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Abstract
Three-dimensional (3D) printing technology has attracted significant attention for fabricating
piezoelectric materials due to its high efficiency and capability to produce complex structures.
Motivated by the desire to address limitations in conventional methods for fabricating
piezoelectric materials, this review first introduces commonly used 3D-printing technologies
to fabricate piezoelectric materials. The advantages of the technologies are evaluated.
Subsequently, typical piezoelectric materials produced by 3D-printing methods are specifically
discussed. The properties of the printed materials, such as dielectric and piezoelectric
properties, are presented. Significant applications of 3D-printed piezoelectric materials are
further explored, highlighting the potential of fabricating 3D-printed piezoelectric materials for
biomedical applications. Finally, future directions and opportunities for 3D-printed piezoelectric
materials are highlighted.
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1. Introduction

With recent advances in biomedical devices, the requirements
for materials and functionality that can meet the needs of such
devices are increasing. Piezoelectric materials that can realize
the mutual conversion of mechanical and electric energy have
been widely applied in ultrasonic imaging, energy harvesting,
and bone engineering owing to their outstanding piezoelec-
tric, mechanical and acoustic properties [1–6]. For example,
due to the rapid development of advanced electronic devices,
many of the shortcomings of traditional materials are related
to reduced life span, and the replacement of batteries will res-
ult in low efficiency. Therefore, piezoelectric materials are
gradually becoming an important option for replacing tra-
ditional materials in various applications [3, 7–10]. Various
material fabrication methods have been utilized to address
the increased demand for piezoelectric materials. Conven-
tional strategies include mold forming, casting, and dice-and-
fill techniques [11–15]. These methods can produce mater-
ials with excellent piezoelectric, ferroelectric characteristics
and high density. However, with the revolution and rapid
development of electronic technology, applied devices con-
sisting of functional piezoelectric materials require structural
diversity and micro-scalar size [16]. Hence, previous fabrica-
tion methods have come up against limitations including long
fabrication times, high cost, and inability to fabricate complex
shapes or microstructures. For example, with the tape casting
method, piezo-powders are combined with solvents using ball
milling for 24 h. Then plasticizers and binders are added for
another 24 h via milling to render the mixture homogeneous
[11]. The format of fabricated piezoelectric materials is typ-
ically limited to simple bulk shapes [17, 18]. Efforts to obtain
three-dimensional (3D) structures with complex geometry and
produce high-efficiency materials are needed to overcome
these challenges. In recent years, 3D printing technology has
been introduced as a newly emerging technique to fabricate
complex structures using piezoelectric materials for various
applications.

Additive manufacturing (AM), also known as 3D printing
technology, has attracted attention in a number of fields due
to its high-efficiency, high-resolution, low-cost, efficient util-
ization of material, and capability of fabricating intricate 3D
structures [19–23]. Digital models of complex structures are
usually designed using computer-aided design (CAD) soft-
ware tools such as Solidworks and 3DMax. The CADmodel is
then sliced into several two-dimensional (2D) cross-sectional
images for printing the 3D object layer by layer [24, 25].
A single layer thickness can be set at 50 µm or 100 µm
[26]. Additionally, 3D printing methods can produce mater-
ials with isotropic or anisotropic performance via controlled
filler alignment [27, 28]. Modern 3D printing methods include
fused deposition modeling (FDM), stereolithography appar-
atus (SLA), and material jetting [23, 29–32]. 3D printing tech-
niques have been widely applied to fabricate piezoelectric
materials. Printable piezoelectric materials can be separated
into organic, inorganic and composite [33–37]. Previous work
reported fabrication materials with complex structures and the
engineering of specific performance parameters of the end

product. 3D-Printed piezoelectric composites have also drawn
much attention. Recently, a flexible silver-coated PNN-PZT
grid-composite with grid architecture based on a PDMS mat-
rix was fabricated via the direct ink writing method, which
demonstrated improved piezoelectric and electromechanical
coupling coefficient [38]. Due to their advantageous mater-
ial properties, 3D-printed piezoelectric materials have a bright
future in biomedical research and products, such as wearable
devices and energy harvesting.

This review aims to summarize recent advances in 3D-
printed piezoelectric materials and highlight promising new
applications of 3D-printed devices for biomedical applica-
tions. As shown in figure 1, first, the process and mechan-
ism of the 3D printing methods will be described. Afterwards,
categories of printable piezoelectric materials will be intro-
duced. Then biomedical applications of 3D-printed piezoelec-
tric materials such as ultrasonic devices, wearable devices, and
implantable bone devices with a range of functionality, will be
discussed and reviewed. Finally, future directions and chal-
lenges will be discussed, and the outlook for future research
will be highlighted.

2. 3D printing methods for piezoelectric materials

Several 3D printing technologies have been used to fabricate
piezoelectric materials, including FDM (FDM/material extru-
sion), selective laser sintering (SLS/vat photopolymerization),
and stereolithography (SLA/powder bed fusion). The piezo-
electric structures printed by the above techniques can be used
to obtain piezoelectric properties after high-temperature sin-
tering [39–44]. The first part of this review aims to discuss the
different processes related to the above 3D printing technolo-
gies used to make piezoelectric components. Table 1 lists fab-
rication processes, fabricated molds, piezoelectric coefficient,
and applications for commonly utilized 3D printable materi-
als. According to various forming methods and different print-
able materials, each 3D printing technology has its advantages
and disadvantages, these are highlighted and gaps during the
development process are identified.

2.1. FDM

The FDM process is the most widely used 3D printing techno-
logy (figure 2(a)). It is also called fused filament fabrication, an
AM process that belongs to the category of material extrusion
[41, 55–57]. In FDM, an object is constructed by selectively
depositing molten material in a predetermined path layer by
layer. The material used in FDM is a thermoplastic polymer
and is in the form of filaments [58, 59]. The FDM machine
consists of three structural components: the feed roller, the
guide sleeve, and the nozzle. FDM is suitable for the biological
manufacturing of piezoelectric crafts and porous materials. In
processing, first, the hot-melt filamentous material mixed with
piezoelectric powder passes through the feed roller and enters
the guide sleeve under the control of the driving roller. The
low friction property of the guide sleeve allows the filament-
ous material to accurately and continuously enter the nozzle
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Figure 1. Integration of 3D printing for biomedical applications.
The inset shows the categories of 3D printing methods, piezoelectric
materials and their applications in biomedical areas.

[60, 61]. Polymers with piezoelectric powder are heated and
melted in the nozzle, and then extruded out of the nozzle.
A structure is 3D-printed according to the designed shape
after the extruded piezoelectric polymer composite material
is solidified due to the controlled low temperature [62–64].

Conventional production methods for volume manufactur-
ing and prototyping of fine structures in fields such as med-
ical devices and optoelectronics are routinely challenged when
faced with more advanced complex structures. For example, to
produce more complex ceramic tetrahedral structures, fused
deposition of ceramics (FDC), an FDM technology, uses ther-
moplastic filaments to manufacture intricate structures. Bach
et al applied FDC technology to manufacture grid struc-
tures (figure 2(b)) to obtain high-performance and functional
piezoelectric ceramic structures [49]. High-load ceramic-EVA
(vinyl ethyl acetate) was used as the raw material to combine
with PZT powder. The research group successfully manufac-
tured lead-free iron electric grid structures [49]. The PZT grid
structure (figure 2(c)) was further processed into piezoelectric
composite materials. The results of this research showed that
maximal electromechanical properties can be achieved when
the ceramic filling content is 70% by volume of ceramic [49].
Additional work in this area has been reported by Liu et al,
who illustrated an ionic liquid (IL)-assisted FDM technology
to directly print β-PVDF, where IL was able to induce and
maintain β crystals in polyvinylidene fluoride (PVDF) poly-
mer during melt extrusion [65]. Shear force from the FDM
process resulted in self-polarization of the PVDF material.
In a recent work illustrated in figure 2(d), a hemispherical
protrusion array (HPA) was fabricated via the IL-FDM pro-
cess, which showed improved piezoelectric output voltage and
current density (17.5 nA cm−2) [65]. In the future, one-step

FDM printing methods like IL-FDM may be widely applied
to obtain rapid fabrication of complex-structured piezoelec-
tric devices. Although FDM can achieve a variety of material
combinations and, therefore, different properties and material
behaviors, there is still an opportunity to improve the accuracy
and resolution of this printing process due to the limited selec-
tion of nozzle size dependent on minimum allowable filament
diameter [66].

2.2. Stereolithography

SLA utilizes controlled light to cure a photopolymer and build
up complex 3D structures in multiple 2D layers of photocured
resin [67]. Depending on the type of light sources used, this
3D printing technique includes traditional laser-based stere-
olithography as well as digital light processing (DLP) based
stereolithography (DLP-SL) [68, 69]. Laser-based SLA tech-
nology realizes the curing of a single layer by scanning of a
laser spot [68, 69]. Through exposure of an ultraviolet (UV)
laser beam, a layer section is solidified point by point, later
from point to line, and then from line to surface [70]. 3D-
printed piezoelectric parts are realized by superimposing mul-
tiple, individually photocured polymer layers while moving
the printing platen in the Z-axis direction. In contrast, DLP
technology cures single layers by projecting a mask image
from a surface light source [71, 72]. Liquid resin that can be
cured under UV light is used as a binder. When used for cre-
ating piezoelectric devices, the photocured resin is first mixed
with piezoelectric powder to create a piezoelectric slurry [23].
A computer controls the UV light to irradiate the correspond-
ing area according to the outline of each section, and the slurry
quickly solidifies to form a 2D layer. By superimposing a suc-
cession of 2D layers directly on top of each other, newly solidi-
fied layers are bonded together to form a 3D object [23]. Light-
cured forming technology is relatively mature and suitable for
producing parts with complex structures and high precision
requirements.

Figure 3(a) illustrates the projection-based SL process for a
piezoelectric slurry, which induces curing using a light source.
Ceramic stereolithography is related to an UV curable system
which is made by the polymerization of ceramic particles sus-
pended in a photopolymer. The technology has some limit-
ations, including the fact that the refractive index difference
between ceramic compounds and organic photosensitive struc-
tures causes reduction in printing efficiency, and the poor
absorption rate of piezoelectric ceramic materials in the UV
range leads to a reduced sensitivity to light cure in the slurry.
The introduction of fine piezoelectric ceramic particles into the
curable monomer results in a high level of complexity com-
pared with traditional pure polymers. Light scattering by the
fine piezoelectric ceramic particles will increase processing
time and reduce curing depth and compromise the attainable
XY resolution in the printing plane [73]. Hence, particle size
and combined ratio of the piezoelectric powder are significant.

Combining with photocured resin, the volume or weight
fraction of the piezoelectric powder in slurry plays an import-
ant role during the fabrication process. Hinczewski et al
demonstrated that 53% volume fraction ceramic concentration
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Table 1. Comparisons of 3D printable piezoelectric materials.

Printable materials Fabricated process Fabricated molds
Piezoelectric
coefficient Applications Reference

PVDF SLA and FDM Polymers and
composite

130 pC N−1 Wearable devices [45–47]

PZT FDM and SLA Ceramics and
composite

345 pC N−1 Ultrasound devices
and wearable devices

[48–50]

KNN SLA Ceramics and
composite

170 pC N−1 Ultrasound devices [51]

BTO SLA and SLS Ceramics and
composite

160 pC N−1 Ultrasound devices
and wearable devices
and bone devices

[20, 43, 52–54]

Figure 2. (a) Integrated FDM system. Reproduced from [57]. © IOP Publishing Ltd All rights reserved. (b) Schematic of FDC process for
scaffold structure [49]; (c) printed PZT via FDC. Reprinted by permission from Springer Nature Customer Service Centre GmbH: [Springer
Nature] [Springer eBook] [49], (2017). (d) A HPA model and optical image of HPA-PVDF device fabricated by IL-FDM. Reprinted with
permission from [65]. Copyright (2021) American Chemical Society.

Figure 3. (a) A projection-based SLA process for piezoelectric slurry. Reproduced with permission from [23]. [Emerald Publishing
Limited]. (b) Various SLA sample with complex structures printed by 40 vol% BaTiO3 suspensions. Reprinted from [44], Copyright (2020),
with permission from Elsevier. (c) Optical images of printed BTO honeycomb and brick structures. Reproduced from [20]. CC BY 4.0.
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suspensions exhibit shear thinning behavior, which is bene-
ficial for casting layers [74, 75]. To get high accuracy 3D
ceramic particle printing, the size of particles must be smaller
than the layer thickness in the fabrication process [74, 75]. In
other work, Wang et al prepared high-performance piezoelec-
tric nano-ceramics through stereolithography technology con-
taining low-viscosity and high-solid content ceramic/polymer
composite suspensions [44]. The maximum theoretical solid
load, the rheological and solidification behavior of the sus-
pension system were calculated from the experimental data.
The material used in the experiment was a BaTiO3 suspension,
which is non-aqueous and has the characteristics of high solid
content, low viscosity. The experimental data showed that the
BaTiO3 ceramic suspension with a high solid content of 40
vol% exhibits shear thinning behavior and low viscosity of
232 mPa s at a shear rate of 46.5 s−1, which is advantageous
for SLA. The analysis illustrates that the relative density of
the BaTiO3 ceramic components with nanometer-level grain
size formed by the SLA printer is about 95% of the theoretical
value. The components made have excellent dielectric proper-
ties (εr = 2726 and tanδ = 0.016 at 1 kHz) and the required
piezoelectric constant (d33 = 163 pC N−1). Moreover, sev-
eral complex structures of the nine-rod array, hollow cube,
and annulus were produced via the same SLA method with
40 vol% BaTiO3 suspensions (figure 3(b)), demonstrating a
novel strategy to fabricate functional 3D-geometry piezoelec-
tric ceramic [44]. Additionally, a honeycomb composite struc-
ture and brick structure (figure 3(c)) were also fabricated via
the mask image projection-based stereolithography (MIP-SL)
method using a 70 wt% BaTiO3 slurry. The sintered BTO
honeycomb sample was poled under a DC electrical field of
20 kV cm−1 at room temperature for 30 min, demonstrating
good piezoelectric coefficient (d33 ∼ 60 pC N−1) and ferro-
electric properties (Pmax ∼ 2.29 µC cm−2) [20]. These fea-
tures can be applied to other devices to prove that SLA can be
used to manufacture piezoelectric materials with intricate 3D
shapes and acceptable piezoelectric properties.

2.3. SLS

SLS is a process that uses a powder bed as the material
to be processed and an infrared laser to sinter this powder.
The SLS process first uses a powder roller to spread a layer
of the powder material, such as piezoelectric ceramic powder.
The dispersed material is then heated to a temperature just
below its sintering point using a constant temperature heating
element that is integrated within the printing equipment. An
infrared laser beam is focused on the powder layer to elev-
ate its temperature above the melting point of the powder,
thereby sintering and bonding the current layer with the pre-
viously sintered part below it [43, 76, 77]. After the existing
single layer is sintered, the printing platen is lowered by the
height of the layer thickness, and the powder spreading system
spreads new powder material on the printing plates. The laser
beam is again used for selectively irradiating active regions
in the image for sintering, and so on, layer by layer, until the
entire 3D-printed object is created [76–78]. Low precision,
poor strength, and low density of SLS-printed piezoelectric

parts have hindered the utility of SLS in production piezo-
electric manufacturing. Additionally, due to the use of high-
power infrared lasers, the technology is somewhat expensive
and complicated to maintain. It is therefore not desirable
for high-volume printing of piezoelectric components. These
limitations for SLS fabrication of piezoelectric components
can be mitigated to a certain extent by judicious selection of
the materials and pretreatment processes which can improve
somewhat the quality of samples fabricated using the SLS
method.

Molding materials for the SLS process include a variety
of powder materials with different mechanical properties and
various nylon mixed materials. Some examples show mix-
tures of aluminum powder and nylon suitable for molds, mix-
tures of carbon fiber and nylon with extremely lightweight
and strong mechanical properties, and a variety of mixed
plastic materials and ceramic materials. In theory, any fus-
ible powder can be used to make products or models, so the
choice of powder material is one of the main advantages of
SLS technology [79–84]. In previously reported work, nano-
composite powders for SLS were mixed in a solid-state shear
milling reactor for pretreatment, which provides a strong shear
force and improves the effects of pulverization, dispersion,
and combination [85]. Qi et al also reported nanocomposite
powders (polyamide11/BaTiO3) that were prepared through
a method combining solid state shear milling, melt blend-
ing and cryogenic grinding for use in SLS (figure 4(a)) [43].
The solid-state shear milling technique can enhance interfa-
cial compatibilities and sintering windows (i.e. the temper-
ature between the initial temperature of melting and crystal-
lization). The resulting SLS-samples have improved dielectric
constant (εr), piezoelectric coefficient (d33), and piezoelectric
voltage coefficient (g33), as showed in figure 4(b) [43]. Rat-
simba et al successfully manufactured objects with complex
structures, including spheres and open loops using SLS [86].
Since the particle size and distribution of the powder bed affect
development and packing density of the powder layer, the
research team used optical techniques to measure the rough-
ness of the powder bed, and established models through a
dynamic discrete-element method (DEM) simulation based on
experiments to estimate the density of the filled powder [86].
Moreover, Yang et al demonstrated a selective laser sintered
poly-l-lactic acid scaffold with graphene and barium titanate
(BTO), where graphene increased the electrical conductivity.
In this case, BTO with excellent piezoelectric properties, was
utilized as the ceramic filler. The electric field strength dur-
ing poling was enhanced, which improved the overall piezo-
electric response (output voltage of 1.4 V and current of
10 nA) [87].

3. 3D printing piezoelectric materials

The application of piezoelectric materials has brought about
tremendous development in the field of biomedical engin-
eering. The selection of suitable 3D-printable piezoelec-
tric materials is the first step in AM. This choice largely
depends on the specific device application, which directly
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Figure 4. (a) Schematic of fabrication of PA11/BaTiO3 nanocomposite, and (b) piezoelectric performances of SLS-printed sample.
Reprinted from [43], Copyright (2017), with permission from Elsevier.

affects its mechanical and electrical performance [16]. For
instance, the piezoelectric coefficient and the acoustic prop-
erties of the 3D-printed piezoelectric material should be equi-
valent or better than that of piezoelectric material fabricated
via traditional methods. For various biomedical applications,
typical 3D-printed piezoelectric materials can be categor-
ized as inorganic piezoelectric ceramics, organic piezoelec-
tric polymers, and piezoelectric composite (organic/inorganic)
materials [88–91]. They will be discussed in detail in this
section.

3.1. Piezoelectric ceramics

With excellent mechanical, piezoelectric, and acoustic prop-
erties and being inexpensive to produce, piezoelectric ceram-
ics have unique applications in biomedical engineering. The
piezoelectric ceramic most commonly used in 3D printing is
lead zirconate titanate (PZT) due to its excellent piezoelec-
tric coefficient and ease of manufacturing [92]. In the pre-
vious work in this area, a PZT green part sample fabricated
using SLA (figure 5(a)) was sintered, and demonstrated stable
tetragonal phase. After poling in silicone oil at 70 ◦C under
an electric field of 30–40 kV cm−1 for 15 min, the sintered
sample achieved an optimized piezoelectric constant (212–
345 pC N−1) and dielectric constant (760–1390) [48]. The
sintered PZT was also integrated to create a 2D array with
a center frequency of 2.24 MHz for ultrasound transducer

applications [48]. In general, poling piezoelectric materials at
elevated temperature enhances the alignment of dipoles, which
can strengthen the electromechanical coupling of the piezo-
electric ceramics [93]. Hence both the efficiency of energy
conversion and the fractional bandwidth (35%) of the device
can be improved. The comparative low cost and ease of man-
ufacture with these materials have made piezoelectric ceram-
ics prevalent in industrial and medical applications. Recently,
there has been significant research towards the possibility of
using lead-free piezoelectric ceramics to replace lead-based
materials due to increasing interest in materials that are eco-
friendly and non-toxic to the human body [94, 95]. For this
reason, 3D printing of lead-free piezoelectric ceramics for use
in biomedical engineering has enjoyed increasing interest in
recent years.

BTO was one of the first classic lead-free perovskite
ceramic materials developed that exhibits excellent dielectric
and piezoelectric properties. This material has been investig-
ated and applied in AM for decades, due to its good perform-
ance, low cost, and accessibility [96, 97]. Recently, Zeng et al
developed a MIP-SL based BTO ceramics fabrication process
[20]. BTO powder was first combined with photocurable resin
via ball milling to achieve homogeneous slurry for SLA to fab-
ricate green parts (the 3D-printed objects before the sintering
process). During debinding process, the temperature rises at
a rate of 1 ◦C min−1 and will be held at 200 ◦C, 300 ◦C,
400 ◦C and 500 ◦C for 30 min, respectively. Afterwards, the
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Figure 5. (a) Green part and sintered part of 3D-printed PZT array. Reprinted from [48], Copyright (2018), with permission from Elsevier.
(b) SEM of 3D-printed BTO. Reproduced from [20]. CC BY 4.0. (c) Grain size and density of two types of BTO powders. Reprinted from
[98], Copyright (2020), with permission from Elsevier. (d) Optical images of the sintered KNN piezoceramics [51], (e) SEM images of
debinded and sintered KNN ceramic [51], and (f) polarization-electric field (P–E) hysteresis loop of the printed KNN ceramic under
different electric fields. Reprinted from [51], Copyright (2019), with permission from Elsevier.

resin component of the green part was removed by heating
at 600 ◦C for 3 h [23]. Sintering is vital to remove the resin
inside the 3D-printed green part and make the sample denser
(figure 5(b)), thus, debinded samples were placed in a regu-
lar furnace at 1340 ◦C for 4 h. After sintering, the structure of
the 3D-printed BTO became denser, and the sintered sample
demonstrated good piezoelectric and ferroelectric properties,
with a piezoelectric constant of 60 pC N−1 and a maximum
polarization of 2.29 µC cm−2 [20]. The weight ratio of the
BTO was optimized up to 70% to realize successful print-
ing [20]. Powder milling is a crucial process step to prepare
fine particles for 3D printing. A comparison between milled
and unmilled samples was investigated by producing BTO via
extrusion free-forming derived from milled precursors [98].
In figure 5(c), the milled samples had a smaller grain size
(0.8 µm) and higher relative density (90%) with increased
annealing temperature. The improved density, in turn, leads to
improved sinterability, yielding an optimized dielectric coeffi-
cient (d33), which was enhanced from 290 to 360 pC N−1 after
prolonged sintering [98].

Additional research by Chen et al demonstrated the use
of micro-SLA to produce KNN-based lead-free piezoceram-
ics to create a segmented annular array with a pitch of 1 mm
on a hollow hemispherical structure (figure 5(d)). Figure 5(e)
shows SEM images that highlight how the porous structure of
the original green body ceramic was removed from the printed
piezoelectric sample after sintering [51]. The measured piezo-
electric constant was 170 pC N−1. The ferroelectric proper-
ties of the fabricated material are illustrated in figure 5(f),
which shows the measured polarization-electric field (P–E)
hysteresis loop. These results successfully demonstrated an

alternative method for the fabrication of KNN lead-free piezo-
ceramic components with complex architectures for biomed-
ical applications [51]. The benefits of 3D printing lie in
time-savings, the convenience of fabricating piezoceramics
with complex structures, and the ability to obtain piezoelec-
tric properties comparable to traditional processes. For 3D-
printed piezoceramics, the weight ratio of the mixed ceramic
powder, combination of functionalization agent, sintering time
and temperature gradient all need to be further optimized to
improve relevant piezoelectric properties. In addition, further
work in 3D printing of lead-free piezoelectric ceramics is
required to select proper materials to achieve the goal of repla-
cing leaded materials for device manufacturing. Therefore, the
development of novel piezoelectric ceramics for 3D printing is
currently an active area of research.

3.2. Piezoelectric polymer

The development of flexible electronics has required the use
of materials that are flexible and can be twisted and stretched
while preserving their original electrical and structural prop-
erties [99, 100]. In the past, brittleness and rigidity have lim-
ited traditional piezoceramics in applications requiring flex-
ible devices. Therefore, flexible piezoelectric polymers with
excellent piezoelectric properties have received increasing
attention in various areas, especially in the biomedical field.
PVDF and its copolymers are themost representative and com-
monly utilized piezoelectric functional polymers [101, 102].
PVDF is synthesized via polymerization of vinylidene diflu-
oride, assuming crystal forms with α, β, γ, and δ phases
[103, 104]. Significantly, β-PVDF has excellent ferroelectric
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Figure 6. (a) Photopolymerization of the methacrylate monomer and oligomers along with the PVDF in DMF. (b) SEM images of
3D-printed PVDF surfaces as increasing concentration of PVDF with DMF dissolution treatment. Reprinted by permission from Springer
Nature Customer Service Centre GmbH: [Springer Nature] [MRS Communications] [47], (2019). (c) Optical image of homopolymer PVDF
resin pellets for 3D printing process. (d) 3D-printed PVDF sample for tensile test, and (e) tensile testing progression for 3D-printed PVDF.
Reproduced with permission from [46]. [Emerald Publishing Limited].

and pyroelectric properties [65]. Hence, PVDF has been
widely utilized in 3D printing to produce uniformly thin layers
or films for device and sensor fabrication.

Similar to 3D printing for piezoceramics, PVDF can
be produced using SLA. In representative work, PVDF
powder was stirred and combined with photopolymer resin
in N, N-Dimethylformamide (DMF) via a magnetic stirrer
(figure 6(a)). Then an SLA 3D printer was used to photocure
the mixed slurry to produce samples with 100 µm layer thick-
ness [47]. Optimization of the 3D printing process focused
on the weight ratio of PVDF to DMF in solution to disperse
the PVDF molecular chains within the photopolymer resin
homogeneously with the DMF solvent. As the weight ratio of
PVDF to DMF solvent increased, the surface of the 3D-printed
PVDF became coarser and more lacking in PVDF agglomer-
ates. The defect was likely caused by precipitation polymeriz-
ation of the PVDFwithin the photopolymer resin (figure 6(b)).
Electrical poling was implemented using 3 MV m−1 applied
voltage for 15 h at room temperature, and the piezoelectric

coefficient (d31) achieved was 0.014 pC N−1 with 2 wt%
of PVDF/photopolymer resin. Another example showed that
3D-printed PVDF with multilayer has a higher piezoelectric
coefficient of 130 pC N−1. In other work, material extrusion
AM (MEAM) was investigated for 3D-printed PVDF fabrica-
tion [46]. Homopolymer PVDF resin pellets (figure 6(c)) in
wire form were extruded layer by layer via MEAM at an
optimized temperature of 210 ◦C. The 3D-printed sample was
used for tensile tests (figures 6(d) and (e)). The test results
demonstrated promising mechanical properties. To improve
upon the standard poling process which requires high voltage
and long time period, PVDF-co-hexafluoropropylene (PVDF-
HFP) was fabricated via a DLP printing process and an in situ
poling system, The novel printing technique yielded a 10×
reduction in the total processing time and a printed PVDF film
with piezoelectric coefficient of 42 pC N−1 [105].

Currently, the piezoelectric properties of 3D-printed PVDF
still need to be improved for it to be comparable to tradi-
tional piezoceramics. There are several 3D printingmethods to
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Figure 7. (a) Optical image and SEM image of 3D-printed structure during different exposure time. (b) Piezoelectric coefficients (d33) as a
function of particle loading percentage and surface area of particle/unit volume. Reprinted with permission from [111]. Copyright (2016)
American Chemical Society. (c) 3D printing method for PVDF, optical image of the fabricated sensor and output of piezoelectric voltage
during the finger-tap test. Reprinted with permission from [112]. Copyright (2017) American Chemical Society. (d) Optical images of
printed PZT metamaterials and their voltage output during impact . Reprinted by permission from Springer Nature Customer Service Centre
GmbH: [Springer Nature] [Nature Materials] [113], (2019).

produce PVDF. However, the selection of piezoelectric poly-
mers utilized in 3D printing is still limited. Piezoelectric poly-
mers, such as PLA or PVF, will be further studied in 3D print-
ing processes for biomedical application.

3.3. Piezoelectric composite

Piezoelectric composite, comprised of more than two piezo-
electric materials, contains piezoceramics and polymers as
two-phase composites. This combination achieves superior
piezoelectric properties and has generated significant research
interest [106–108]. Specifically, composites that use a poly-
mer with low permittivity can achieve improved voltage coef-
ficient (g33) due to a reduction in overall permittivity of the
composite material [20, 93]. Composites can be categorized
into ten different types (e.g. 2–2, or 1–3) according to their
phase connectivity [16, 109, 110]. Combined with 3D print-
ing, piezoelectric composites can be more easily fabricated
with intricate structures and hold great potential in future
investigation.

Kim et al illustrated the influence of surface modification
and experimental conditions on the performance of 3D-printed
(0–3) piezoelectric polymer nanocomposites [111]. Mixed
with a functionalizing agent (TMSPM), BTO-nanoparticles
suspended in a photocurable resin solution were cured via

an UV light 3D printing system. The nanoparticles were
then sealed into the matrix producing microscalar features
when the photocurable resin was cross-linked under expos-
ure to UV light. As shown in figure 7(a), structural vari-
ations can be constructed via tuning the UV exposure time.
The use of larger nanoparticles restricts nanoparticle − poly-
mer interactions and reduces stress-transfer efficiency. As
shown in figure 7(b), functionalizing agent grafted onto smal-
ler nanoparticles increased the stress-transfer efficiency, lead-
ing to enhancement of inorganic-polymer interfacial interac-
tion. In this way, printed materials were poled at a voltage of
10.2 MV m−1 at 135 ◦C for 4 h, and decreasing the edge-
length of nanoparticles causes an increase in piezoelectric
coefficient (d33 ∼ 80 pC N−1).

In further work in this area, Bodkhe et al mixed BTO nan-
oparticles with printable PVDF by ball milling [112]. Excel-
lent dielectric and piezoelectric properties (d33 ∼ 18 pC N−1)
were achieved by fusion of the solvent evaporation-assisted
3D printing method due to the prevalence of β-phase PVDF
polymer. A 3D-printed senor fabricated using this process
was able to output up to 4 V without poling when stimu-
lated by the tapping of a human finger (figure 7(c)). The
work demonstrated a one-step 3D printing process for piezo-
composites, opening new avenues of research in advanced
sensor design. Cui et al reported using AM to fabricate PZT
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nanocomposites with complex 3D architectures with arbitrary
piezoelectric coefficient tensors [113]. This methodology is
meant to improve the raw material’s piezoelectric coefficients,
which are restricted by the material’s original crystal struc-
ture. As identical cyclic loading was utilized in each of the
three orthogonal directions, three printed samples exhibited
uniformly anisotropic response (figure 7(d)). The ability to
fabricate these flexible 3D-printed PZT composite devices is
promising for applications such as smart sensing and medical
transducers.

4. Device and applications

4.1. Ultrasound devices

Ultrasonic devices have been widely utilized in biomed-
ical devices, especially in energy harvesting and bio-
imaging, since they can be applied in a non-invasive manner
[2, 8, 114, 115]. Generally, the essential components of the
internal structure of ultrasonic devices include piezoelectric
materials, which determines the device’s performance in terms
of sensitivity, electrical impedance, and bandwidth [2]. These
parameters are critical to the optimization of the functionality
of the device. New fabrication processes such as 3D print-
ing hold promise in the ability to selectively optimize these
different performance parameters and the fabrication of com-
plex shapes. Therefore, 3D printing piezoelectric material has
become an active area of research area [9].

Mask image projection-based stereolithography (MIP-SL)
is one 3D printing method to realize ultrasonic devices [52].
BTO nano-powder was used to form complex geometrical
structures with excellent piezoelectric constant (160 pC N−1)
and permittivity (1350) [52]. The 3D-printed devices were
investigated for applications including ultrasonic sensing and
energy focusing. Figure 8(a) shows representative structures,
including a 64-pillar annular segment array as well as a
concave piezoelectric element. These were fabricated using
the MIP-SL process. The 3D-printed focused concave shape
piezoelectric element (PF-CPE) was assembled into an ultra-
sound transducer housing to study its application to ultrasonic
imaging (figure 8(b)). The measured electromechanical coup-
ling factor (kt) of the transducer was 0.474, and the magnitude
of the peak to peak pulse-echo response of the printed trans-
ducer was 0.35 V (figure 8(c)). The line spread function resol-
ution of the transducer was measured and found to be 240 µm
in the axial direction and 770 µm in the lateral direction. The
device was further used to image a porcine eyeball. The struc-
ture of the cornea and other constituent layers as imaged using
the fabricated device are shown in figure 8(d) and demonstrate
the potential utility of the printed focused transducer for ultra-
sonic imaging applications [52].

In other reported work with SLA, a 3D-printed BTO
ceramic ultrasound transducer consisting of a focused ultra-
sonic array with 1.4 MHz center frequency, 40% fractional
bandwidth and 50 dB insertion loss was realized by 3D print-
ing BTO in optimized weight percentage. The pulse-echo
response of the printed array had a peak to peak magnitude
of 0.28 V, which is adequate to achieve reasonably sensitive

ultrasonic imaging [116]. Chen et al demonstrated a 3D-
printed annular piezoelectric array structure (figure 8(e)) to
modify the acoustic beam and thereby improved spatial resolu-
tion in ultrasonic imaging applications [117]. The 3D-printed
array transducer (figure 8(f)) demonstrated lateral resolution
(beamwidth) less than 1.1 mmwith a tunable focal depth from
5.6 mm to 8 mm. Moreover, Zeng et al used MIP-SL, to fab-
ricate ultrasonic devices with complex honeycomb structures
for ultrasonic sensing applications [20]. The 3D-printed BTO
honeycomb structure can be used as a piezoelectric compos-
ite by adding low-permittivity epoxy. The fabricated device
was encapsulated in silicone rubber, and a stand-alone ultra-
sound transducer was used to transmit ultrasonic energy dir-
ectly to the printed honeycomb structure. The received ultra-
sound wave was converted to electrical signals with 180 mVpp

maximum value and 9 nW output power. Such 3D-printed
structures with complex geometries are promising for wireless
energy harvesting applications and merit further study.

4.2. Wearable devices

With the benefits of less weight, improved flexibility, and the
ability to be easily worn on the human body, wearable elec-
tronic devices have played an essential role in biomedical
monitoring, ranging from heart-rate sensing to cortisol sens-
ing [118–122]. However, the utility of wearable devices is typ-
ically limited due to their power supply technology require-
ments [123]. Piezoelectric material can convert mechanical
energy into electrical energy and therefore is potentially useful
for energy harvesting for wearable devices [8, 123]. There-
fore, integrating piezoelectric materials into future wearable
devices for energy harvesting is potentially important for their
development. Piezoceramics fabricated by traditional meth-
ods, such as tape casting, are typically stiff and limited to
the realization of simple 2D structures. For convenient use in
wearable applications on the human body, piezoelectric mater-
ials need to be flexible, stretchable, and fabricated with micro-
scalar resolution. Microstructured piezoelectric materials are
especially attractive because they can be connected and integ-
rated to form a piezoelectric array interconnected using soft
copper wire. Such microstructured arrays can enable more
efficient energy harvesting in a more stretchable and flexible
conformal surface mesh that is conveniently applied to the
human body [9]. PVDF, with its natural flexibility, low acous-
tic impedance, and excellent chemical stability, is an import-
ant material to fabricate flexible energy harvesting structures
in wearable devices [124–127]. 3D printing has advantages in
producing piezoelectric materials, including rapid manufac-
turing while retaining the required piezoelectric properties of
the material. Therefore, it has great potential for fabricating
piezoelectric materials for use in wearable devices.

Recently, Yao et al demonstrated using 3D printing techno-
logy to fabricate a flexible PZT nanocomposite with high d33,
close to the theoretical upper bound [50]. The devices, which
were robust and had high sensitivity, could be used as wear-
ables for sensing incoming airflow pressure and were further
integrated into gloves for impact absorption (figure 9(a)). To
demonstrate high piezoelectric response, a mechanical shaker
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Figure 8. (a) Solidworks models and optical images of printed samples. (b) Structure of ultrasound transducer fabricated by 3D-printed
pieces. (c) Pulse-echo performance of the fabricated transducer. (d) Ultrasonic imaging of the porcine eyeball gained by the transducer with
3D-printed sample. Reprinted from [52], Copyright (2016), with permission from Elsevier. (e) Green part and sintered sample of printed
BTO annular array structure. (f) Structure of annular ultrasound array transducer integrated by a 3D-printed sample and electrical cables.
Reproduced from [117]. CC BY 4.0.

with a sawtooth input waveform was applied to the device and
used to generate an induced output voltage higher than that
previously obtained using commercial PVDF (figure 9(b)).
Inflow air pressure at a 90◦ angle of incidence produced
the highest measured voltage (3 mV) (figure 9(c)). There-
fore, wearables based on 3D-printed PZT nanocomposite can
be responsive and able to sense data without the require-
ment of being encapsulated into sensor patches. In this way,
3D-printed nanocomposites are promising for use as flexible
self-sensing materials and wearable devices.

In other work in this area, PVD-based flexible piezoelectric
polymers were used to create piezoelectric energy harvesters
(PEH) in the shape of a rugby ball (figure 9(d)) [45]. These
energy harvesters were implemented using 3D-printed flexible
multilayer b-phase PVDF-TrFE copolymer with high d33. The
vibration energy harvesting performance for multiple fabric-
ated devices was compared by experiment for the following
sample types: one-layer flat PEH (one-layer FPEH), six-layer
FPEH, a single-layer a-PVDF flat PEH (one-layer a-FPEH),
single-layer rugby ball-structured PEH (one-layer RPEH) and
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Figure 9. (a) Schematics of the self-sensing boxing glove integrated by printed composite. (b) Comparison of the voltage output of several
samples. (c) Voltage output of the 3D-printed sensor as a function of time with airflow applied at various angles. [50] John Wiley & Sons.
[Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (d) Schematic diagrams of the rugby ball-shaped PEH,
multilayer PVDF-TrFE and internal electrode layer. Reproduced from [45] with permission of The Royal Society of Chemistry.
(e) Schematic of taekwondo sport with printed composite. Reproduced from [53] with permission of The Royal Society of Chemistry.

a six-layer RPEH. The results demonstrated that the six-layer
RPEH device had the highest output voltage (88.62 V) and
power density output (16.41 mW cm−2) at 10 Hz. This excel-
lent performance was due to the effect of the rugby ball struc-
ture. Furthermore, DC power created by rectifying the harves-
ted AC voltage could charge a Li-ion battery and drive LEDs
[45]. Therefore, using 3D printing allows for the manufacture
of PEH devices in a timely manner with high power density.

These features make this technique attractive as a potential
way to satisfy the power needs for self-powered wearable elec-
tronics in future applications.

Additional work for 3D printing piezoelectric wearables
was illustrated by Li et al, who fabricated a 3D-printed self-
powered sensor based on hydrophobic surface-functionalized
BTO/PVDF composite film [53]. Functionalization using
perfluorodecyltriethoxysilane improved the interface bond
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Figure 10. (a) Different piezoelectric effects for bone stimulation. (b) SEM of printed scaffolds. Reprinted from [131], Copyright (2019),
with permission from Elsevier. (c) CAD model and parameters of composite scaffolds. (d) 3D-printed scaffolds before sintering. (a,c,d)
Reproduced from [130]. CC BY 4.0.

between the BTO and PVDF, and increased the amount of β-
phase PVDF in the composite. The improvement led to the fab-
ricated sensors producing a 30 V output response to 500 kPa
pressure input. The 3D-printed BTO/PVDF composite sensors
were integrated into protective sports gear for Korean Taek-
wondo martial arts and used to monitor human movement
(figure 9(e)). In experiments, the voltage generated by the res-
ulting smart-sensor protective gear could be used to differ-
entiate the magnitude of the striking force. The self-powered
sensor array implemented using the 3D-printed BTO/PVDF
sensors was able to convert input pressure to output elec-
trical power, which was then used to monitor human motion
and map motion patterns without a stand-alone energy source
[53]. This same technique holds promise for use in harvesting
biomechanical energy for standalone biomedical monitoring
systems.

4.3. Bone devices

Piezoelectric effects in bone have been known and explored
as far back as 1957 [6]. Since that early work, research on
applications of piezoelectric materials in bone for regulating
bone cell growth and regeneration has attracted significant

attention [6, 128]. Piezoelectric materials with ferroelectric
properties are able to control the interaction between ions
and salts in situ to regulate the surface charge of biolo-
gical materials in physiological environments. These effects
are being explored for their potential to influence protein
adhesion and bone regeneration [6, 128]. The piezoelec-
tric properties of bone can induce self-healing by generat-
ing an electric signal from movement [6]. Implanted piezo-
electric material scaffolds can create electric signals using
dynamically harvested energy, enhancing the stimulus of bone
cells and improving their attachment to the scaffolds [129].
There are two types of piezoelectric effect in bone stimu-
lation (figure 10(a)): direct piezoelectric effect (piezoelec-
tric implants for electrical stimulation or energy harvest-
ing to supply other devices) and indirect piezoelectric effect
(mechanical stimulation) [130]. Liu et al reported the use of
porous titanium scaffolds with piezoelectric BTO coating to
promote osteogenic differentiation based on the piezoelectric
effect induced by low-intensity pulsed ultrasound stimulation
[54]. 3D printing of piezoelectric materials is a promising
technique for realizing intricate structures required to fabric-
ate future bone stimulation implants, and smart stimulatory
scaffolds.
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Tariverdian et al demonstrated the fabrication of 3D-printed
barium strontium titanate (BST)/β-tricalcium phosphate (β-
TCP) composite scaffolds with interconnected macropores
(figure 10(b)) [131]. These 3D-printed implantable materi-
als were investigated for their ability to induce bioactive and
piezoelectric activity for bone healing. The dielectric con-
stant of the material was improved by increasing the BST
phase fraction in the composite [131]. Optimized compress-
ive strength (135 GPa), elasticity (1.83 × 106 MPa), and
Young’s modulus (157.24 MPa) were obtained with a com-
position of 60% BST/40% β-TCP in the fabricated samples.
Moreover, the samples also showed optimized bone-like apat-
ite formation in simulated body fluid, which implies an
excellent ability to promote osteoblast growth and differ-
entiation. Similarly, 3D-printed piezoelectric porous BTO
and hydroxyapatite (HA) composite scaffolds with a d33 of
3 pC N−1, outstanding cytocompatibility, and cell adhesion
have also been designed and reported (figures 10(c) and (d))
[130]. MG-63 cell spreading, improved adhesion, and viab-
ility of mouse calvaria pre-osteoblast MC3T3-E1 cells on
the 3D-printed scaffolds were observed. Therefore, the 3D-
printed BTO/HA scaffold achieved cytocompatibility and is
promising for use in osteoblast-like cell regeneration and
adhesion [130].

Utilizing 3D printing methods to fabricate piezoelectric
material applied in implant devices, such as scaffolds is con-
sidered a novel strategy for bone regeneration and engineering.
Future work will concentrate on developing novel piezoelec-
tric composite devices with excellent strength, biodegradab-
ility, and biocompatibility. At the same time, for optimized
piezoelectric properties, active research on the selection of
piezoelectric materials needs to be investigated.

5. Conclusion and outlook

In recent years, 3D printing technology has generated increas-
ing interest in research, and is becoming an important tool
in biomedical applications. This review summarized recent
advances in 3D printing technology to manufacture piezoelec-
tric devices for biomedical applications, including the print-
ing process, material categories, and integrated devices. As
explained in this review, 3D printable piezoelectric mater-
ials can be subdivided into piezoelectric ceramics, pie-
zoactive polymers, and piezoelectric composites. Optim-
ized 3D-printed piezoelectric composites are promising for
their potential as the next generation of multi-functional
devices with low-cost, high efficiency, and excellent
performance.

In the future, with the increasing maturity of 3D printing
technology, we expect that 3D-printed piezoelectric materials
will contribute to biomedical fields in the following areas:

First, while applied 3D printing processes (e.g. SLA, SLS
and FDM) can fabricate samples in a relatively short time,
future development of advanced 3D-printing methods will sig-
nificantly reduce the fabrication time while still retaining the
superior performance of piezoelectric materials. For example,
in the future, novel nano-printing technology will be more

widely available and used in customized designs to manu-
facture smart structures. This new manufacturing method is
poised to greatly facilitate the fabrication of miniaturized and
complex piezoceramic structures (e.g. metamaterials and bio-
mimetic structures) while maintaining desirable performance
in highly integrated devices and systems. In addition, recent
advances in multi-material 3D and four-dimensional printing
(with time as the fourth dimension) show that this technology
can extend the design space further beyond complex geomet-
ries and expand to the printing of metamaterials with complex
functionality.

The second important aspect where 3D printing will con-
tribute to future biomedical systems is to broaden the selec-
tion of suitable piezoelectric materials. This development will
free up the field from the limitations of the current print-
able piezoelectric materials (e.g. BTO, PZT, and KNN). 3D-
printing technology with higher printing resolution needs to
be investigated to fabricate microscale or even nanoscale
piezoelectric devices with multimaterial fabrication capabil-
ity. Future 3D-printable piezoelectric materials will be novel
piezoelectric composites with improved performance prop-
erties such as higher piezoelectric or ferroelectric character-
istics, more complex 3D-geometric shapes, bio-non-toxicity,
and even biodegradability for various biomedical applic-
ations. New materials with these improved characteristics
are in demand for next-generation implantable biomedical
devices.

The last significant area for future development of 3D-
printed biomedical materials and devices is in overall system
integration with electronics and targeting specific biomedical
applications. Highly integrated and autonomous biomedical
sensing applications, such as wireless implants and wearable
biomonitoring systems, will benefit from high-performance
piezoelectric materials, especially piezoceramics with micro-
scale structure and flexibility. These highly integrated and
adapted sensing systems will achieve their monitoring goals
while maintaining reduced impact on human health and reg-
ular movement. Signal actuation and transmission chips can
also be integrated into these complex printed systems to
achieve diverse uses and functions beyond current biomedical
applications. Example applications for these smart material
systems include implantable/wearable devices for healthcare
and motion monitoring, portable/mobile electronic devices for
wireless power harvesting and data transmission, home auto-
mation for switches and smart metering, and intelligent auto-
mobile systems for machine health monitoring and wireless
sensing.
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