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Frequency, and 4D Capabilities

Chahat Jain, Balwinder S. Dhaliwal, and Rupinder Singh

Acrylonitrile butadiene styrene (ABS) one of the recyclable thermoplastics having insulating properties is
being widely used as a 3D-printed substrate for Bluetooth sensing devices. But hitherto little has been
reported on the 4D capabilities of 3D-printed recyclable ABS substrate-based sensors. This study reports
the rheological (melt flow), mechanical (tensile), morphological (surface hardness, roughness (Ra), porosity,
etc.), 3D printability, and radio frequency (RF) characteristics of primary recycled ABS substrate. Further,
the 3D-printed ABS substrate samples were exposed to two different stimuli (chemical and thermal) for 10
cycles/stages to ascertain the effect on RF characteristics for ensuring 4D capabilities. The 3D-printed
Bluetooth sensor has been designed for 2.45 GHz. The simulated results of the 3D-printed prototypes were
verified experimentally using a vector network analyzer (VNA), which shows the appreciable response with
a minimal frequency shift, thus ensuring the applicability of such sensors for Bluetooth applications. The
percentage variation in the dielectric constant has been recorded to a maximum of 8% (in stage 9) and a
minimum of 2% (in stage 6). Also, the dissipation factor of the substrate has been recorded to remain
constant (~0.0045) indicating a factor of repeatability and hence the usability of such materials for 4D
printing applications. Morphological analysis on scanning electron microscopy (SEM) reveals that the Ra of
the 3D-printed ABS substrate was significantly improved (50-19 nm), hence ensuring better performance of

the fabricated sensors.

Keywords acrylonitrile butadiene styrene, recyclability, ring
resonator, thermoplastic, vector network analyzer,

3D printing

1. Introduction

During the past few decades, planar antennas/sensors have
gathered a lot of attention due to their low profile and
conformability (Ref 1, 2). As electronics technology is evolving
at a rapid pace, the demands for compact and lightweight
materials have increased than ever before (Ref 3). Organic
substrates such as polymers and papers offer more eco-friendly
options for the fabrication of compact devices than substrates
like FR-4, silicon, etc. (Ref 3, 4). Moreover, they provide a
great advantage of flexibility and wearability. It has been
reported that by using the technology of 3D printing, one can
design any complex structure by the successive layer by layer
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construction, thus circumventing the requirement for machin-
ing. Due to less wastage of material, more cost-efficient
prototypes can be rapidly manufactured (Ref 5, 6).

ABS being a non-toxic material has been widely opted to
develop antenna prototypes (Ref 7-10). Also, due to its
recyclability and insulating nature, it can perfectly serve as a
substrate to build different kinds of flexible and wearable
antennas/sensors. In one of the recent studies, conducting ABS
was investigated for the fabrication of a 3D-printed bowtie
flexible antenna which achieves a wide bandwidth of 24.18%
and also shows good mechanical robustness, thus proving its
functionality for the fabrication of 3D-printed electromagnetic
structures (Ref 8). Apart from ABS, other organic 3D-printed
antennas make use of paper-based substrates (Ref 9, 10). In the
recent past, with inkjet printing, a Z-shaped antenna has been
developed using silver nanoparticle ink which is comparatively
cheaper than the corresponding counterparts (Ref 11). A U slot
monopole antenna which was inkjet-printed for applications
covering bands like GPS, WiMAX, Hiper LAN/2, and WLAN
has been reported to achieve a compact size, hence leaving
enough space for the other driving electronics to be fabricated
on the paper substrate (Ref 10). Also, substrates such as Kapton
polyimide films have been investigated for their flexibility
analysis (Ref 11). It has been observed that such substrates
serve appreciable functionality over several frequency bands
under various deformity conditions. Besides the availability of
different varieties of substrates, researchers in recent years have
opted for tailor printed substrates where the usage of hetero-
geneous substrates has guaranteed the applicability of antennas
to biocompatible and flexible applications (Ref 12-14). How-
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ever, the characterization of such substrates is a big challenge as
far as the antenna functionality is concerned. For that, different
characterization techniques have been investigated by the
researchers (Ref 1, 2, 12, 13, 15, 16). Researchers have used
different 3D printing techniques such as laser sintering, inkjet
printing, vat photo-polymerization, and fused deposition mod-
eling (FDM). (Ref 14-16).

The technique of 4D printing may be extensively used for
producing innovative antennas/sensors. It makes use of
advanced and programmable materials which show completely
different behavior when subjected to external environmental
conditions like hot/cold water, light, heat, etc. In contrast to the
technique of 3D printing, this 4D printing is time-dependent,
printer-independent, predictable, and focuses on shape/prop-
erty/functionality evolution (Ref 16). The advantage of this
emerging technology is that it overcomes the issues like rigidity
and volume fitness which were somehow the limitations of the
3D printing technique (Ref 17-24). Thus, this technique
combined with non-toxic materials such as recyclable and
easily available ABS can sufficiently work as good antenna
substrates to provide the advantage of flexibility, wearability,
and freedom of design customization (Ref 25, 26). Using 4D
printing, one can fabricate flexible and conformal resonators
even much larger than the size of the printer, thus leading to the
deployment of devices in tough terrains (Ref 17, 19, 24-27). It
has been reported that out of various printing techniques,
polyjet printing and extrusion printing are some of the most
popular forms of 4D printing which support the design of tailor-
made structures for bioprinting (Ref 18, 28-30).

The literature review reveals that ABS as one of the
recyclable thermoplastics with excellent insulating properties is
being widely used as a 3D-printed substrate for Bluetooth
sensing devices. But hitherto little has been reported on the 4D
capabilities of 3D-printed recyclable ABS substrate-based
sensors. This study reports the rheological (melt flow),
mechanical (tensile), morphological (surface hardness, rough-
ness (Ra), porosity, etc.), 3D printability, and radio frequency
(RF) characteristics of primary recycled ABS substrate. Further,
the 3D-printed ABS substrate samples were exposed to two
different stimuli (chemical and thermal) for 10 cycles/stages to
ascertain the effect on RF characteristics for ensuring 4D
capabilities. In this work, 3D-printed ABS substrates were
designed and investigated that bring change in the resonator’s
parametrical performance. ABS has been chosen for the
resonator design as it is non-biodegradable and can be easily
recycled. The primary recycled ABS granules procured from
the local market have been used to develop wires/feedstock
filaments for 3D printing. Finally, a Bluetooth-based ring
resonator/sensor has been presented which was under con-
trolled treatments of acetone and thermal cycles to explore the
4D capabilities of the resonator.

2. Materials and Methods

To start with the material choice, initially the requirements
for a resonator were explored which may be used for RF
characterization. Also, this must work well with the properties
like flexibility, tensile strength, brittleness, radiation character-
istics, impedance bandwidth, etc. ABS opted for the reason that
it has been reported as an appropriate material sufficing all the
mentioned properties (Ref 11). ABS is one of the thermoplastic
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materials with features of 100% recyclability and abundant
availability. Also, it has an excellent insulating capability which
could suffice the criteria for good dielectric material (Ref 22).
In this work, the effect of acetone as a stimulus on the resonator
fabricated using ABS substrate has been analyzed. The
resonator/sensor fabricated by using ABS as substrate material
was exposed to the acetone vapors (for 10 s) and thermal cycles
(the 1800s each) to study changes in the Ra and porosity of the
material which could further be exploited to analyze material
for its dielectric characteristics. So, the main challenge was to
produce a resonator that functions satisfactorily under different
environmental conditions, thus showing the time reversibility
factor. Figure 1 shows the typical side view of a planar
resonator/sensor.

Initially, cloth-based substrates were also explored by some
researchers; however, such substrates showed deteriorated
performance to typically harsh environmental conditions, thus
putting restraint on the usage of such materials for dynamically
changing environments. Thus, polymer-based substrates turned
out to be better replacements for rigid substrates as well as
cloth-based flexible substrates in terms of their shape, aperture
as well as performance criteria (radiation pattern, gain,
bandwidth, radiation efficiency, etc.) (Ref 28). In this work,
primary recycled ABS has been used as a substrate for
designing a ring resonator/sensor, typically made to work for
Bluetooth applications (at 2.45 GHz). ABS being a cost-
effective and readily available material emerged to be a good
choice for the development of handheld products and gadgets
utilizing such resonators for applications like toys, wrist bands,
short-range communication devices, etc. As the utility of such
devices is found in wrist bands, watches, etc., this resonator
specifically used a thin Cu foil tape with good conductivity
characteristics which could serve as a conductor to be placed on
the substrate. Also, the same Cu foil was used to serve as a
ground plane. The purpose of a good ground plane is to direct
the electromagnetic waves in a required direction and help to
reduce the interference, electrical noise, and detuning during its
operation of transmitting or receiving. Commercially available
Cu foil tape consists of a rolled Cu foil backing and an
electrically conductive, pressure-sensitive acrylic adhesive.
Table 1 shows the specifications of Cu foil tape used to make
the structure for the ring resonator/sensor. The ring resonator
structure is incomplete if the excitation is not provided to it.
Therefore, edge-mounted SMA-type female right angle con-
nectors (F R/A) were used to excite the ring resonator structure
at the two ports. Table 2 specifies the characteristics of an edge-
mounted SMA female (F) right angle (R/A) connector.
Systematic design and analysis methodology is given in Fig. 2.

Microstrip line feed

Conductive patch

4
i

Ground plane

Substrate =

Edge mounted straight connector

Fig. 1 Side view of a patch resonator energized through edge-
mounted SubMiniature version A (SMA) female straight connector
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Table 1 Specifications of Cu foil tape

Properties Specifications

Cu foil with pressure-sensitive
conductive acrylic
Type Foil

Material composition

Foil thickness 0.04 mm
Electrical resistance 0.005 Q

Total thickness 0.07+ 0.01 mm
Adhesion strength 3.5N/10mm

— 40 °Cto + 130 °C
>75 dB, 1IMHz to 2GHz

Temperature range
Shielding effectiveness

Table 2 Specifications of edge-mounted SMA F R/A
connector

Properties Specifications
Max frequency 6 GHz
Impedance 50Q
Connector type SMA
Orientation Right angle
Gender Female
Coupling mechanism Threaded

3. Experimentation

3.1 MFI and Viscosity Analysis

Using the ASTM D1238 standard, the rheological properties
of locally procured primary recycled ABS were checked
(Table 3). It has been observed that the MFI data lie in the
normal probability range with a standard deviation of 1.9329
for overall process capability. Process capability indices (C,
and Cy) for the process were 1.472 and 1.553, respectively.

3.2 TSE

Using the Thermofisher Scientific HAAKE miniCTW twin-
screw extruder, the granulated ABS were extruded at 230 °C at
a load of 3.8 kg to make wire-shaped specimens that could be
fed to the 3D printer. Figure 3 illustrates the filament extrusion
using TSE. The printer employed in this study accepts filaments
with diameters in the range of 2.54+0.05mm. These specimens
of wires were then utilized to perform the mechanical and
morphological analysis.

3.3 Tensile Testing

For the tensile strength analysis of extruded wire specimens,
UTM (Shanta Engineering, Pune, Maharashtra, India) has been
used. The mechanical properties such as peak strength, break

analysis

Melt flow mdex (MFT) and Viscosity

(TSE)

Preparation of ABS filament using twin screw extruder

—{Tenzile testing through universal testng machme (UTH)

—F.ing Resonator design using CST Studio Suite®

—3D printing the design usmg Ultimaket’s 3D prmter

Explottztion of 4D
properties of ABS

Workflow of resonator design
1

=~ szubstrate (controlled
chemical, thermal

_| VNA for power leaving port 2, with power delivered to
port 1 (521 measurement)

treatment)
| Ring resonator Hardness analysis
fabrication (Shore D hardness)
|_|Performance analysis of] Infrared analysis
resonator (FTIR)

— XPD analysis

SEM analysis

Fig. 2 Systematic design and analysis methodology
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strength, Young’s modulus, and modulus of toughness are
shown in Table 4.

3.4 Resonator Design (Using GST Microwave Studio)
and Fabrication

Before proceeding toward the actual fabrication of the ring
resonator prototype on ABS substrate, the initial structure
analysis has been performed on CST microwave studio suite
2019 in which the properties of ABS substrate were initially
customized and then with a rigorous dimensional perusal, the
radiation characteristics of the structure were examined for
acceptable performance. Using the parameters shown in Table 5,
for the simulative analysis, the ring resonator structure appears
to be as shown in Fig. 4 (where Port 1 and Port 2 are meant to
provide feed mechanism, microstrip (msl) = 1.9 mm was the
microstrip width, » = 12.5 mm was the average radius
calculated by using equation (1), g = 0.9 mm was the optimized
gap between the ring and microstrip line and the ABS substrate
was chosen to be of 40 x 50 mm). 3D printing in this study has
been performed by using Ultimaker’s 3D printer. The printer
has a heated bed to aid an improved adhesion of ABS (primary
recycled).

fo

B ne
- 21r\/Eott

Here c is the velocity of light, fis the resonant frequency, &gt
is the effective dielectric constant, and # is the harmonic order
of resonance.

In this study, FDM was used to 3D print substrate with the
parameters as per Table 6.

(Eq 1)

3.5 A 4D Properties of ABS Substrate

Once the &, and tand (dissipation factor) were calculated, the
substrate of the ring resonator was subjected to different
environmental conditions which may decide its functionality as

Table 3 MFI and viscosity values for ABS sample

S.No. MFI in g/, 10min  Density in g/ cm®  Viscosity in Pa-s

1. 11 1.096 x 1073 70931.2
2. 12.33 1.455 x 1073 76351.4
3. 15.2 1.456 x 1073 61572.3
4. 11.4 1.666 x 1073 42010.4
5. 10.2 1.513 x 1073 70547.5

TSE machine pmmbeany

ABS extrusion

(a)

Fig. 3 (a) Extrusion of ABS filament and (b) extruded filament
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a 4D ring resonator. For the same prototype, 10 different
stages/cycles have been explored according to which the
resonator analysis was performed at each stage as shown in
Fig. 5. Different exposure treatments include (1) exposure of
the sample to acetone; (2) exposure to cold and dry temperature
(0 °C) for 30 min; (3) exposure to the hot temperature of 90 °C
in the oven. These stages have been decided based on ABS
dissolvability in acetone and thermal treatment below the glass
transition temperature of ABS. Figure 6 shows the 3D-printed
prototypes exposed to various stimuli.

3.6 Resonator RF Characterization

The fabricated prototypes shown in Fig. 6 were analyzed for
verifying the values of €, and tand as these parameters suffice
the identity of any material meant for RF applications. Using
the assumption that the common ABS material procured from
the local market is having the €, in the range 2.7 to 3.3, the
prototype was analyzed for S,; parameters using Rohde and
Schwarz VNA. S,; denotes the insertion loss when the input is
given to port 1 and output is analyzed at port 2 (Fig. 7).

By putting the values of parameters in the set of equations
(Ref 8), the value of the &, of the material was calculated. Using
Equations (2-5), the value of &, of the material is 2.4 and tand is
0.0045. The relative g, was calculated by putting resonant
frequency observed from VNA, fo = 2.68 GHz, average radius
of the ring, r,, =12.5 mm, the height of substrate, #=0.75 mm,
width of the strip, w=1.9 mm and thickness of trace, =0.08 mm

2 €eff +M — 1
_ Eq2
; M1 (Eq2)
ne \?
= Eq3
Ceff <2ﬂrmfo) (Eq 3)
1h\ ~05
M = (1 + h) (Eq 4)
Weff
Weff:W“F%[l"—ln(?)] (Eq 5)

The tand of the substrate was calculated by using Eq 6.

5 oglor/Cett (€, —1)

- Eq 6
8.68676, (Car —1) (Eq 6)

tan

where o, can be calculated with the help of oy, by using Eqs
7,9, and 10

(Eq7)

QLpotal = Ole + Otg + Ol

Extruded ABS wire
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427.9221

0.485667

0.0546

0.0462

19.77 17.79

87.3 2.73

2.31

97

Attenuation constant in the conductor . can be calculated
using equation in (8)

1
F _<_ Eq 8
T (Ea®)

8.68R; Wefr 2 h h 4w 1-£
e = 1— (e (2 ) - T
* 2nZoh [ (4h ) ] { + Weff + TWefr {n( t + ) 1+ m /umt length
1 w
For—< —<2
2  h

8.68R, Wetr\ 2 h h 2h 1- ;
O = 11— 1 In[—+1
%= 2nZoh [ ( 4h ) ] { + Wetr - et [n( T > T+ @B} it length

w
For—>2
oro
‘xc
o R; 8.68 [Weff V:Ee}tl‘f :|
Zoh [ 4 21n[27e (e 4 0. 94)] W1 0.94
h h 2h _t
1 In( == h
{ - Weff * TTIWefr [n( ) L}J } /umt length
Thtoft 2 A\’
Ry = 'uo{l + Ztan™! [1.4() } }
OCu s 55
here & 1
where o, =
) 7o ofo

Radiation loss attenuation constant «,. can be calculated
using equations in (9)

__" Np .
2 = =N (Eq9)
0,7g unit length
Eetr 20

120 (1;,) " (1~ 46 + 31577

Total loss in attenuation can be calculated by using
equations in (10)

where, O, =

T
Stotal = QTing Junit length (Eq 10)
_ O
WhereQ() = W
0, =L
BW_3ap

4. Results and Discussion

4.1 4D Characterization

The optical-based images of the prototypes have been
captured by using SEM at x 100 magnification. The percentage
of porosity of the chemically treated prototypes was recorded
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using QSMIAS 4.0 image analysis tool as per ASTM B 276
standard. Table 7 specifies in detail the stage-wise surface
textural properties in terms of the zones of porosity, porosity
percentage, 3D rendered image, and average Ra of the
prototypes. In comparison with stage 1, it is observed that the
porosity decreases at stage 3 with a simultaneous decrease in
average Ra of the substrate prototype which is but obvious due
to the reflow of ABS material from peaks to valleys. However,
another similar treatment at stage 6 results in an increase in Ra
and porosity (although less than the parent value), most likely
due to the increase of air voids at that stage. On the further
repetition of similar treatment, the porosity again decreased
with a drastic improvement in Ra indicating the 4D character-
istic of the existing ABS.

4.2 Hardness Testing

The hardness analysis of the prototypes (of stages 1, 3, 6,
and 9 as per Fig. 6) was performed by the Shore D hardness
tester (range 0-100) as per ASTM D 2240. For the repeatability,
the hardness was observed at three different locations of the
prototype and hence the average value of hardness was
recorded as given in Table 8. It should be noted that there is

Table 5 Parametric values for the structure

Parameter Value
Frequency of operation, f 2.45 GHz
Dielectric constant, &, 3

Loss tangent, tand 0.006
Height of the substrate, h 0.75 mm
Thickness of the trace, t 0.08 mm

Port1 E====)

SMA F R/A connector

Ground plane made from
copper tape

(b)

a maximum of 5% change in the value of hardness showing that
such materials can serve as substrates for the conformal
application of resonating structures under selected environ-
mental conditions. Further based upon Table 7, the surface
characteristics (amplitude distribution function, bearing ratio
curve, and peak count) of substrates at stages 1, 3, 6, and 9 were
plotted which are in close confirmation with Ra profiles.

4.3 FTIR Analysis

The attenuated total reflection (ATR) equipped Fourier
transformed infrared (FTIR) spectroscopic analysis of samples
1, 3, 6, and 9 was performed to investigate the changes that
occurred in the chemical structure of ABS substrate due to the
chemical/thermal treatment as a stimulus. Figure 8 shows the
absorbance spectrum for ABS samples as per Fig. 6. The range
of wavenumber (WN) for the analysis of the test was from 4000
to 400cm™. The significant shifts were observed in ABS
absorbance peaks that outlined the changes in its chemical
structure by chemical treatment. For a 3200-3000cm™ range of
WN, absorbance peaks were observed that highlight the

Table 6 Input process parameters for 3D printing

Parameters Values
Infill density 100%
Infill pattern Rectilinear
Layer height 0.25mm
Nozzle temperature 250 °C
Bed temperature 60 °C
Raster angle 45°

&= Port2
&=== ABS substrate

ABS substrate

Ring and strips made through copper tape

Fig. 4 Ring resonator structure design (a) in CST microwave studio 2019 and (b) Bird’s eye view of the fabricated prototype
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*Ring resonator under no stimulus

*10 s exposure to acetone
Stage 2

+30 min cooling at 0°C after stage 2

€<€K<

*Gradual heating upto 90° C after stage 3

N\
+10 s exposure to acetone after stage 4

J

N
+30 min cooling at 0°C after stage 5

J

~
*Gradual heating upto 90° C after stage 6

J

N\
+10 s exposure to acetone after stage 7

7

~
*30 min cooling at 0°C after stage 8

S

N
«Gradual heating upto 90° C after stage 9

J

Fig. 5 Stage-wise description of the exposure treatments given to
ring resonator prototype

presence of the C-H functional group. The chemical treatment
on substrate significantly increased the absorbance peaks up to
stage 9 (shown in sample 9) as symmetrical stretching
vibrations were observed in sample 9 (Fig. 9) for the 3200-
3000cm™ WN range. It was observed that no clear or strong
peaks were observed in the same WN range for the C-H group
in the case of sample 3 and sample 6. The presence of the
C = N functional group in sample 1 was observed for IR range
1375-1500cm™ WN with weak intensity peaks. The hardening
of C = N functional group chemical bonds was observed due to
shifting and stretching of its peaks from the actual range toward
the left side IR range 2000-2250cm™ WN. For sample 3 and

8766—Volume 31(11) November 2022

sample 6, the observations vibration peaks (in the 2000-
2250cm™ WN range) show the acceptable effect of chemical
treatment on Shore D hardness properties of ABS. The same
peaks as of sample 1 were obtained finally again in sample 9,
and strong absorbance peaks at 1375-1500cm™ WN range were
recorded. Also, strong absorbance peaks for C=C were
observed at 1638-1665cm™ WN for sample 9 (stage 3 chemical
treatment). This increase in absorbance of ABS after treatment
shows the programmability properties in it. The FTIR analysis
shows that the chemical structure of ABS may be programmed
to increase/decrease the mechanical, morphological properties,
and hardness in such a manner that the programmed 3D-printed
substrate shows 4D properties.

4.4 XRD Analysis

The changes that occurred in the crystal structure of ABS
after chemical treatment was investigated by XRD analysis.
XRD testing of ABS substrate samples 1, 3, 6, and 9 was
performed, and diffraction patterns were collected. Figure 9
shows the XRD diffraction pattern of 3D-printed ABS substrate
collected at a range of angle 26 between 10 and 100.397°
keeping the scanning rate 5°/min.

The XRD spectrum was plotted for intensity v/s 26 for each
sample. The comparison of samples 1 and 3 and XRD signature
analysis outlined that chemical treatment significantly changed
the crystal structure of the 3D-printed ABS prototype after first
stage of exposure. The peak shift was observed for sample 1 at
two specific values of 26, i.e., 64.481° and 77.682°, respec-
tively. The same peaks for sample 3 were obtained with a shift
at 64.572° and 77.826° that resulted in increased Shore D
hardness of ABS after the chemical reaction. The maximum
shift of 0.12° in the first peak was finally observed (in sample
9) as compared to the peak of sample 1. Also, a maximum of
0.144° peak shift was observed in the second peak after the
chemical treatment of ABS. The XRD analysis supports the
outcomes of FTIR analysis that the solvent significantly
changes the chemical properties and crystal structure of the
ABS polymer matrix as a result of which the desired properties
of the matrix may be programmed and customized by changing
the bond strength and bond angles for 4D applications.

4.5 RF Characterization

Initially, the simulated and experimental designs were
compared to calculate the exact g, and tand of the material.
The &, dictates the charge holding capacity of material and tand,
also known as dissipation factor, accounts for the loss of RF
signal in the material itself. Figure 10 shows that the first
resonance occurs at around 2.45GHz as the resonator is
designed for so, but the experimental first resonance is seen at
2.68 GHz. This is because the calculation process (Eq 1) started
with an assumption that the dielectric constant of ABS is 3
(usually it varies in the range 2.4-3.6). However, through the set
of Eq 2-10 and VNA analysis, it was found out to be 2.4 GHz,
thus resulting in a right frequency shift.

Comparison of Stages 1, 3, 6, and 9 is of significant interest
as they decide the change in behavior of the substrate material
and its RF characteristics (Frequency shift, dielectric behavior).
This is because at these stages the controlled exposure to
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—— — VNA setup

Fig. 7 VNA testing of the fabricated prototype

acetone has changed the material’s peak and valley formations.
Figure 11 and Table 9 depict the resonant frequency shift and
the change in values of the S,; magnitude due to the controlled
stimuli. It is observed that there is a gradual increase in g, of the
material with a minimal increase in the value of dissipation loss
in the material. Also, the little shifts in resonant frequency
correspond to the unintentional porosity incurred during the
FDM process. Also, higher &, means a higher dielectric strength
and hence good insulating properties as a resonator substrate,
thus leading to a conclusion that the fourth dimension of
chemical treatment added to 3D-printed substrate can result in a
category of tailored substrates which may achieve better

Journal of Materials Engineering and Performance

Ring Resonator

insulating properties and more miniaturization (antenna size
and g, have an inverse relationship) to fit into a compact world.

5. Conclusions

The following are conclusions from this study:
(1) With a motivation to bring a value-added product from

a non-biodegradable material, Bluetooth sensor has been
successfully prepared for 2.45GHz.
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Table 7 Morphological analysis of the prototypes in terms of different parameters
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Table 7 continued
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Table 8 Material properties in terms of its hardness, ADF, BRC, and peak count

Stages

Parameters

Hardness Amplitude Distribution Function
using
Shore-D

Durometer

Bearing Ratio Curve

Peak Count

—_

50

52.5

52.5

51

@

The substrate material was exposed to controlled chemi-
cal/ thermal treatments to exploit its 4D behavior. When
used as an insulating material for fabricating resonator
substrates, it effectively displays 4D printing properties
as it extensively shows a change in porosity and average
Ra value with almost reaching back to the parent value
in the final treatment for different stages of controlled
chemical and heat treatments. The percentage variation
in the dielectric constant has been recorded to a maxi-
mum of 8% (in stage 9) and a minimum of 2% (in stage
6). Also, the dissipation factor of the substrate has been
recorded to remain constant (~0.0045) indicating a fac-
tor of repeatability and hence the usability of such mate-
rials for 4D printing applications.

8770—Volume 31(11) November 2022

3)

4

The surface features such as hardness, Ra profile have
shown a close relationship with amplitude distribution
function, bearing ratio curve, and peak count to affect
the RF characteristics in different stages of processing.
These results have been well supported with FTIR and
XRD analyses.

The detailed RF characterization of all 4D-printed proto-
types shows that a controlled subjection to chemical and
temperature conditions results in a category of tailored
substrates with miniaturized antenna designs. The value
for g, decides the capacity of a sample to hold the
charge. Thus, an almost same value of ¢, with a low va-
lue of dissipation factor plays a vital role in improving
the characteristics of the resonator and supporting the
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Fig. 9 XRD analysis of the ring resonator prototypes at different stages of stimuli as per Fig. 6

repeatability in the response required for 4D printing.
This may lead to the design of resonators which can be
typically mounted in difficult climatic terrains without
any compromise in their radiation performance.

Further investigations may include the experimentations

related to the 4D analysis of other non-biodegradable rein-
forcements in ABS or other thermoplastic/thermosetting poly-

Journal of Materials Engineering and Performance

mers for better waste management. Also, such substrates may
further be investigated for different types of sensor/antenna
applications showing multiband behavior functionality apart
from Bluetooth utility. In this study, the 3D printing of ABS
substrate was performed at fixed settings and the design of the
experiment was not followed for optimizing the FDM printed
part properties (in terms of mechanical, surface, morphological
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Fig. 11 Description of frequency shift and S,; magnitude change: (a) stage 1; (b) stage 3; (c) stage 6; (d) stage 9

8772—Volume 31(11) November 2022

Journal of Materials Engineering and Performance



Table 9 Stage-wise illustration of RF characteristics of chemically/thermally treated prototypes

Parameters
Stages Dielectric constant, €, Loss tangent, tan 6 1st resonance, in GHz S,; at first resonance, in dB
Stage 1 2.44 ~0.0045 2.68 — 37.52
Stage 2 2.54 ~0.0045 2.63 — 45.00
Stage 3 2.35 ~0.0045 2.72 —43.72
Stage 4 2.49 ~0.0045 2.65 —41.30
Stage 5 2.49 ~0.0045 2.65 — 42.66
Stage 6 2.49 ~0.0045 2.65 — 4252
Stage 7 2.54 ~0.0045 2.62 — 58.84
Stage 8 2.06 ~0.0053 2.87 — 30.08
Stage 9 2.64 ~0.0045 2.59 — 35.16
Stage 10 1.53 ~0.0038 3.25 — 27.44

features), but for establishing the 4D capabilities with FDM
these parameters may be considered in future applications.
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