagation on this works. Therefore, the 
thickness tf, in Eq. (2) acquired from the FESEM’s cross-section micro-
graph of coated metal (copper and titanium) will be used to calculate 
sample conductivity by using Eq. (3). 

Conductivity, σ =
1

RS × tf
(3) 

An optical-based surface profilometer is used to measure the three- 
dimensional morphology of a surface. It works by projecting a laser 

Fig. 2. Schematic drawing of the sample design.

Table 1 
Metal deposition parameters for metallization process of adhesive layer of tita-
nium and seed layer of copper.

Parameters Titanium Target Copper Target

Gas Argon at 10 mTorr Argon at 10 mTorr
Temperature 40◦C 40◦C
Deposition Duration 35 min 30 min

Table 2 
Current density for copper electrodeposition process.

Sample Current Density (mA) to %

S1 17.5 = 25 %
S2 35.0 = 50 %
S3 52.5 = 75 %
S4 70.0 = 100 %

Table 3 
Sample classification after metallization process.

Group Sample Current Density for Copper Plating (%) Sample Name

S

25 S-25
50 S-50
75 S-75
100 S-100
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beam onto the surface of a sample, and measuring the reflected laser 
light as it bounces back off the surface. By analyzing the angle of 
reflection of the laser light, this technique can determine the topology of 
the sur-face with high precision. Profilometer LSM 700 (Jena, TLfDI, 
German) manufactured by Zeiss was used to investigate the surface to-
pology of the sample.

2.5. Antenna design, fabrication and validation

In simple patch antenna design, it contains a few basic shapes which 
are rectangular sheets or “patches” of the conductive layer on top of a 
dielectric substrate then supported by a larger conductive layer called 
ground as shown in Fig. 3. The microstrip patch antennas are usually 
rectangular or oval, but they can be made in any suitable geometrical 
form. One of the most important considerations in wave propagation of 
the antennas is the resonance frequency that depend of the dimension of 
the patch layer [39]. To design a patch antenna, the dimension can be 
calculated with Eq. (4) [40,41]. 

Width, W =
c

2f0

̅̅̅̅̅̅̅̅̅̅̅

2
εr+1

√

(4) 

Where c is the speed of light, f0 is the resonant frequency, and εr is the 
dielectric constant of the substrate. Effective dielectric constant can be 
determined using Eq. (5). 

εr e f =
εr + 1

2
+

εr − 1
2

⎡

⎢
⎢
⎣

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + 12 h
W

√

⎤

⎥
⎥
⎦ (5) 

Where εreff is the effective dielectric constant, h is the thickness of the 
antenna. Due to fringing effects, the size of the antenna is increased by 
an amount of (ΔL). Therefore, the extension of the length (ΔL) of the 
patch is to be calculated using Eq. (6). 

ΔL = 0.412h

⎛

⎜
⎝

(
εreff + 0.3

)(
w
h + 0.264

)

(
εreff − 0.258

)(
w
h + 0.8

)

⎞

⎟
⎠ (6) 

The actual length of the patch can now be determined using Eq. (7). 

Length, L =
c

2f0
̅̅̅̅̅̅̅̅εreff

√ − 2ΔL (7) 

The antenna in this study was meant to be a reconfigurable patch 
antenna with different frequencies of 2.4 GHz, 3.5 GHz, and 5GHz. Fig. 4
(a) depicts the antenna’s dimension and assembly, which will be built on 
a Lego-like structure with poles and holes. An antenna, as shown in 
Fig. 4(b), has three radiating patch designs for three different 

frequencies and one ground structure. As a result, all three patch designs 
have the same ground structure.

The patch antenna was simulated in Ansys HFSS software, which 
utilized a 3D full-wave Finite Element Method (FEM) to compute the 
wave propagation behavior of complex components of arbitrary shape 
and user-defined material properties. The simulation yielded the an-
tenna’s reflection coefficient and radiation pattern. Once the simulation 
was completed, the antenna was modelled in 3D CAD software called 
Blender. The modeled design would be subsequently converted into 
standard triangulated language (STL) file and sliced with Formlabs’ 
Preform Slicer. The sliced design of STL file was printed using a Form 2 
3D printer manufactured by Formlabs using High Temperature V2 resin. 
Further curing was followed using Form Cure for 60 min. As illustrated 
in Fig. 5, the antenna was constructed with an additional thickness of 0.2 
mm for the metallization process, which was subsequently polished to 
remove undesired structure and produce the desired patch structure. 
Damascene-like technique was used to describe this approach [5]. The 
antennas were characterized using a vector network analyzer (Anritsu 
MS2024B VNA Master, Atsugi, OL, Japan). VNA was used to determine 
the S-parameter of an antenna, which are important parameters for 
determining the efficiency of an antenna. Before measuring the reflec-
tion coefficient of the fabricated antennas, the calibration for measure-
ment setup was applied using calibration kit and standard antenna 
supplied by the manufacturer. Fig. 6 illustrated the final antenna 
equipped with male SMA connector attached to a female coax cable for 
antenna characterization.

3. Results and discussion

3.1. Electrical conductivity

The electrical performance of the deposited copper layer was studied 
from conductivity measurement. The sample conductivity was shown in 
Fig. 7 and compared with conductivity from standard copper metal. 
When the current density was increased during the electrodeposition 
process, the conductivity value for the sample increased in mixed- 
nonlinear trends. The samples S-25 with a current density of 25 % 
show the lowest conductivity value of 4.59 MS/m, whereas the samples 
S-50 and S-75 exhibited an increase of conductivity value from 6.27 MS/ 
m and 19.7 MS/m respectively. Meanwhile, the samples of S-100 
showed only a marginal conductivity value compared to S-75 at 22.4 
MS/m. The full coalescence of the isolated copper particle could be 
responsible for the sharp increase in the conductivity between current 
density of 50 % and 75 %, on the contrary at maximum 100 % the copper 
ions were infused rapidly filling-up the voids. Typically, the electrolyte 
of the electrodeposition process can easily penetrate the void thus 
capable to improve the deposition of the metal producing a continuous 
layer, which later would greatly enhance the electrical conductivity of 
the deposited metal hence a new electrical paths were created [42]. 
Comparatively, the conductivity of copper (58 MS/m) from Interna-
tional Annealed Copper Standard (IACS) was included in Fig. 8. As 
indicated, at maximum current density of 70 mA per square inch, this 
electrodeposition process was only reached to about 39 % from the 
standard copper for 30 min deposition duration. According to Darvish-
zadeh et al., by increasing the deposition duration longer at marginal 
current density between 50 and 75 % could further enhanced conduc-
tivity of the final copper layer [43].

The electrodeposition process such as sputtering and electroplating 
could be complex and time-consuming, requiring precise control of 
parameters like current density and the duration of metal deposition 
[44]. Therefore, the optimized parameter for sputtering had been set up 
as mentioned earlier. However, the sputtering process could not provide 
an optimum conductive metal layer because the antenna required a 
certain skip depth to reduce the attenuation in practical applications 
[45]. Therefore, an additional process of electroplating copper was to 
provide a smoother surface of conductive metal layer. Other than that, Fig. 3. The illustration of patch antenna basic structure.
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the surface roughness of conductive metal layer must be uniform to 
ensure the wave could propagate efficiently and ensure that the antenna 
resonated at precise frequency that later would be further discussed in 
the FESEM and surface roughness section [34]. The most significant 

factors that affected the uniformity of copper layer was the precision of 
3D printed substrate. The limitation of 3D printer could also contributed 
towards uneven thickness of surface 3D printed substrate at the first 
place before sputtering and electroplating processes. Table 4 shows the 

Fig. 4. (a) A Lego-like structure for the reconfigurable patch antenna applied in this study; (b) Patch design for three different frequencies with the same 
ground structure.

Fig. 5. A damascene-like technique was used to achieve the desired pattern after the metallization procedure.
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electrical resistivity of different techniques of deposition metal layer on 
varied substrates for a comparison between our work and past studies.

3.2. Field emission scanning electron microscopy (FESEM)

Fig. 8 shows FESEM microphotographs of sputtered copper on the 3D 
printed surface of a substrate with magnification of × 1000, meanwhile 
Fig. 9(a-d) display FESEM microphotographs of dual metallization 
approach whereas sputtered and electroplated copper. Fig. 9(e) has a lot 

of pores due to the 3D printing process. From the image analysis using 
ImageJ, the pore size was in the range of 10 µm, potently increased the 
electrical surface resistance of the sputtered copper layers. According to 
the technical specification from the manufacturer of Form 2 SLA 3D 
printer, the laser spot size (FWHM) was about 140 µm, but finer tuning 
and optimization during slicing process had capable to improve the 
quality of printed substrate. On the other hand, Fig. 8(a-d) displayed the 
deposited copper layer on the surface of the substrate at various applied 
current densities, consists of 25 %, 50 %, 75 %, and 100 % for S-25, S-50, 
S-75, and S-100, respectively, at deposition duration of 30 min. A 
continuous and consistent layer of copper was visible along the surface, 
as shown in Fig. 9(a-b) when current density was increased from 25 % to 
50 %. Thus, the observed copper layer indicated that the electrodepo-
sition copper process was able to fill up the pores which later led to 
improve of electrical surface resistance of the copper layers. As the 
current density increased further from 75 % to 100 %, the ability of the 
copper ions from electrodeposition process to fill-up the empty pores 
somehow not consistent as shown in Fig. 9(c-d). Reasonably, the depo-
sition rate of copper should increase linearly with an increase in applied 
current, practically smoothing out the holes on the substrate surface. 
Statistical and experimental work by Darvishzadeh et al. studied the 
influence of current density and deposition duration on fabric surface 
discovered the optimal condition for uniform surface morphology which 
significantly enhanced the electrical conductivity of deposited metal 
[43]. Metal deposition using electrodeposition process govern by several 
mechanisms, such as nucleation, growth, and coalescence of metal 
particle that strongly depend on these two parameters [48,49]. It was 
found that the morphology of the deposited metal changed to a 
non-uniform structure when the deposition were done at high current 
density and rapid growth [50]. Therefore, the formation of micro-cluster 
on the surface was obtained when the electrical current density was in 
the range of 50 % to 75 % as shown in Fig. 9(b-c). Further increased to 
maximum 100 % (70 mA) caused the copper layer to become rougher 
due the higher deposition kinetic suffered by copper ions in the elec-
trolyte [51].

Fig. 6. An illustration of experiment setup used for reconfigurable patch antenna characterization.

Fig. 7. The conductivity of the samples at different current density.

Fig. 8. FESEM micrographs of the 3D printed substrate surface after the sput-
tering process only.

Table 4 
The electrical resistivity of copper layer deposited onto varied of substrates.

Methods Conductive 
Layer

Substrate Electrical 
Resistivity 
(Ω⋅cm)

Ref.

Doctor-blade Copper 
paste

Polyethylene 
terephthalate 
(PET)

240 × 10–6 [46]

Screen printing Copper ink Polyimide film 12.5 × 10–6 [47]
Sputtering and 

Electroplating 
(Dual 
Metallization)

Copper 3D printed 
substrate (High 
Temperature 
Resin)

9.97 × 10–3 Our 
work
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3.3. Surface roughness

The sample surface quality from electrodeposition process was 
determined using optical profiler technique. The average mean height 
(Sa) was used to relate the effect between current density and the surface 
morphology of the samples. From the electrical conductivity result, 
more pores and flaws were established during the electrodeposition 
process as the current density surpassed the recommended threshold, 
consistent with many other findings [42,49,50,52]. From Fig. 10(a) and 
10(d) for sample S-25 and S-100 respectively, showed an uneven surface 
with a lot of pores compared to sample S-50 and S-75 displayed by 
Fig. 10(b) and Fig. 10(c) respectively. Clearly, sample S-75 has the best 
and the smoothest surface as most pores have been covered compared to 
all samples. Rohini et al. and Li et al. observed from the FESEM micro-
graphs and optical images, the deposited metal deformed from spherical 
shape to cones shape at higher current density producing a non-uniform 
and rougher surface [53,54]. Therefore, the complex kinetic and dy-
namic nature of metal deposition must be carefully assessed to ensure 
the optimal surface quality using electroplating technique.

Fig. 11 showed the surface roughness of the samples at different 
current densities. The average mean height (Sa) for sample with current 
density of 75 % has the smallest value among others but sample with 
current density of 100 % show marginal increase of the mean height 
value. Lower surface roughness of the sample could be achieved by using 
less current density compared to the sample with 100 % of current 

density. The surface roughness of the 3D printed structure was one of the 
limitations in fabrication of antenna. According to Wang et al., a rough 
surface could substantially reduce the electromagnetic performance in 
terms of increased conduction loss [32]. Higher surface roughness 
would cause amplitude and phase errors of the radiating slot, thus 
decreasing the gain and efficiency of the patch antenna [55].

3.4. Application of patch antenna

In this section, the initial performance of the fabricated 3D printed 
patch antennas are shown. The measured reflection coefficient results 
for 2.4 GHz antenna design as depicted in Fig. 12(a) shows that the 
antenna resonance at 2.56 GHz with maximum return loss of 31.30 dB 
Fig. 12(b) shows the 3D printed patch antenna specifically designed for 
2.4 GHz frequency. Based on the results of the measurements, the 
patch’s 10-dB return-loss bandwidth was found to be 0.126 GHz. The 
measured reflection coefficient of the antenna radiates at a difference of 
0.16 GHz from the simulated measurement. Fig. 12(c) and Fig. 12(d) 
show the simulated and measured reflection coefficient of the proposed 
antenna for 3.5 GHz and the fabricated structure of the antenna 
respectively. The operational frequency of the measured antenna was at 
3.68 GHz, slightly higher by 0.18 GHz from the simulated frequency and 
has a bandwidth of 0.275 GHz. The subsequent antenna, designed for 5 
GHz, displayed a minor discrepancy in its performance, with the 
measured operational frequency transmitting at 5.33 GHz and a 

Fig. 9. FESEM micrographs of the 3D printed substrate surface after sputtering and electroplating processes for different current density rated from 70 mA: a) 25 %; 
b) 50 %; c) 75 % and d) 100 %.
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maximum return loss of 25.18 dB, as depicted in Fig. 12(e) with the 
bandwidth of 0.33 GHz. Fig. 12(f) displays the 5 GHz antenna, which 
was fabricated utilizing 3D printing technology.

The discrepancy observed in the operational frequency between the 
simulated and measured antenna could primarily be attributed to 
various factors related to the assembly process which subsequently alter 
the antenna’s performance characteristics. This factor might be due to 
the mechanical integration of the antenna lower and upper 3D printed 
structure which was joined via LEGO-like interlocking technique as 
depicted in Fig. 13. In addition, this assembly method resulted in 

additional series resistance from the conductive silver paste, surface 
abrasion and the presence of slight air gaps. The presence of the air gap 
between the substrates occurred due to the waviness and the roughness 
on the surface of the substrate during the printing process. Moreover, the 
substrate experienced warping during the metallization process due to 
exposure to heat. This introduced stress to the copper layer, leading to 
imperfections in the antenna structure, further contributing to the air 
gaps formation.

The air gap caused the actual dielectric of the antenna to be slightly 
different compared to the initial dielectric, εr of the substrate. Actual 
dielectric can be calculated using derivation of the Eq. (8). From the 
equation, a new simulation has been done to prove the antenna 
matching between simulation and the actual antenna. There was a good 
agreement between the actual measurement and the simulated mea-
surement of the antenna as shown in Figs. 14–16 for 2.4 GHz, 3.5 GHz, 
and 5 GHz antenna design respectively. 

Width =
c

2fo

̅̅̅̅̅̅̅̅
εR+1

2

√

2fo × Width =
c̅̅̅
̅̅̅̅̅

εR+1
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
εR + 1

2

√

=
c

2fo × Width 

Fig. 10. Surface morphologies of the sample for (a) 25 %, (b) 50 %, (c) 75 %, and (d) 100 % of current density.

Fig. 11. Surface roughness (Sa) of the samples.
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εR + 1
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(
c

2fo × Width

)2 

εR =
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2fo × Width

)2

×2
]

− 1 (8) 

Fig. 12. A Comparison of the reflection coefficient between measured reconfigurable patch antenna using VNA with the simulated performance from Ansys HFSS for 
(a-b) 2.4 GHz, (c-d) 3.5 GHz, and (e-f) 5 GHz design.

Fig. 13. The illustration of an air gap between substrates.
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4. Conclusion

Fabrication of the reconfigurable patch antenna for different fre-
quencies at 2.4 GHz, 3.5 GHz, and 5 GHz using additive manufacturing 
method were demonstrated. A stereolithography 3D printer with a very 
fine resolution up to 0.01 mm layer height allows the fabrication of 
patch antenna that operated at good performance level. This works 
provided an experimental and analysis of the most suitable current 
density for the electrodeposition process for the 3D printed substrate for 

conductive layer. Different current density for electrodeposition process 
were ranging from 25 % to 100 % of 70 mA. The most suitable current 
density was obtained at 75 % as it showed the best surface quality 
compared to others without compromising the electrical conductivity of 
copper layers.

3D printing technology allowed new patch antenna designs to be 
reconfigurable without changing the entire structure of the antenna, 
resulting in cost and material savings. By creating antenna design con-
structed with Lego-like structure, the reconfigurable patch antenna 

Fig. 14. (a) Simulated and measured reflection coefficient for 2.4 GHz antenna design; (b) Radiation pattern of the antenna simulation; (c) 3D radiation pattern of 
the antenna.
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design could be achieved as demonstrated in this works. The antenna 
was then measured using VNA and the discrepancy between measured 
and the simulated performance were ranging from 0.1 GHz until 0.33 
GHz. The difference of the value between the simulated and measured 
antenna might be due to the air gap between the ground part and upper 
part (patch antenna). The air gap occurred because of the waviness, 
surface roughness, and the printed parts warped due to heat exposure 
during sputtering process. Overall, reconfigurable patch antenna could 
be developed using additive manufacturing techniques and allowed a 

new antenna design for the patch antenna which leads to cost reduction. 
This would open an opportunity for the researcher to be more flexible in 
designing and fabricating more design of patch antennas at low cost and 
manufacturing the antennas would be much easier than before.
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