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3D Printing of Lead-Free Piezoelectric Ultrasound

Transducers

Satya K. Ammu, Xianfeng Chen, Derin Goulart Ulcay, Saurav Sharma, Farbod Alijani,

Peter G. Steeneken, Pim Groen, and Kunal Masania*

Multi-material direct ink writing (DIW) of smart materials opens new possibili-
ties for manufacturing complex-shaped structures with embedded sensing and
actuation capabilities. In this study, DIW of UV-curable piezoelectric actuators
is developed, which do not require high-temperature sintering, allowing direct
integration with structural materials. Through particle size and ink rheology
optimization, the highest d,; g;; piezoelectric constant compared to other

from silicon-based microfabrication
techniques!*! remain bulky and planar,
posing challenges for seamless integra-
tion into complex structures. The emer-
gence of multi-material 3D printing!®]
and functional materials offers new
possibilities for the development of intel-
ligent structures with embedded sensing

DIW fabricated piezo composites is achieved, enabling tunable actuation
performance. This is used to fabricate ultrasound transducers by printing piezo-
electric vibrating membranes along with their support structures made from

a structural ink. The impact of transducer design and scaling up transducer
dimensions on the resonance behavior to design millimeter-scale ultrasound
transducers with desired out-of-plane displacement is explored. A significant
increase in output pressure with increasing membrane dimensions is observed.
Finally, a practical application is demonstrated by using the printed transducer
for accurate proximity sensing using time of flight measurements. The scalabil-
ity and flexibility of the reported DIW of piezo composites can open up new ad-
vancements in biomedical, human-computer interaction, and aerospace fields.

1. Introduction

Due to their accuracy, fast response, and energy efficiency,
piezoelectric ultrasound transducers find extensive applica-
tions in haptic devices,[!l gesture detection,!?) and time-of-flight
sensors.’] Despite their broad potential, such devices made

and actuation capabilities.!®]

Among these technologies, direct
ink writing (DIW) stands out for
its ability to combine structural and
sensing materials within the same
printed object through ink design.
DIW has been successfully used in
fabricating soft electronics!”! and em-
bedded sensors.®! Currently, research
on 3D-printed ultrasound transducers
primarily focuses on piezoelectric ce-
ramics that require high-temperature
sintering.*1%  Previous studies have
demonstrated excellent piezoelectric
properties of d;; from 388 to 496 pC N~!
achieved through DIW of piezoelectric ceramic-based
transducers.['!l Nonetheless, the need for high-temperature
sintering typically above 1000 °C, to densify the ceramic in-
troduces risks of cracks and high porosity in the 3D printed
parts and limits their direct integration with other structural
materials.
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To address this high-temperature processing step, direct
printing methods such as solvent evaporation-assisted 3D
printing of piezoelectric poly(vinylidene fluoride) (PVDF)
nanocomposites, allow for the creation of transducers that
offer improved integration into structures.'? However, this
relies on printing using high amounts of solvents, which
can lead to increased porosity. Although porosity can benefit
sensing applications, it poses challenges for actuation ap-
plications due to lower mechanical stiffness, reduced block
force, electrostatic breakdown, and poor electro-mechanical
coupling efficiency. Further, PVDF and its co-polymers have
poor temperature stability compared to piezo-ceramics and poor
adhesion to other substrates, making integration into structures
challenging.

Piezo ceramic-polymer composites are a promising alterna-
tive as they offer a favorable combination of good piezoelectric
properties, high-temperature stability, low poling voltages, and
the conformability and versatility of the polymeric continuous
phase.['¥] The piezoelectric properties of these composites
are highly dependent on the volume fraction of the piezo-
electric particles, with higher fractions leading to enhanced
electro-mechanical coupling factors.'*] Despite the potential
demonstrated by DIW of piezoelectric composites, current
solutions are constrained by low volume fractions to mitigate
nozzle clogging, limiting maximum piezoelectric perfor-
mance to voltage generation for sensing or energy harvesting
applications.[1>16]

Consequently, there is a need for a 3D printable piezo-
composite system that can offer a combination of high piezo-
electric response and seamless integration into structures. Here,
we develop a method for direct ink writing of ultrasound trans-
ducers using a lead-free, 3% Li-substituted sodium potassium
niobate K, 445Na, 455Liy0;NDO; (KNLN), in combination with
UV curable monomers. Potassium sodium niobate (KNN) has
shown promise in terms of their piezoelectric properties,!'’]
biocompatibility!'®l and have been demonstrated successfully
to outperform both bulk PZT and most composites in sensing
and energy harvesting applications.['*2%] To ensure both shaping
freedom and piezoelectric performance, we propose to split
these functions. Utilizing a multi-material 3D printing tech-
nique, we print a UV-curable piezoelectric vibrating membrane
along with a support structure using structural ink. This method
enables the printing and UV curing of piezoelectric ultrasound
transducers without additional high-temperature sintering post-
processes. By optimizing the composite properties, we can attain
high piezoelectric properties while ensuring a robust bonding
between the piezo materials and other structural materials.
We perform finite element simulations to establish the design
principles of these transducers and subsequently investigate
their acoustic pressure generation and application in distance
measurement. Our approach with DIW piezoceramic-polymer
composites allows for the creation of ultrasound transducers
with millimeter-scale dimensions using commercial 3D printers
while providing flexibility in tailoring the transducer’s mechano-
acoustic properties such as freely tunable operating frequencies.
This scalability and flexibility can benefit a wide array of appli-
cations in biomedical, structural, robotic interfaces, and energy
fields.
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2. Results and Discussion

Our approach to directly printed ultrasound transducers com-
bines the 3D printing of a UV curable piezoelectric-composite
ink that is optimized for its piezoelectric performance, along
with a structural ink used for printing the clamping support for
the piezoelectric membrane. The DIW process used to fabricate
piezoelectric ultrasound transducers is shown in Figure 1. The
piezoelectric ink consists of synthesized KNLN micro-particles
(Figure S1a, Supporting Information) that are dispersed in a UV-
curable monomer, poly(ethylene glycol) diacrylate, PEGDA-250
(Figure S1b, Supporting Information). The ink’s piezoelectric
and rheological properties are optimized for actuation while en-
suring compatibility with DIW and co-curing with structural ma-
terials. First, the piezoelectric membrane is fabricated through a
layer-by-layer extrusion process of the piezo ink, followed by se-
quential UV curing of each layer. This sequential curing ensures
adequate UV penetration and curing in the piezo layers, result-
ing in structural integrity. Next, a structural ink comprising UV-
curable PEGDA-250 with fumed silica is used to print the mem-
brane’s supporting structure (Figure 1b), enabling radial clamp-
ing of the membrane and facilitating out-of-plane vibration. The
resulting transducer is inverted after printing. The top and bot-
tom electrodes are then integrated on to the transducer either by
gold sputtering or by painting using a conductive carbon paste.
This is followed by a poling process to align the piezoelectric do-
mains within the material, as explained in the Experimental Sec-
tion. Figure 1cillustrates the functioning of the poled transducer,
depicting the application of input voltage and the resultant ultra-
sound pressure generated from the output vibration. This allows
for directly printed and UV-cured ultrasound transducers, allow-
ing functional material integration into structures which is con-
ceptualized in Figure 1d.

2.1. Optimization of Printing and Functional Properties of Piezo
and Structural Inks

We first study the printing and electro-mechanical properties of
the piezoelectric ink and the supporting ink followed by the de-
sign of the ultrasound transducers using these inks. The piezo-
electric properties of particle-based piezo composites are sig-
nificantly influenced by the volume fraction of the filler, with
a higher fraction leading to higher piezoelectric constants and
better electro-mechanical coupling factors.[**) To ensure efficient
functioning in both actuation and sensing applications, it is cru-
cial to maximize the volume fraction of the piezoelectric particles
in the ink while maintaining compatibility with DIW process.
Therefore, we investigated the influence of KNLN particle size
on the maximum volume fraction and resulting printing proper-
ties and piezoelectric coefficients of the ink when used in DIW.
Since the direct ink writing setup uses rheologically engineered
inks that undergo a reversible viscoelastic transition in response
to shear forces, one of the critical factors to consider is the in-
fluence of particle size on the ability of the ink to undergo an
elastic to viscous transition on the application of shear and then
recover to a weakly flocculated elastic structure on the removal
of shear forces. This elastic recovery is governed by the Brown-
ian forces that randomize the particles suspended in the ink and
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Figure 1. Direct ink writing (DIW) of UV-curable piezoelectric ultrasound transducers. (a) DIW process for printing the piezoelectric membrane using a
KNLN microparticle-based ink, followed by UV curing. The inset shows the scanning electron microscope (SEM) image of the KNLN particles (red scale
bar, 2 um). (b) Printing of the support structure that clamps the piezoelectric membrane using a support ink containing fumed silica mixed with UV-
curable PEGDA. The inset shows the SEM image of the fumed silica particles (scale bar, 200 nm). (c) Cross-sectional representation of the ultrasound
transducer, along with top and bottom electrodes. Schematic demonstrates the working principle, indicating the input AC voltage and the resulting
ultrasound pressure due to the output vibration of the piezoelectric membrane. (d) Directly printed and UV-cured ultrasound transducers enable the

creation of intelligent structures with embedded transducers.

create a weakly interconnected network, thus allowing the ink to
support its weight and subsequent layers against gravity and cap-
illary forces, ultimately leading to freestanding 3D shapes.

The ratio of gravitational to Brownian forces is proportional
to:121]

Grav a‘Apg o
Brownian kyT

where a is the radius of the particle or clump of particles, Ap is the
difference in density between the particle and the liquid medium,
g =9.8 m s~ is the acceleration due to gravity, k; = 1.38x107%
J-K~! is the Boltzmann constant and, T = Temperature in K

Based on this equation, inks containing larger particles expe-
rience increased sedimentation and phase separation due to the
power law growth in gravitational forces with particle size (o< a’)
compared to the Brownian forces that randomize the particles,
as depicted in Figure 2a (black line). From Equation (1), we cal-
culated the critical size for KNLN particles to undergo sedimen-
tation in the PEGDA medium to be 0.6 um (Table S1, Supporting
Information). Well-distributed particles smaller than 0.6 um are
preferable for direct ink writing as they quickly recover their ran-
domized network structure after printing, enabling good shape
retention and the creation of complex geometries.

Conversely, smaller, sub-micron particles exhibit significantly
greater surface area relative to their volume (x a7!), as illustrated
by the surface area to volume ratio in Figure 2a (blue line). The
increase in surface area results in higher inter-particle interac-
tions and faster network jamming, thus increasing viscosity and
limiting the maximum volume fraction. Therefore, we hypothe-
size that depending on the particle size used in the composite,
a trade-off emerges between printability governed by the ink re-
covery and the piezoelectric properties determined by the max-
imum printable volume fraction, and this trade-off needs to be
optimized particularly in applications that demand high electro-
mechanical performance.

To further explore this trade-off in the KNLN-PEGDA system
and determine the dominant parameter, two sets of KNLN par-
ticles with sizes approximating these critical values were synthe-
sized with varying milling durations, as shown in Figure 2b. We
synthesized KNLN particles using a two-step solid-state reaction
further described in the Materials and Methods section, followed
by either a 15-min ball milling process that resulted in an average
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particle size of 3.01 pm or ball milling for 20 h, leading to smaller
particles with an average size of 0.87 um (Figure 2b). The sizes of
the synthesized particles are close to the theoretically calculated
limits, as indicated by the highlighted regions in Figure 2a,b, al-
lowing for assessing the trade-off between network recovery for
printing and high piezoelectric performance.

The influence of particle size on the maximum achievable
printable volume fraction was investigated by analyzing the suc-
cessful viscoelastic transition of the inks when subjected to shear
stress, as demonstrated in Figure 2c through oscillatory shear
sweep tests. When using larger particles (3.01 um), we observed
that the maximum usable volume fraction with our desktop
extrusion-based printer equipped with a 0.58 mm nozzle was
47.5%. At this volume fraction, the ink transitioned from elas-
tic to viscous behavior at 50 Pa, indicated by the cross-over be-
tween the storage and loss moduli in the oscillatory shear stress
sweep (Figure 2c). Beyond this volume fraction (>47.5%), the
storage modulus and viscosity of the material, as shown in Figure
S2a,b (Supporting Information), were too high and impeded
smooth line printing, leading to issues with flow initiation and
nozzle clogging. In contrast, when employing smaller particles
(0.87 pm), the maximum printable volume fraction was limited
to 25%, as shown in Figure 2c. This variation in the maximum
usable volume fraction aligns with the hypothesis that larger par-
ticles, with their smaller surface area to volume ratio, experience
fewer interparticle interactions. This results in reduced particle
jamming compared to smaller particles and lower viscosity, thus
allowing for an increased maximum printable volume fraction.
This observation is consistent with literature on colloidal process-
ing of other ceramics.[?]

Next, we conducted recovery tests that simulated the printing
conditions to assess the viscoelastic recovery behavior of the inks
after printing (Figure 2d). The ink containing smaller particles
showed a quick drop in viscosity on being subjected to rotational
shear stress followed by a rapid elastic recovery after removal of
the stress, with the elastic shear modulus (solid squares) recov-
ering almost instantly to original values, as seen in Figure 2d. In
contrast, we observed that the ink with larger particles showed
no recovery due to the increased gravitational forces compared to
Brownian forces, which hinder the recovery of a network struc-
ture. This can be seen in Figure 2d, where the viscous part, G”
(hollow circles), demonstrates higher stress values than the elas-
tic part, G’ (solid circles).
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Figure 2. Printing and functional properties of the DIW inks for printable ceramic-polymer transducers. (a) Effect of particle size- a on the ratio of
gravitational to Brownian forces (black line) versus ratio of surface area to volume (blue line) and their impact on physical phenomena relevant to
printing and piezoelectric properties. The highlighted area between 0.6 and 3.0 um denotes the region of interest in particle size where a trade-off
occurs between those above two competing effects. (b) As highlighted, the particle size analysis of the synthesized KNLN powder under different milling
conditions resulted in two distinct median particle size distributions close to the calculated critical particle size. (c) Impact of particle size on maximum
storage and loss moduli (G’ and G”) and the resultant maximum extrudable volume fraction of the ink for varying particle sizes. (d) Evaluation of the
elastic recovery behavior of the ink after shear tested via oscillation-rotation-oscillation test showing rapid elastic recovery for small particles and no
recovery for the larger particles. (e) Piezoelectric properties of ink containing larger particles and a higher volume fraction (47 vol%) surpass state-of-
the-art extrusion-based sintering-free piezo-composites. (f) Oscillatory shear sweep of support ink created for printing the support structures. (g) The
recovery test of the support ink shows quick elastic recovery compared to the piezo ink. (h) Bridging test evaluating the sagging behavior with the length
of the bridging element for the support ink. The inset shows the optical microscope image of the bridging test. (i) Assessment of dimensional accuracy
of the diameters of the support structure, exhibiting close agreement with theoretical values and high repeatability above 1 mm as indicated by the low
standard deviation (n = 5). The inset shows the image of the printed support structures with varying diameters.

Whilst this presents a problem for printing relying on the re-
covery of yield stress to provide fidelity, this lack of recovery of
elastic properties in the ink with larger particles can be effectively
addressed by in-situ curing of a UV-curable monomer sequen-
tially before printing succeeding layers of ink. The in-situ UV cur-
ing of the composite ink leads to a highly cross-linked and stiff
polymer matrix with a Tg ~75 °C (Figure S3a, Supporting Infor-
mation) and significantly increases the yield strength to ~2.1 kPa,

compared to the 50 Pa of the uncured ink, as depicted in Figure
S3b (Supporting Information), allowing it to achieve sufficient
yield strength to resist the weight imposed by subsequent layers
and prevent gravitational sagging.

Lastly, we examined how particle size and their resulting vol-
ume fractions influence the piezoelectric performance of the two
inks. The ink with smaller particles with a volume fraction of
25% has a dy; of 2.5 pC. N7! and g;; of 11 mV.N7!, and is
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consistent with state-of-the-art DIW piezo-composite formula-
tions with similar volume fractions.l'®! However, the ink with
larger particles exhibits significantly higher ds; of 17 pC. N~! and
g;; of 32 mV.N~!, particularly a much greater d,; than the smaller
particle ink, as shown in Figure 2e.

This difference in properties between the two particle sizes
is mainly attributed to the dominance of volume-related effects
when using larger particles. Based on Yamada’s model(** for bi-
nary systems with piezoelectric ceramic fillers distributed in a
polymer, we know that the dielectric constant of the composite is
highly dependent on the dielectric constant of the polymer ma-
trix. Particularly in composites with significant differences in di-
electric constant between the filler and matrix, the applied electric
field gets confined by the low dielectric permittivity of the poly-
mer and is unable to transfer effectively to the filler.['] Hence,
previous work by Stuber et al. has observed that larger particles
and agglomerations can increase the dielectric constant, likely
due to the lower amount of filler-matrix interfaces.[?*} In essence,
anything that reduces the mismatch between the permittivity of
the filler and matrix, or reduces the number of interfaces where
these losses can occur, can help in increasing the piezoelectric
properties of the composite.

Using larger particles leads to lower interfacial effects, which
primarily contributes to reduced viscosity at higher volume frac-
tions, while also reducing dielectric losses at the interface be-
tween the high dielectric constant piezoelectric filler and low di-
electric constant matrix. Consequently, this leads to significantly
higher dielectric and piezoelectric constants for the larger parti-
cles.

These findings align with the analytical predictions made for
these piezo-composites utilizing randomly dispersed particles, as
shown in Figures S5-S7 (Supporting Information). This combi-
nation of both high d,; and g;; values for the KNLN ink with
larger particles compared to other DIW piezoelectric materials,
as shown in Figure 2e, makes the ink suitable for transducer de-
vices capable of operation in both actuation and sensing modes.
This, however, comes at the expense of poor elastic recovery after
printing due to increased gravitational forces, which we resolved
by sequentially UV-curing each layer (Figure S3b, Supporting
Information).

Further, a support ink was developed to print the non-
piezoelectric support precisely, clamping the piezoelectric mem-
brane and facilitating its vibrational movement. The support ink
was formulated by incorporating 8 wt.% hydrophobic fumed sil-
ica into PEGDA. Rheological characterization of the support ink,
as shown in Figure 2f, demonstrated that the support ink under-
goes a similar viscoelastic transition on the application of shear
forces compared to the piezoelectric ink, as seen by the cross-
over of the storage and loss moduli (G’ and G”). The elastic re-
covery of the support ink was tested similarly to the piezo inks
and it can be seen that they exhibit immediate elastic recovery
upon removal of shear stress (Figure 2g) as seen by the instanta-
neous recovery of the storage moduli (G') after removal of rota-
tional shear. This enables printing support structure layers suc-
cessively without the need for intermediate curing, as they can re-
tain their shape through elastic recovery and support subsequent
layers due to their high elastic properties.

The load-bearing capabilities of the support ink are essential
as they serve the critical role of forming the clamping piezo-
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electric structure. Prints were evaluated by examining the sag-
ging of bridging elements printed with this ink. The results
demonstrated that the ink effectively bridged spans of up to
3.5 mm with minimal sagging, maintaining a tolerable sag of less
than 0.2 mm. Additionally, the extent of sagging (z-deflection)
in the printed filaments increased proportionately to the span-
ning length, as depicted in Figure 2i. We hypothesize that the
difference in measured versus theoretical deflection, especially
for shorter spanning lengths, arises from the viscoelastic na-
ture of the material and due to the shear-thinning nature of
the paste. Smaller aspect ratio beams tend to experience more
shear-induced deformation, as predicted by Timoshenko’s beam
theory!?*l and for aspect ratios smaller than five, beam theories
become inaccurate. As the aspect ratio increases, the experimen-
tal results increasingly match the Euler-Bernoulli predictions
as seen in Figure S4 (Supporting Information), showing that
lower aspect ratio beams are significantly influenced by shear
deformation.

Since the operating parameters such as frequency and out-of-
plane displacement of the piezo membranes also depend on the
geometry and clamping efficiency of the support structure, it is
important to test the precision in printing of support structure
inks. The precision of the support structure was examined by
printing circular rings and subsequently measuring the printed
diameters. When attempting to print a ring with an inner radius
of 0.5 mm, the printed ring gets filled and closed. This may result
from a combination of factors, including the nozzle diameter be-
ing the same size as the print radius and the viscoelastic material
properties leading to extensional effects, cohesion and closing of
small gaps. However, from 1.5 mm radius onward, we identified
that reliable prints could be achieved with a nozzle with a diame-
ter of 0.58 mm, as evidenced by low standard deviation values in
Figure 2h.

The optimized piezoelectric ink and support inks were subse-
quently utilized to print and test ultrasound transducers.

2.2. Design and Dynamic Characterization of the 3D Printed
Ultrasound Transducers

We then utilize the optimized piezoelectric and support inks
to print ultrasound transducers and characterize their dynamic
behavior. Circular piezoelectric membranes with radius (r) and
thickness () were 3D printed, along with a support structure
of constant height (0.6 mm) and wall thickness (S = 1.1 mm)
to clamp the membrane (Figure 3a; also Figure S8, Support-
ing Information). The mechanical vibrations of the piezo mem-
branes with electrical input were measured using a Polytec Laser
Doppler Vibrometer (LDV), as shown in Figure 3a (also Figure
S9, Supporting Information for actual setup and printed trans-
ducers). In order to understand the frequency-dependent dy-
namic behavior of the membranes, a linear chirp signal gen-
erated by the LDV function generator was used to stimulate
the membranes and the resulting out-of-plane displacement was
measured. Figure 3b presents the area-averaged magnitude of
the frequency response of the transducer with r = 1.5 mm and
t = 0.2 mm, showing three vibration modes. It is noted that the
fundamental mode, observed as the first peak in the frequency
response curve, exhibits the highest displacement. This mode
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Figure 3. Design and dynamic characterization of the 3D printed ultrasound transducers. (a) Schematic of the setup, illustrating the printed transducer
with a radius (r) and thickness (t), driven to resonance by a waveform function generator amplified by a 40x voltage amplifier. Membrane vibrations are
measured using a Polytec Laser Doppler Vibrometer (LDV) MSA400. (b) Measured frequency response of a transducer with r = 1.5 mm and t = 0.2 mm,
along with the corresponding schematics of mode shapes. The frequency response of the membrane shows maximum out-of-plane displacement in the
fundamental mode. (c) The linear increase in the out-of-plane peak displacement amplitude of the first resonant mode with input voltage. (d) COMSOL
simulation data illustrating the impact of varying radius (r) and thickness (t) of the transducer on the fundamental mode frequency and mode shape,
highlighting the transition from in-plane displacement (hollow points) to out-of-plane (solid points) with increasing radius and decreasing thickness
of the piezo-membrane. The inset indicates that for a specific support thickness S, the minimum radius of the membrane required to maintain the
out-of-plane mode increases linearly with the thickness of the membrane. (e) Behavior of higher modes in thicker transducers (¢t = 1 mm) with varying
radii. (f) Specific thickness (t) and radius (r) combinations were used for manufacturing to maintain a constant frequency. Experimental fundamental

mode frequencies are compared to those obtained from COMSOL simulation, demonstrating close agreement.

corresponds to the axisymmetric out-of-plane bending motion
of the piezo-membrane, enabling the membrane to act as a
monopole source and efficiently radiate sound by voltage signal.

To understand the voltage-dependent actuation of this mode,
we measured the frequency response of the membrane at a point
near its center under different excitation voltages. To prevent the
electrical and mechanical breakdown of the membranes, we op-
erated the transducer at much lower voltages (max. 200 V) than
the breakdown voltage (>2000 V). We observed that displacement
increases linearly with increasing voltage, as indicated by the lin-
ear relationship between the out-of-plane displacement and the
voltage in Figure 3c. This is beneficial for the linear tunability of
the sound pressures when developing a sound transducer.

To leverage the capability of fabricating millimeter-scale ul-
trasound transducers, we investigated the impact of further in-
creasing the transducer dimensions on the resonance behavior
and out-of-plane motion of the membranes. Using finite element
simulation with COMSOL, we analyzed the effect of changing
the radius (r) and thickness () on the dynamic behavior of the
membrane. In the simulations, we first derived the mechani-
cal, dielectric, and piezoelectric properties of the 47 vol% KNLN-
PEGDA piezo-composite from analytical methods and incorpo-
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rated them into a custom material in the FEM model (Figures S5
and S6, Supporting Information). Then, the influence of chang-
ing dimensions of the piezo membrane on the mode shapes and
resonance frequencies was analyzed, as shown in Figure 3d.

The analysis revealed that increasing the radius while decreas-
ing the thickness of the membrane led to a transition in the fun-
damental resonance mode, shifting from primarily in-plane dis-
placement (depicted by hollow points) to the desired out-of-plane
motion (depicted by solid points) (Figure 3d). Simulations indi-
cated that once the transducer shifted to the out-of-plane displace-
ment mode, the fundamental frequency decreased exponentially
with increasing radius, as expected, which is particularly evident
for the t = 0.2 mm membrane (square points). To further in-
vestigate this, we examined the relationship between membrane
thickness and the minimum radius required to have out-of-plane
motion, illustrated in the inset, demonstrating a linear increase
with thickness. This results in a constant ratio of thickness and
radius (t/r) or slenderness of the membrane, as shown in the in-
set, allowing the piezo layer to vibrate as a membrane.

We also observed that changing the thickness of the support
structure (S) affected this slenderness for the membrane mode,
with increasing support thickness causing a reduction in the
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minimum radius (inset of Figure 3d). However, we observed that
further increase in support thickness have a diminishing effect
when changing S from 2.2 to 3.3 mm. This shows that the sup-
port thickness also plays a role in the fundamental frequency of
the transducers, particularly if the thickness is insufficient for
effective clamping. The optimal support thickness where the ef-
fect of the support diminishes depends on the thickness of the
membrane.

As discussed earlier, the minimum radius requirement in-
creases with greater thickness. Therefore, we examined the dis-
placement and mode shape of higher modes in thicker transduc-
ers (t = 1 mm) with varying radii, as depicted in Figure 3e. It
can be seen that when the radii are less than 2.5 mm, the fun-
damental mode does not exhibit the desired out-of-plane mode,
but mode shape with complex bulk motion, since the resonator
cannot be taken as a simple plate or membrane. However, to
maximize the output sound pressure and transduction efficiency
when designing a sound transducer, it is preferable to have the
out-of-plane mode as the fundamental mode and higher-order
modes such as mode 3 (1.75 < r < 2.5 mm) and mode 4 (r <
1.75 mm) demonstrate some out-of-plane displacement, as em-
phasized by the solid points.

By understanding how the dimensions of a 3D-printed trans-
ducer membrane and support impact its resonance behavior, we
can create custom designs that deliver the desired frequency and
displacement type. These insights were utilized to select specific
thickness and radius combinations during the manufacturing
process to maintain a nearly constant frequency, as illustrated in
Figure 3f. The thickness of the transducer membranes was in-
crementally increased from 0.2 to 1.0 mm with a 0.2 mm step,
aligning with the printing layer height. To maintain a consistent
frequency and mitigate the impact of frequency variations on the
measured pressure, given that sound attenuation is frequency-
dependent, specific radii were chosen for these thicknesses to
maintain a nearly constant frequency throughout the samples.

To validate our findings, we compared the experimentally mea-
sured fundamental frequencies with the frequencies predicted
by our model. We observed that the experimental measurements
agree well with the simulations (Figure 3f), with slightly lower
magnitudes, likely attributed to imperfect clamping conditions
(Figure S10a,b, Supporting Information). Further, analyzing the
standard deviation (SD) of the resonant frequency measurements
(n > 4) indicates reduced variation for larger transducers. This
higher accuracy with larger transducers demonstrates the advan-
tage of DIW of transducers, as it allows for the fabrication of
transducers with larger thickness values compared to SOI-based
transducers, allowing commercial 3D printing techniques to be
utilized without the need for micro-scale precision, showing the
practical applicability of the fabrication process.

2.3. Sound Pressure Measurement and Application of 3D Printed
Ultrasound Transducers

We then characterize the sound pressure generated by the 3D-
printed ultrasound transducers using the experimental setup as
shown in Figures 4a and S11 (Supporting Information). By driv-
ing the printed transducer to resonance using a sine wave voltage
signal, ultrasound was generated through the membrane’s vibra-
tions and then captured by a commercial wide-spectrum ultra-
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sound microphone M500. This microphone M500 gave us rela-
tive pressure values, which were then calibrated using a commer-
cial Murata 40 kHz ultrasound transducer with a known output
sound pressure to convert relative pressure to absolute values, as
detailed in Supporting Information (Figure S12, Supporting In-
formation). Further, we used a conductive grounding plane be-
tween the printed transducer and the microphone to eliminate
any electromagnetic interference and ensure only the measure-
ment of the transducer’s acoustic output.

Figure 4b shows the pressure and frequency of the gener-
ated ultrasound at various input voltages, as captured by the mi-
crophone. Notably, we observed a linear relationship between
the output sound pressure and the input voltage (see the in-
set of Figure 4b), which shows the advantage of scaling up to
millimeter-scale dimensions, as higher input voltages can be ap-
plied without electrical breakdown, resulting in higher output
pressures. Figure 4c illustrates the relationship between this gen-
erated sound pressure and the distance of measurement, exhibit-
ing a decay in the far-field zone beyond 5 cm. While the sound
pressure measurements in the near-field zone (<5 cm) were af-
fected by constructive and destructive interference from reflected
waves, the far field (>5 cm) provides a conducive environment
for precise sound pressure measurements using a single mi-
crophone setup!®®! as interference from reflected waves can be
minimized. Consequently, all pressure measurements were con-
ducted at this optimal distance.

To underscore the significance of transducer size on the gener-
ated output pressure, we measure the sound pressures of trans-
ducers with varying radius and thickness combinations, as pre-
sented in Figure 4d. As can be seen in Figure 4d, enlarging the
transducer size from (t,r) = (0.2,1.35) to (0.4,1.8) mm results in
a substantial increase in the mean output pressure from 0.21
to 0.63 Pa. This shows the significance of creating ultrasound
transducers with larger dimensions, enabling the fabrication of
transducers with mm-scale dimensions using commercial 3D
printers.

With further increases in dimensions, particularly observed
for t = 0.6,0.8, and 1 mm, it becomes evident that while the net
pressure continues to rise, the rate of increase diminishes with
larger dimensions. This trend can be explained by the dimin-
ishing clamping efficiency of the support structure as thickness
increases while maintaining the same support thickness. This
results in the inefficient higher-order modes becoming increas-
ingly proximal to the efficient out-of-plane displacement modes
as thickness grows (Figure S10b, Supporting Information). Con-
sequently, multiple modes are activated, resulting in lower output
pressure than anticipated.

To demonstrate the actuation capability and show the 3D
printed transducer as an ultrasound actuator for distance mea-
surement, a 40 kHz transducer was designed based on the
guidelines obtained from previously described simulations and
3D printing (Figure S13, Supporting Information). This printed
transducer was then actuated using a sinusoidal voltage signal
at the same frequency. A commercial 40 kHz Murata ultrasound
transducer was used as the receiver. The Time of Flight (ToF),
as shown in Figure 4e, between the transmitted and received
signals was utilized to calculate the measured distance between
the actuator and the receiver. Measurements with distance below
40 mm were unreliable due to interference from the near field
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Figure 4. Sound pressure measurement and application of 3D printed ultrasound transducers. (a) Schematic of the sound pressure measurement setup
testing the actuation mode of the printed transducer, illustrating the sound generation upon application of input voltage signal and measured pressure.
A grounding plane eliminates electromagnetic interference between the microphone and the 3D-printed transducer, ensuring the measurement of sound
pressure without interference. (b) The signal measured by the microphone shows the pressure and frequency of the generated ultrasound at different
input voltages. The inset shows the linear increase in output sound pressure with rising input voltage. (c) Sound pressure versus distance, displaying
a power-law decay in the far-field zone from 5 cm. (d) Sound pressure measurements for transducers with different radius and thickness combinations
at comparable operating frequencies, illustrating that increasing the transducer size, though not linearly, enhances output pressure. (e) Time of Flight
(ToF) is measured using the emitted signal from the 3D-printed transducer as an ultrasound transmitter and the received signal from a commercial
transducer for distance measurement. (f) The comparison between measured and actual distances showed good agreement between distances of 40

and 200 mm.

and electromagnetic interference, obscuring the first peak and
potentially resulting in miscalculations. Additionally, distances
above 200 mm could not be measured, as they exceeded the
height limit of the printer used to set the distance between the
actuator and the commercial sensor. The measured distances
obtained from ToF using the 3D printed transducers exhibited
excellent agreement with the actual distances within the range
of 40-200 mm as can be seen in Figure 4f. This highlights the
practicality and versatility of the 3D printed transducers, empha-
sizing the ease with which they can be printed and fine-tuned
for diverse applications that demand actuation.

3. Conclusion

By optimizing particle size and transducer design, we demon-
strated tunable actuation performance in 3D-printed piezoelec-
tric composites. We designed the piezo ink through careful selec-
tion of particle size to balance the trade-off between high piezo-
electric response and the printing fidelity arising from competing
effects of Brownian recovery and gravitational settling. Our exam-
ination of particle sizes revealed that larger particles ~3 pm in-
crease the d;; of the composite more than an order of magnitude
than similar state-of-the-art direct ink writing piezo composites.
The loss of the elastic recovery of the ink due to the increased size
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of particles was effectively addressed by an in-situ layer-by-layer
curing of the UV-curable piezo ink. This enabled us to create free-
form piezoelectric materials that can be co-cured with structural
materials at room temperature to create ultrasound transducers
with a tailorable frequency response.

Further, we studied the impact of scaling up transducer dimen-
sions on membrane resonance behavior to design millimetre-
scale ultrasound transducers with a desired out-of-plane motion.
We tested the printed transducers at ~80 kHz for the acoustic
pressure generated through piezoelectric membrane vibration.
The measurements revealed a significant increase in pressure
with increasing transducer size, with an increase from (tr) =
(0.2,1.35) to (0.4,1.8) mm, resulting in a rise in mean output pres-
sure from 0.21 to 0.63 Pa. Finally, we tuned the printed transducer
to a frequency of 40 kHz and used it as a transmitter for pre-
cise and accurate distance measurement, showcasing the practi-
cal utility of our printed transducers.

In contrast to conventional silicon-based manufacturing,
which requires microscale precision and high-temperature meth-
ods, our DIW-printed piezo composites using commercial 3D
printers enable cost-effective mass printing of transducers into
complex-shaped objects while ensuring robust bonding between
the surfaces, opening up avenues in the field of multi-material
3D printing using functional materials. Thus, our printing
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technique provides a pathway to scalable and bio-compatible
manufacturing of piezo-embedded intelligent structures with
built-in sensing and actuation capabilities, with potential ap-
plications in the field of bio-medical devices and aerospace
engineering.

4. Experimental Section

Ceramic Synthesis:  Kg 485 Nag 4g5Lig 03 NbO3 (KNLN) ceramic powder
was prepared through a conventional solid-state reaction with a two-step
calcination procedure that has been previously studied.[?®] Stoichiomet-
ric proportions of >99% Na,COj3, K,CO3, Li,CO;, and Nb,Os (Sigma-—
Aldrich) were milled with 5 mm yttria-stabilized ZrO, balls in hexane for 3 h
at 200 rpm. The milled powders were air dried on a hot plate at 100 °C for 1
h, and the dried green powder was calcined at 1050 °C for 3 h with a heating
rate of 5 °C min~". The calcined ceramic was milled with 5 mm balls in [PA
for 3 h at 200 rpm, followed by air dying and a second, longer calcination at
925 °C for 20 h with a heating rate of 1°C min~!. The calcined powder was
ball milled in IPA for 15 min, air dried, sieved through a 90 um sieve, and
then stored under vacuum. The particle morphology was analyzed using
a Scanning Electron Microscope, SEM (JEOL, J]SM-7500F, Nieuw Vennep,
the Netherlands). The particle size distribution of the milled powders was
measured using Malvern Mastersizer 3000 on 0.1% weight/volume aque-
ous solution of the powders using sodium dodecyl sulfate solution as sur-
factant. The mean value of the distribution then represented the particle
size of each type of powder.

Ink Preparation—Piezoelectric Ink: The synthesized ceramic powder
was mixed with the UV-sensitive monomer Poly (ethylene glycol) diacry-
late with Mn 250 (Sigma—Aldrich) in varying volume fractions and com-
bined in a planetary mixer (SpeedMixer DAC 150.1 FVZ) at 3500 rpm for
2 min in 30s intervals with a 15s break in between to prevent excessive
heating of the components while high-speed mixing. Two photoinitiators
(Irgacure 819, 184) were chosen to maximize the curing depth due to the
high ceramic filler content to obtain a UV-curable piezoelectric ink. The
photo-initiations were then added to the KNLN-PEGDA mixture in the ra-
tio of 1% and 2% wt. with respect to the weight of the monomer and mixed
at 1000 rpm for 5 min to ensure homogenous distribution of the initiators.

Ink Preparation—Support Ink:  Eight weight percentage of hydrophobic
pyrogenic fumed silica (HDK 18) wrt. to monomer weight was mixed with
PEGDA 250 in a planetary mixer (SpeedMixer DAC 150.1 FVZ) at 3500 rpm
for 5 min. Then, Twt.% photoinitiator Irg 184 wrt to monomer weight was
added to the mixture and mixed at 1000 rpm for 2 min.

Rheological Characterization: The rheological properties of the inks
were characterized using a rotational rheometer (Haake Mars IlI, Ther-
moscientific) with a 20 mm diameter serrated plate geometry using a gap
height of 1 mm. Serrated plates prevent artifacts in measurements aris-
ing from wall slip, which has been studied to occur when highly loaded
dispersions are subject to high localized deformation. Shear storage and
loss moduli were determined as a function of shear strain via dynamic
amplitude sweeps at a fixed frequency of 1 Hz with a stress sweep. The
yield stress was measured via steady-state flow experiments with a sweep
of shear stress and measuring. The point of change in slope of the log—log
plot of shear stress versus strain was used to calculate the yield stress
of the ink. The elastic recovery of the ink was measured using a time-
dependent oscillation-rotation-oscillation (ORO) test. To simulate at-rest
behavior, an amplitude sweep was performed at low shear stress within
the linear viscoelastic regime (LVR), followed by a high shear rate (10s7)
rotation to simulate the time scales and stresses experienced during print-
ing. Subsequently, the recovery in elastic moduli over time was measured
with the low amplitude oscillatory sweep.

Printing and Curing: A commercial desktop printer (Ultimaker 2+) was
modified by replacing the original print head with a custom-made ink ex-
trusion system consisting of a 25 mL syringe holder and a mechanically
driven syringe pump. The 3D models of the transducers were sliced in
Cura with a print speed of 10 mm s~! using a nozzle with an inner noz-
zle diameter of 0.584 mm. The printed lines or parts were cured using an
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Omnicure S1500 (Lumen Dynamics) UV-lamp at 100% intensity at 20 cm
for 2s between each layer and 10 s.for the final part

Bridging Ability of the Ink:  To assess the ability of the support ink to be
able to resist deformation under its weight and form complex shapes, a tri-
angular support structure was printed like the work done by Kleger et al.,
followed by printing spanning filaments across the support structure. To
evaluate the sagging behavior, the deflection of the filaments was imaged
using a Keyence VR-5000 Optical Profilometer. The filaments’ length and
deflection were measured by analyzing the image from the Profilometer
using Image). The density of the support ink was measured to be 1.2 g cc.
The storage modulus of the ink after recovery obtained from the recovery
test was used to calculate the theoretical deflection. The experimental de-
flection was compared to the calculated theoretical deflection calculated
in Section S5 (Supporting Information).

Poling: Depending on the application, either gold or carbon paste
electrodes were applied. Gold electrodes were used for samples for LDV
measurements to ensure a bright, reflective surface for the laser light.
Gold electrodes (50-100 nm) were sputtered on the top of the transducer
through a 3D-printed shadow mask with a sputter coater for 2 min (Quo-
rumQ300T, East Sussex, UK). Since the gold electrodes were very thin and
fragile, conductive carbon paste was obtained from Dupont 7102 and ap-
plied using a paintbrush for applications where robust electrodes were
required without the need for high reflectivity. To align the dipoles in the
piezoelectric domains, the piezo-composites were poled in a silicon oil
bath kept at 120 °C by applying a DC field of 10 kVmm™" for 5 min. The
electric field was then turned off, and the samples were retrieved immedi-
ately without cooling under the field and cleaned.

Piezoelectric Characterization: The piezoelectric charge coefficient, dj3
(PC N1 of the poled piezoelectric films was measured using a Berlin-
court (PM 300, Piezotest, London, UK) piezometer with a static force of
10 N and a dynamic peak-to-peak sinusoidal excitation of 0.25 N at 110 Hz.
The capacitance and dielectric loss were measured at 1 kHz and 1V with
an Agilent 4263B LCR meter (Santa Clara, CA, USA). The value of relative
permittivity €33, measured under zero stress, was derived from the capaci-
tance. The piezoelectric voltage constant, g;; (mV m N71) of the films was
calculated using the ratio of ds3/€33.

Laser Doppler Vibrometry: A Polytec Laser Doppler Vibrometer
MSA400 was used for the dynamic behavior measurements. Signals were
generated by the Polytec function generator and then amplified 40x (volt-
age gain) by a voltage amplifier (Delta Elektronica) to actuate the printed
piezo transducer into vibration. The laser was generated by the MSA400
laser head and focused on the region of interest to read out the mem-
brane’s vibration signals, which will be subsequently decoded by a Polytec
VD-09 Digital Velocity Decoder and transformed into digital velocity data.

Ultrasound Pressure:  Sinusoidal voltage signals were generated by a
function generator (33500B, Agilent Technologies, Loveland Colorado,
USA) and then amplified 40x (voltage gain) by a voltage amplifier to actu-
ate the printed piezo transducer into vibration. A commercial M500 USB
Ultrasound microphone was used to receive the ultrasound, and the read-
ing was obtained from the software Batsoundlite. The microphone was
mounted to an Ultimaker head, and the printed transducer was placed on
the bed. The gantry system of the Ultimaker was used as a precise x,y,
and z-control stage to ensure the centering of the transducer and height
measurement.

Distance Measurement: A 3D printed transducer, resonating primar-
ily at 40 kHz, was fabricated and poled using the previously described
method. Sinusoidal voltage signals were generated by a function generator
(335008, Agilent Technologies, USA) and amplified by 40x using a voltage
amplifier (Delta Elektronica) to drive the printed piezo transducer into vi-
bration. A commercial 40 kHz Murata ultrasound transducer received the
ultrasound signals, and readings were captured using an oscilloscope (Pi-
coscope 5442D). The receiver was attached to the head of a Prusa MK3
3D printer, while the printed transducer was positioned on the bed. The
Prusa gantry system provided precise x, y, and z-control to ensure trans-
ducer alignment and height consistency. Continuous measurements were
conducted using the Picoscope, and the input to the printed transducer
was toggled manually to create a long pulse. The receiver output signal
was amplified 40x and recorded through the oscilloscope. The amplitude
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of the received signal takes some time to reach a stable level, and the
first few waves have an amplitude lower than that of the electromagnetic
noise. This makes it challenging to measure the time of flight using the
first peaks; to combat this, it was observed that at a distance of 100 mm,
the first trough with amplitude above the noise level corresponded to the
fourth trough of the input signal. All other time of flight measurements
were made consistently between the first trough of the received signal with
amplitude above noise amplitude and the fourth trough of the transmitter
input signal.
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