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Abstract

The dielectric and optical properties of materials are important when creating biomedical prototypes utilising additive man-
ufacturing or 3D printing. For high-frequency devices, characteristics such as dielectric constant, resistivity, and dielectric
loss are used. Piezoelectric materials, such as polymer ceramic composites, have a significant impact on diagnostics and bone
healing. 3D printed lenses and other metamaterial-based optical elements are employed in imaging and sensing applications

incorporating polarisation and plasmonic characteristics.
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ABSTRACT

The dielectric and optical properties of materials are important when creating biomedical
prototypes utilising additive manufacturing or 3D printing. For high-frequency devices,
characteristics such as dielectric constant, resistivity, and dielectric loss are used.
Piezoelectric materials, such as polymer ceramic composites, have a significant impact on
diagnostics and bone healing. 3D printed lenses and other metamaterial-based optical
elements are employed in imaging and sensing applications incorporating polarisation and
plasmonic characteristics.
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1. Introduction

Rapid prototyping and additive manufacturing, sometimes referred to as 3D printing, are
widely employed in the biomedical industry to produce titanium scaffolds for orthopaedic
implants, biomedical prototypes, optical elements, and chip-based devices [1-5].
Stereolithography (SLA), digital light processing (DLP), fused filament fabrication (FFF), fused
deposition modelling (FDM), and material jetting are low-cost and simple procedures for
making unique, customised goods. Polymers such as poly (lactic acid), polycarbonate,
polyamide, polydimethylsiloxane, polyethylene terephthalate glycol (PET-G), and different
thermoplastic polyurethane filaments (TPU) are used in these processes [6, 7]. In addition,
much research is being conducted on piezoelectric polymers (PVDF), composites, and
piezoelectric ceramics (PZT, BTO)[8].

The dielectric and optical properties of 3D-printed biomedical prototypes, in addition to
mechanical and thermal features, are critical for their use. [9-11]. The electronic conduction
of the materials used in additive manufacturing must be checked for usage in prototypes.
Because of their unpredictable behaviour at very low frequencies, 3D-printed biosensors
require a wider gamut of frequencies to operate. High-frequency sensor operation
necessitates more input power, raising the overall cost of the sensing system. Polymer-based
flexible sensors have alleviated some of the impact [12]. However, optical components
utilised in biomedical equipment, such as lenses and mirrors, necessitate exceedingly
uniform surfaces. To overcome this difficulty, advanced 3D printing techniques are being
deployed. SLA cures polymers utilising optical processes such as photopolymerization with
UV lasers and digital light processing (DLP). The optical properties of the 3D-printed
polarisation mirrors, beam splitters, optical whispering-gallery modes (WGM), waveguides,
and sensors used in biomedical prototypes have a substantial impact on performance. [13].
Taking into account all of these factors, this communication discusses the dielectric and
optical properties of 3D-printed biomedical prototypes..

2. Dielectric properties

The dielectric strength E, (kV-mm™), surface/volume resistivity (ps / py), and dielectric loss
(tan &) are the main dielectric parameters looked for in the 3D printed systems for the
selection of materials. The breakdown voltage to thickness ratio, often known as the
dielectric strength, demonstrates an object's ability to act as insulation. The relative
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permittivity of a dielectric substance describes its polarizability. Capacitance is connected to
electric susceptibility, which is the measurement of the ease of polarisation subject to an
external electric field. Impedance analyzers are used to test dielectric properties, particularly
at low frequencies where the measuring capacitor has high impedance. Dielectric loss refers
to the loss in energy as the material gets heated in an alternating electric field. It is expressed
tan & where 6 is the angle between the alternating field vector and the material's loss
component.

The measuring device provides the circuit parameters — total capacitance (C,) and its quality
factor (Q). The relationship between these two parameters is described by eq 1, where R is
the sample loss resistance. The total capacitance consists of the parasitic capacitance of the
supply conductors of the electrodes (Cpar) and the capacitance of the tested sample (C).
given as Cs = Cpar - Cp. The loss factor (tan &) is then calculated from the data (Q) according to
eq 2[14].

Q = wC,R (1)
tan 8 = 100-Z (2)
QCs

In order to incorporate 3D-printed circuit elements into high-voltage devices, it is necessary
to comprehend the insulating properties of the printed materials. This is because printed
dielectric matrices containing conductive or metallic traces and other electrical components
have made additive manufacturing possible for complex three-dimensional designs.
According to research on the dielectric breakdown of additively manufactured polymeric
materials using the SLS, FDM, and SLA processes, printed insulators would likely be less
desirable due to reduced dielectric strength when insulating plastics are needed in high
voltage applications that demand high dielectric strength insulators and conventional
subtractive machining processes are viable. As insulator complexity begins to exceed the
capabilities of subtractive machining technologies, a printed insulator would be a more
competitive option. Dielectric composites in the form of BaTiOs (BTO) microparticles were
combined with ABS to make 3D-printed objects with high permittivity. The microwave
dielectric properties found using a 15GHz split post-dielectric resonator were 2.6-8.7 and
0.005-0.027, respectively. The 3D-printed structures are depicted in Fig 1 [15-18].

Fig 1: 3D-printed polymer composite parts. (a) rod-connected diamond photonic crystal structures printed in ABS
polymer (left, ¢’ = 2.57) and 50wt% BaTiOs/ABS polymer composite (right, €’ = 4.95). Scale: each cubic structure has
an overall side length of 32mm (8mm unit cell). (b) 1D, 2D, and 3D periodic structures and a 1D graded structure
printed using a combination of ABS polymer and 50wt% BaTiO3 in ABS polymer composite. Scale: each cubic
structure has a side length of 16mm (reproduced under CC-BY License — Open Access Castles, F [18].



2.1 Electronic applications

Because they are affordable and have strong dielectric properties, PET-G and ABS-T are
materials used in electronic applications. E is typically between 10 and 20 kV/mm for most
polymers. However, thermoplastics showed higher values, whilst polymers with carbon fibre
inclusions showed lower values. The semiconductive co-polymer ABS ESD has v = 3.58 108
cm and s = 4.38 108 cm when used as an encapsulating layer. [19]. The dielectric
characteristics of 3D-printed PLA indicate good insulating qualities below the glass transition
temperature. A dipolar relaxation mechanism and a significant change in the dielectric
properties were found to occur during cold crystallisation. It can be quickly used to produce
electrical components thanks to the addition of a small amount of the ionic liquid THTPT DE
A small amount of the ionic liquid THTPT DE substantially increases PLA's conductivity,
making it suitable for the fast production of electrical components. [20].

2.2 High-frequency applications

The dielectric properties of the 3D printing materials PLA, PET-G, and ABS showed that their
relative permittivity varied between 2.9 and 4.2 MHz in the frequency range. The loss
factors ranged from 0.8 to 4.0%. For electrical applications, ABS and PLA-Metallic Green are
suitable materials due to their low-frequency dependence up to 70 MHz and their low loss
coefficients (0.9-1.5%). [14].

For MRI, additive manufacturing can be used to create the structure of RF coils as well as
other parts. The dielectric constant and loss tangent of 3D-printed polymers (ABS, PLA, and
Methacrylate Photopolymer Resin, MPR) in the MRI frequency range (up to 300 MHz) have
been examined in order to design and construct a receive-only RF coil that fits near to the
body. [21].

Resonant cavity, microstrip-line, and circular resonator approaches are used to explain the
dielectric properties. Resonant procedures based on quantifiable shifts in resonance
frequency and changes in the cavity's quality factor enable the most exact characterisation
methods, especially for low-loss materials, although they can only be applied at microwave
frequencies. [22].

2.4 Biosensors

A tiny, 3D-printed microwave probe has been used to calculate propagation losses and
reflectometry within a biological medium acting as a biomedical antenna. The propagation
losses for various human body regions have been considered for examination in human or
animal bio-medical microwave testing. A paraffin and titanium oxide (TiO,) high-dielectric
material mixture can be used to create an elliptical double-ridged horn (EDRH) antenna for
medical monitoring. The antenna has been designed and optimised to function in the
frequency band (2—6 GHz) in order to accomplish high-resolution detection and maintain a
WB. It is embedded in a high-dielectric material to reduce reflections brought on by a
mismatch with the body and to further miniaturise the recommended antenna. Due to its 4
GHz bandwidth, amplification of 5-8 dB, and excellent impedance matching, it can function
at lower frequencies and allow monitoring very deep into the human body. For use in
biomedical applications, a monopole microstrip antenna with a curved substrate that has
been manufactured in three dimensions (3D) has been developed. The thickness of abdomen
fat is measured and verified using a pyramidal double-ridged horn antenna that was 3D
printed and filled with a high dielectric substance. [24 - 29].

2.3 Piezoelectric properties

Using a Cu doped-ZnO reinforcement and a polyvinyl fluoride (PVDF) matrix with
piezoelectric capabilities, low-cost non-enzymatic glucose smart biomedical sensors have
been created. The amount of polarisation produced per unit of mechanical stress is
measured by the piezoelectric constant, or Berlincourt metre, d33. Pico(10-12)



Coulomb/Newton (pC/N) is the unit. The polarisation causes the creation of dipole moments,
which are measured in terms of their polarizability (pC cm™) per unit volume. The materials
have a dielectric constant of 6.5 and a piezoelectric coefficient of 19.3 pC/N, which are
suitable for bioreceptors and transducers. A flexible silver-coated PNN-PZT grid-composite
with grid architecture based on a PDMS matrix was made using the direct ink writing
approach, and it displayed an improved piezoelectric and electromechanical coupling
coefficient. A flexible silver-coated PNN-PZT grid-composite with grid architecture based on a
PDMS matrix was made using the direct ink writing approach, and it displayed an improved
piezoelectric and electromechanical coupling coefficient. The most popular piezoelectric
ceramic for 3D printing is lead zirconate titanate (PZT), which has a high piezoelectric
coefficient and simple manufacturing piezoelectric constant (212-345 pC/N) and dielectric
constant (760-1390). The alignment of the dipoles is enhanced when piezoelectric materials
are heated to high temperatures, which can improve the electromechanical coupling of the
piezoelectric ceramics. Additionally, the sintered PZT was incorporated to create a 2D array
for the ultrasound transducer with a centre frequency of 2.24 MHz. [30-34].

Lead-free piezoelectric ceramics have taken the place of lead-based products as a result of
the rising demand for environmentally benign and non-toxic materials. [35]. With a
maximum polarisation of 2.29 pC cm™ and a piezoelectric constant of 60 pC/N, BTO are lead-
free and have exceptional dielectric and piezoelectric characteristics. In turn, this leads to an
optimised dielectric coefficient (d33), which was raised from 290 to 360 pC/N [36], improving
sinterability.

2.4 Bone healing

Piezoelectric materials are utilised to regulate the growth and regeneration of bone cells. 3D
printed implantable materials encourage piezoelectric and bioactive activity to promote
bone healing. Piezoelectric materials having ferroelectric properties are used to control the
interaction between ions and salts in situ and modify the surface charge of biological
components in physiological settings. These impacts affect protein adhesion and bone
healing. The piezoelectric properties of bone can encourage self-healing by producing an
electric signal during movement [37-39].

There are two types of piezoelectric effects that can be used to activate bone: direct effects
(mechanical stimulation) and indirect effects (electrical stimulation or energy harvesting).
Piezoelectric material scaffolds can produce electric impulses using dynamically collected
energy, stimulating bone cells and promoting their adherence to the scaffolds. [40]. Porous
titanium scaffolds with piezoelectric BTO coating were used to trigger osteogenic
differentiation based on the piezoelectric effect produced by low-intensity pulsed ultrasonic
stimulation. [41]. Piezoelectric materials can be 3D printed to create complex-structured
smart stimulatory scaffolds and bone stimulation implants in the future. [42].

3. Optical Properties

3.1 Imaging and Spectroscopy

Tissue-simulating phantoms are necessary for many optical imaging and spectroscopic
applications. A variety of optical phantoms may now be produced using 3D printing and
acrylonitrile butadiene styrene (ABS) filaments, which is a novel method of manufacturing
objects with changing geometry [43]. Even gratings and other optical elements may benefit
from the natural waviness of many 3D-printed objects in order to achieve a particular effect.

3.2 Polymer Glass lenses

The optical densities, transmittances, and thermal stabilities of polymer and glass optical
lenses vary [44]. Injection moulding of polymer optical lenses is possible [45], and novel
inkjet printing methods based on polymeric nano droplets can be used to produce micro-lens
arrays [46]. It has been claimed that a modified inkjet printing technology was used to create
a 3D printed lens with a 25 nm aperture [47]. For printed circuit boards (PCB), 3D printed
polylactic acid (PLA) laser lenses with anti-reflected (AR) properties have been created using
the hyperbolic lens equation using a 3D model as shown in Fig. 2a, where the wall height h =



/4n"2 and n is the refractive index of the material. In Fig. 2b, c, the surface artefacts created
by the lenses are depicted. According to Fig. 2d [64], the AR structure used two different
types of lenses with various diameters and apex heights.
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7.89 mm

’ 50 mam. \ l
50 mm

Fig 2 a) 3D model for printed PLA lenses and (b, c) surface artefacts (d) diameter and apex
height of two types of lenses used in forming the AR structure [64]

3.3 Distortion in 3D printed lenses

A lens 3D printed entirely vertically may have some additional distortion, whereas a lens 3D
printed horizontally may have layer line artefacts at the centre of the lens's axis. The clearest
lenses were printed at a 30° angle to the build platform, with supports only placed around
the edge, to prevent support marks on important lens surfaces. The projection micro-
stereolithography (PSL) technique has been used to quickly create optical lenses for 3D
printing. Three processes—manual sanding, automated sanding, dipping grayscale photo
polymerization and meniscus coating processes—are used to polish lenses for optical clarity
[48].

3.4 Sensing applications

Direct laser printing can create 3D-printed contact lenses with built-in microchannels at the
edges for diagnostic reasons. [49, 50]. It has also been stated that a photodetector was
created utilizing PET film and 3D printing [51]. An interferometric pressure sensor has also
been constructed using a Fabry-Perot interferometer based on a tiny optical fibre [52]. DLP
was once more used to produce an optical waveguide in a transparent photosensitive resin
for a gas sensor [53]. It was possible to track finger flexion using a 3D-printed optical sensor
that was based on the attenuation of light transmitted by crossed polarizers. [54]. The
features of the 3D-printed optical elements may be improved using specific post-treatments,
such as covering the samples with a liquid resin sheet of adequate thickness, curing them
with UV light, and removing the uncured residues with isopropyl alcohol. Transmittance
would rise as a result [55].

3.4 Polarizers
A polarising beam splitter has been manufactured using 3D printing at the end of a single-mode
optical fibre [56]. Additionally, using 3D printing, a Fresnel Rhomb, a rhombohedral prism in



which incident light is twice reflected if it strikes at the proper angle, has been produced [57]. Due
to this, there is a 90° phase shift between the two incident polarisation orientations. Optical spin
splitters using spin-orbit optical vortex generators have been reported [58]. Convex spiral phase
plates and dielectric meta surface birefringent optical retarders with outstanding polarisation
conversion efficiencies were constructed using femtosecond 3D direct laser writing [59, 60].

3.5 Metamaterials

The interaction of all three materials in a plasmonic metamaterial gel that can be printed in three
dimensions and contains cellulose and gold nanorods in a liquid crystalline colloidal host results in
polarization-dependent plasmonic properties, in this case by displaying different colours for
different polarisation orientations [61]. For printed flexible substrates for rigid photonic elements
and movable photonic structures, liquid crystal elastomers were employed [62]. A number of
metamaterial surfaces with a range of capabilities for the optical and terahertz regions were
produced via SLA printing [63].

3D printing in biomaterials

Rapid tooling and multilayer micromanufacturing (AM) are promising applications of 3D
printing, sometimes referred to as additive manufacturing. It has a wide range of uses in
energy storage, filtration, and purification in addition to structural composites, thermal
packaging, electrical devices, and biological implants. Vat polymerization, jetting, material
extrusion, and powder bed fusion are a few 3D printing techniques. [65]. Nowadays, 3D
printing is employed for the design and manufacture of scaffolds, which calls for the
optimisation of mechanical characteristics, pore size, and interconnectivity. To determine
the effective modulus that best matches the properties of bone, finite element modelling is
used. By using 3D printing, bioceramics with magnetite nanoparticles were created, and
non-linear bending and post-buckling properties were investigated. The Brazilian disc
model's maximum rupture strength is expressed in terms of tensile strength P, diameter D,

and thickness t. as g, = % [66].

The packaging and construction of biomedical devices like scaffolds, orthopaedic implants,
and drug delivery systems frequently use the bioplastic poly-lactic acid (PLA). The 3D print
was made using PLA filament. It is either heated to crystallise it or produced into a composite
with woof flour because of its low mechanical properties in the amorphous state and its little
potential for bio mimicry. Composites made from petroleum-based polymers and biological
fillers can also be printed in 3D. Natural (alginate, gelatin, and collagen) Hyaluronic acid is
employed in bioprinting, and synthetic polymers like PVA and PEG are used to create the bio-
inks used in 3D printing. One bio-based resin made from soybeans can be produced optically
in 3D without the use of a photo-initiator. In the fabrication procedure, a tabletop 3D printer
and laser nanolithography were used. Made in an industrial line production service are
checkered patterns [67-69]. Bone tissue engineering is a key area of application for 3D
printing [70].

4. Summary

Biomedical systems are created utilising 3D printing processes like SLS, SLA, DLP, FFF, FDM,
and ink-jet printing employing polymers, ceramics, and polymer ceramic composites like PC,
PET, PLA, ABS, PZT, BTO, and PVDF. For high-frequency parts like RF coils in MRI and bio-
monitoring equipment, dielectric parameters including the dielectric constant, tangent loss,
and piezoelectric constant are crucial. Making biomedical prototypes involves employing a
micro-lens array made of 3D-printed lenses, optical phantoms, contact lenses with built-in
microchannels, rhombohedral prisms, etc. with the right optical properties.
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