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Abstract

Three-dimensional (3D) printed flexible piezoelectric devices featuring conformal or freeform
geometries show great potential for being fabricated into wireless sensors and energy harvesters
with tailorable mechanical stiffness and piezoelectric response. In our work, supporting fluid-
assisted multi-material extrusion-based 3D printing technology has been successfully utilized to
fabricate flexible conformal or freeform piezoelectric composite sensors with integrated electrodes.
The printing technique relies on the extrusion of two paste-like materials: piezoelectric and
conductive composite inks. A comprehensive characterization of the inks (i.e., piezoelectric or
conductive behaviors, rheological and mechanical properties) and the rheological behavior of the
supporting fluid are performed. Polydimethylsiloxane (PDMS)/30vol% lead zirconate titanate
(PZT), PDMS/25v0l% silver (Ag) and mineral 0il/6% (w/v) fumed silica are the formulations for
piezoelectric ink, conductive ink and supporting fluid, respectively. Three types of piezoelectric
composite demonstrators which are a multi-layer planar film, a conformal non-planar hemisphere
and a 3D structure composed of six spirals printed vertically between two hexagon layers (freeform

spiral-hexagon), are fabricated and tested under tension or compression tests. The piezoelectric
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performance is consistent with the applied stress in all the tests. For example, the freeform spiral-
hexagon piezoelectric sensor has a peak-to-peak voltage output of 86.39 + 1.145 mV when it is
subjected to a cyclic compression force at 8 Hz for more than 800 cycles. The dimensional
accuracy measurements using an optical microscope and the microstructure images taken using a
scanning electron microscope (SEM) show that the fabricated 3D structures have good shape
fidelity (with a maximum relative error of ~3.5%) when compared to the designed models. Our
fabrication approach opens a new way to fabricate conformal and freeform piezoelectric structures

with integrated electrodes from flexible composites for sensing and energy harvesting applications.
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1 Introduction

Recent interests in wireless wearable piezoelectric sensors, flexible energy harvesters, and smart
artificial skins have led to scores of investigations on stretchable piezoelectric materials [1-7].
These devices seek for new fabrication schemes that enable the fabrication of conformal and
freeform complex geometries [8—11]. Conformal geometries feature uneven or curved surfaces
[12]. Freeform geometries are more complex than conformal 3D geometries, which represent
freedom design structures [13]. The freeform geometries have the advantages of being more
compact (i.e., lightweight) and having greater design feasibility.

Additive manufacturing, also referred as three-dimensional (3D) printing, is a family of several
processes that enables the fabrication of a 3D shape usually in a layer-by-layer approach.

Traditionally, extrusion-based 3D printing methods such as direct-ink writing (DIW) technique



are used to print freeform structures. As first, the inks should possess a shear-thinning behavior,
which can benefit the flowability through the dispensing needle [14,15]. After the ink was extruded
out of the needle, the shear stress is relieved and the ink viscosity increases again, which helps to
retain its shape. Also, the functional ink materials must exhibit rapid solidification properties to
retain the shape as extruded. There are usually two ways to enable rapid solidification: one way is
to use fast-evaporation solvents [16] that are usually toxic; another way is to use ultraviolet (UV)-
assisted DIW 3D printing technique, but this significantly limits the choice of printable materials
[17,18]. To address these challenges, embedded 3D printing (e-3DP) [19-23] or DIW 3D printing
in the supporting fluid [24] techniques have been developed to fabricate soft tissues or strain
sensors for biomedical applications. The supporting fluid behaves as a Herschel-Bulkley fluid. The
deposited filament is physically entrapped in the space between the crosslinked microgels, which
temporarily flow under the stress generated by a moving dispensing needle and then rapidly
recover to a jammed solid state to support the deposited filaments [25,26]. In addition, optically
transparent, non-toxic and easy to clean properties are also the requirements for the supporting
fluids. A variety of supporting fluid materials such as mineral oil/fumed silica [27], deionized
water (DW)/dry Laponite [28,29], DW/Carbopol [30-33], DW/pluronic F-127 [34,35], DW/low
acyl Gellan Gum [36,37], DW/alginate [38,39], Ultrez 30/Carbopol [40], PF-CaCl,/Laponite
[13,41], and DW/poloxamer/poly(ethylene glycol) [42] have been investigated.

An issue related to the manufacturing of piezoelectric devices is that an extra step is usually
required to add electrodes on the piezoelectric elements for collecting the generated charges. The
commonly used techniques to create the electrodes are painting [43], screen printing [44],
sputtering [45] or attaching conductive tape or fabrics [46,47]. Several researchers have fabricated

piezoelectric elements and electrodes in a single manufacturing process. Lu ef al. developed



thermal-mechanically drawn piezoelectric fibers consisting of alternating layers of piezoelectric
electrospun nanocomposites (polyvinylidene fluoride enhanced with barium titanate, PZT or
carbon nanotubes) and commercially available conductive composites (i.e., carbon black filled
polyethylene) [48,49]. Bodkhe ef al. co-extruded piezoelectric filament with integrated electrodes
using DIW technique [50]. Also, several researchers used a multi-material 3D printing technology
[51-53] to co-fabricate electrodes with 3D piezoelectric structure in a single manufacturing
process [54]. However, the fabricated structures are limited to one-dimensional fiber, two
dimensional film or simple 3D scaffold shapes.

This work presents a fabrication approach based on multi-material DIW 3D printing in a
supporting fluid bath to fabricate multi-layer, conformal and freeform flexible piezoelectric
sensors with integrated electrodes in a single manufacturing process. Various concentrations of
fumed silica nanoparticles were added into the mineral oil to find the best supporting behavior of
the mineral oil/fumed silica supporting fluid with the proper yield stress. We also developed
flexible piezoelectric polydimethylsiloxane (PDMS)/PZT and conductive PDMS/Ag composite
materials as printing inks. The piezoelectric and conductive, rheological, and mechanical
properties of the inks were investigated. The dimensional accuracy and piezoelectric performance
of the three types of multi-material piezoelectric composite demonstrators prove that the developed
composite materials and manufacturing technique could be further employed for the production of

various freeform and conformal piezoelectric sensing and energy harvesting applications.



2 Experimental section
2.1 Materials
Inks: A mixture of two different types of PDMS was used as the matrix for both piezoelectric and

conductive composite inks. The low viscosity PDMS (SYLGARD™ 184) and high viscosity
PDMS (DOWSIL™ SE 1700) were purchased from DOW Chemical (USA). The weight ratio of
the high to low viscosity PDMS is 7:3, as recommended by the relevant works [55,56] and the
base to curing agent is 10:1, as recommended by the supplier. The addition of low viscosity PDMS
acted on the dilution of high viscosity PDMS for desired rheological properties. The PZT powder
(APC 850: ~500 nm, spherical particles) was purchased from APC International, Ltd (USA) as the
filler for piezoelectric composite ink. The silver flake powder (47MR-10F: purity = 99.95%, 25
um) was purchased from Inframat Advanced Materials (USA) as the filler for the conductive
composite ink.

Supporting Fluid: The fumed silica powder (AEROSIL® R805: 200 m?/g) was purchased from

Evonik Industries (USA) and the mineral oil (CAS: 8042-47-5) from VWR (Canada).

2.2 Manufacturing process

2.2.1 Inks and supporting fluid preparation process
Piezoelectric ink: 30 vol% PZT powder was added into the PDMS system and blended in a mixer

(DAC 515-200 SE, FlackTeck SpeedMixer®) at 2750 rpm for 1 min.
Conductive ink: 25 vol% Ag flakes was added into the mixture of PDMS and blended in the mixer
at 2750 rpm for 1 min. Then the two types of inks were loaded into two syringe barrels (3 mL,

Nordson EFD), respectively.



Supporting fluid: 6% (w/v) fumed silica was blended with mineral oil in a 60 ml mixer container
at 2750 rpm for 1 min. Then, the supporting fluid rested for 10 min and was remixed for 1 min to

remove the bubbles (Fig. 1a).

2.2.2  Multi-material DIW 3D printing of piezoelectric composite structures with integrated
electrodes

Multi-material 3D printing process was carried out using a three-axis motion-controlled gantry
system (Aerotech, USA) equipped with two independent DIW printing heads: one DIW head was
assigned for the piezoelectric ink and the other DIW head was assigned for the conductive ink
(Fig. 1b). A custom-made pneumatic-driven controller (Mékanic, Canada) was used to apply the
pressure on the piston of dispensing apparatus (EFD 7 X , Nordson) to push the ink inside the
syringe out of the nozzle along the print paths. In the case of multi-layer planar films and conformal
non-planar hemispheres, print paths were initially generated with Simplify3D slicing software and
then translated to the Aerobasic language (i.e., the language of Aerotech) using a robotic
simulation software, RoboDK 4.2.4 (RoboDK Inc.). In the case of the freeform spiral-hexagon
structure, the print paths were generated using a custom-made MATLAB program and then
translated to Aerobasic language using RoboDK. The printing speed was 5 mm/s. The applied
pressure was 210 kPa for the conductive ink and 280 kPa for the piezoelectric ink, respectively.
The dispensing needle of the nozzle had a 38 mm-long stainless steel tip (Nordson EFD) and an
inner diameter of 0.6 mm. The fairly long nozzle was selected to ensure that the nozzle can reach

the bottom section of the supporting fluid. The layer height was 0.5 mm.



2.2.3  Post-curing process

The fabricated piezoelectric structures were cured in an oven at 80°C for 24 h (Fig. 1c). We
selected 80°C because the boiling point of the mineral oil is 100°C. Then the cured structures were
taken out of the supporting fluid and washed with soap and water to remove the residue of mineral
oil and fumed silica and dried at ambient temperature. The supporting fluid can be reused multiple

times.

2.2.4 Poling process

To orient the dipole moments of the fabricated piezoelectric composite structures in the desired
direction, a contact poling setup was built (Fig. 1d). The setup consists of three parts: a custom-
made poling station, a high voltage power supply (ES60kV negative, 10 Watt, Gamma High
Voltage Research, Inc.) and a hot plate (Thermo Scientific™ SuperNuova+™, Fisher Scientific).
In the poling station, an aluminum plate was grounded, and a negative high voltage cable from the
high voltage power supply was connected to a copper rod (~3 mm in diameter) as the poling head.
An aluminum plate (20 X 20 X 2 mm?®) was inserted between the copper rod of the poling head
and top surface of the element to achieve a good distribution of electric field. During the poling
process, we put the piezoelectric structure between the poling head and bottom aluminum plate,
and polarized it under an electric field of 5 kV/mm at 80°C for 60 min. After the poling process,
the piezoelectric structure was cooled down to room temperature before removing the electric field
to reduce the misalignment of dipole moments. The piezoelectric structure was finally washed with

soap and water to remove the residue of silicone oil and dried at ambient temperature.
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Fig. 1. Fabrication of multi-material freeform 3D printed flexible piezoelectric composite sensors
with integrated electrodes in the mineral oil/fumed silica supporting fluid: (a) Inks and supporting
fluid preparation process using a mixer (piezoelectric composite ink: PDMS/30vol%PZT;
conductive composite ink: PDMS/25vo0l%Ag; supporting fluid: mineral 0il/6%(w/v) fumed silica).
(b) Multi-material freeform 3D printing process in the supporting fluid (freeform spiral-hexagon
is shown). (c¢) Curing process in an oven. (d) Poling process using a custom-made poling station.

2.3 Scanning electron microscopy (SEM) and optical characterization

The SEM observations (TM3030, Hitachi, USA) were used to investigate the microstructures of
the following samples: (1) the bonding section of the printed piezoelectric and electrode layers cut
from the multi-layer planar film; (2) printed layers, and (3) printed filaments cut from the
conformal non-planar hemisphere structure (PDMS/30vol%PZT and PDMS/25vol%Ag
composites); (4) a PDMS/30vol%PZT composite spiral cut from the freeform spiral-hexagon. A
razor blade was used to cut all these samples. Samples were then sputtered with a 10 nm layer of
chrome before the imaging analysis. The imaging analyses were performed at a 5kV voltage
supply. Filler dispersion was analysed based on the cross-sectional view of the sample (3) which
were fractured manually in the liquid nitrogen. The dimensions of the three types of piezoelectric
composite structures were measured using an optical microscope (BX-61, Olympus) and software

ImageJ (version 1.8.0 172).



2.4 Piezoelectric coefficient characterization

A ds3 meter (YE2730, Sinocera Piezotronics, Inc.) was used to characterize the piezoelectric
coefficient - ds; of the PDMS/PZT composite films (50 x 10 x 0.5 mm?) made of different PZT
volume fractions (10, 20, 30 and 40 vol%). Five specimens of each type were tested approximately

one day after the poling process to measure a stabilized value.

2.5 Piezoelectric test on the multi-material 3D printed piezoelectric composite structures

The piezoelectric performances of the three types of piezoelectric composite structures with
integrated electrodes were evaluated through the following three tests: (1) stretching-relaxation
test (axial strain = 10%, 3 cycles) of the multi-layer planar film (50 X 20 x 1.5 mm?®) was carried
out using an MTS Insight machine at a crosshead speed of 1 mm/s. The gage length is 20 mm; (2)
finger tapping test was conducted on the conformal non-planar hemisphere by three gentle finger
taps; (3) cyclic compression tests (displacement = 2 mm, /= 8 Hz, 800 cycles) of the freeform
spiral-hexagon using a shaker (2060E, Mode Shop Inc.).

The open-circuit piezoelectric voltages were collected using a charge amplifier (Piezo Lab
Amplifier, MEAS Specialties) in a voltage mode. The voltage data was acquired with an NI-9239
data acquisition system attached to a USB carrier NI-9162 (National Instruments) and recorded

using a custom LabVIEW interface.

2.6  Conductivity measurement on the conductive composite films

The electrical resistance (R) was measured using a four-point resistance measuring card (PCI-4070
card, National 312 Instruments). The R of the printed PDMS/Ag composite films (50 X 10 X
0.5 mm?) with different Ag volume fractions (20, 25 and 30 vol%) were measured. Five specimens

of each volume fraction were tested.



2.7 Rheological characterization

Shear viscosities of PDMS/PZT, PDMS/Ag composite inks and mineral oil/fumed silica
supporting fluid with different filler concentrations were measured using a controlled stress
rheometer (MCR 502, Anton Paar) equipped with parallel plates at shear rates between 0.001 to
100 s! at ambient temperature. Also, the process-related viscosity measurements on the
PDMS/PZT and PDMS/Ag inks were conducted by capillary flow analysis following the
procedure described in [57]. Different concentrations of PDMS/PZT (10, 20 and 30 vol%) and
PDMS/Ag inks (25 and 30 vol%) were extruded on glass substrates under five different applied
pressures at a print head motion velocity of 0.5 mm/s. The extruded filaments (~60 mm long) were
weighed using a high-precision balance (GH-202, A&D Engineering Inc.). Their weight was used
to obtain the volumetric flow rates for calculating the process-related apparent viscosity of the

various inks. Three specimens of each type were tested.

2.8  Mechanical characterization

The tensile stiffness and elongation at break (%) characterization of the one-layer piezoelectric
PDMS/PZT composite rectangular films (50 x 10 x 0.5 mm?) with three PZT volume fractions
(10, 20 and 30 vol%), and the one-layer conductive PDMS/Ag composite rectangular films (50 X
10 x 0.5 mm?) with two Ag volume fractions (25 and 30 vol%) were carried out using an MTS
Insight electromechanical testing system (820-050-EL) with a 100 N load cell at a crosshead speed
of 50 mm/min. The gauge length was 25 mm. The test was carried out based on ASTM Standard

D882 - 12. Five specimens of each type were tested.
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3 Results and discussion

Fig. 2 presents the supporting performance of the supporting fluid with different compositions, the
mechanism and the required rheological behavior. Fig. 2a schematically illustrates a single
filament deposited in the supporting fluid with different fumed silica concentrations, the images
are shown in Fig. S1. The deposited filament is discontinuous and dragged by the dispensing
needle in the 5% (w/v) supporting fluid (Fig. 2al). When the concentration of fumed silica is too
high, i.e., above 7% (w/v), the crevasse can be seen along the movement of the dispensing needle
(Fig. 2alll). The crevasse adversely affects the following support performance of the supporting
fluid. In the 6% (w/v) supporting fluid, the deposited filament is well supported without the
introduction of any crevasse (Fig. 2all).[25]

The mechanism of the supporting performance of mineral oil/fumed silica is illustrated in Fig.
2b.[27] When the dispensing needle moves in the mineral 0il/6%(w/v) fumed silica supporting
fluid, the shear stress induced by the dispensing needle is higher than the yield stress of the
supporting fluid. Thus, the fumed silica aggregates are disrupted and flow like fluid to fill out the
crevasse induced by the needle movement. Conversely, the scattered fumed silica aggregates
recover to the stable 3D network when the dispensing needle leaves. Therefore, the fumed silica
aggregates are stable like solid to support the deposited filaments.

The yield stress is the transition threshold between solid and fluid states of the mineral oil/fumed
silica supporting fluid. The supporting fluid having a yield stress behaves like solid when the
applied stress is lower than the yield stress, while it flows like fluid when the applied stress is
higher than the yield stress.[27,29] To obtain the yield stress, the mineral oil/fumed silica
nanoparticle suspensions with different compositions were tested in a rheometer in a steady sweep
mode at different shear rates and the corresponding shear stresses were recorded. As illustrated in

Fig. 2c, we observed that for suspensions with different nanoparticle concentrations, shear stress
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increases with the increase of shear rate. The yield stress also increases with the addition of the
fumed silica concentration. The yield stresses of the fumed silica nanoparticle suspensions are
calculated by fitting the shear stress T and shear rate y data in the Herschel-Bulkley model [58]:
T=10+ky" (D
where 7 is the yield stress (Pa), n is the flow index, and £ is the consistency index (Pa-s"). The
respective fitted Herschel-Bulkley parameters 7, 7 and k are listed in Table 1. The model shows

good agreement with the rheometry data in both low and high y regions, confirming the choice of
the Herschel-Bulkley model to calculate the yield stress of the developed supporting fluids. The
calculated yield stresses of the fumed silica nanoparticle suspensions at the concentrations of 5, 6,
and 7% (w/v) are 34.41, 86.73 and 105.72 Pa, respectively. The mineral 0il/6%(w/v) fumed silica
supporting fluid with a yield stress of 86.73 Pa shows a good supporting behavior.

Table 1 Parameters of the Herschel-Bulkley fits for the mineral oil/fumed silica supporting fluids
with different fumed silica concentrations (data from Fig. 2c).

Fluid type Yield stress, 7o (Pa) Flow index, n Consistency index, k (Pa-s®)
5% (W/v) 3441 = 1.420 0.48 + 0.016 7.67 £ 0.243
6% (W/Vv) 86.73 + 2.410 0.39 £ 0.006 26.06 £ 1.041
7% (W/V) 105.72 £ 1.626 0.37 £ 0.002 36.56 + 1.546

Results are mean + 95% confidence interval obtained from three replicates.

12
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Fig. 2. Characterization of the supporting fluid with different fumed silica concentrations: (a)
Schematic of the supporting behavior of the supporting fluids with different fumed silica
concentrations (5, 6 and 7% (w/v)). (b) The mechanism of the fumed silica supporting network in
unstressed and stressed conditions during the printing process. (c) Shear stress with respect to shear
rate of the supporting fluids with different fumed silica concentrations (dashed lines are fitted
Herschel-Bulkley models).

Upon the supporting behavior test and the yield stress characterization of the supporting fluid with
different fumed silica concentrations, we chose to use mineral 0il/6%(w/v) fumed silica supporting
fluid in this work. The next step is to find out the piezoelectric and conductive ink compositions.
Fig. 3a shows the piezoelectric behavior of the PDMS/PZT composites with different PZT volume
fractions: 10, 20, 30 and 40 vol%. Although the PDMS/40vol%PZT composite exhibits the highest

ds3 value of 6.30 pC/N, it usually blocks the nozzle (diameter = 0.6 mm). Thus, we decided to use
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the PDMS/30vol%PZT composite having a dj3 value of 4.43 pC/N and exhibiting stable flow
through the nozzle as the piezoelectric ink formulation. Fig. 3b depicts the conductive behavior of
the PDMS/Ag composites with different Ag volume fractions: 20, 25 and 30 vol%. The
PDMS/20vol%Ag composite is not conductive as marked in red. The PDMS/30vol%Ag composite
shows the highest conductivity of 17.6 S/m. However, we chose to use the PDMS/25vol%Ag
composite because of the high price of Ag nanoflakes.

Fig. 3c-d reports the effect of shear rates on the viscoelastic properties of the PDMS/PZT and
PDMS/Ag with different compositions using data from rotational rheometer (at low shear rates)
and capillary flow test (at high shear rates). The open symbols in Fig. 3¢c-d present the viscosity of
the composites with different filler concentrations obtained through rotational rheometry with
respect to the shear rate. The process-related apparent viscosities of the composites with different
filler concentrations are presented by solid symbols in Fig. 3c-d. All inks exhibit a pronounced
shear-thinning response as evidenced by an important decrease in viscosity as the share rate
increases. For example, the apparent viscosity of the PDMS/30vol%PZT piezoelectric composite
ink at a shear rate of around 28 s™! is ~204 Pa-s and nearly 4 orders of magnitude smaller than the
viscosity of ~1.8 X 10°Pa-s measured by rotational rheometer at low shear rates. The viscosity
of the inks increases with filler content at all shear rates, which will affect 3D printability. The
data points gap observed in the shear rate range of 10° < y < 10! s7! is due to measurement
instabilities in the rotational rheometer caused by material yielding and separating from the parallel
plates. Neither was it possible with the capillary flow method, because higher extrusion pressure
for the material to flow through the nozzle is required. A power-law (Ostwald de Waele) model is
commonly used to assume the shear-thinning behaviour of composite materials [59—61]. The

power-law model relates shear viscosity 7 to shear rate y as:
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n=ky"" @)
where 7 is the flow index (0 < n < 1), and £ is the consistency index (Pa-s®). The respective
fitted power-law parameters n and k for each ink formulation are listed in Table 2. Flow index
values n < 1 depict the shear-thinning nature of the inks. The model shows good agreement with
the rheometry and capillary data in both low and high y regions, confirming the choice of the
power-law viscosity model to describe the shear-thinning behavior of the developed inks.

Table 2 Parameters of the power-law fits for the piezoelectric and conductive composite inks with
different filler contents (data from Fig. 3c-d).

Ink type Flow index, n Consistency index, k (Pa-s®)
PDMS/10vol%PZT 0.274 £ 0.0082 128 =+ 0.9
PDMS/20vol%PZT 0.201 £ 0.0091 530 £ 0.8
PDMS/30vol%PZT 0.159 + 0.0103 3,692 + 1.6
PDMS/25vol%Ag 0.268 = 0.0176 3986 + 1.2
PDMS/30vol%Ag 0.248 £ 0.0102 10,206 * 6.8

Results are mean + 95% confidence interval obtained from three replicates.

Mechanical tensile tests were carried out to investigate the mechanical behavior (i.e., mechanical
stretchability) of the selected formulations i.e., the PDMS/30vol%PZT piezoelectric composite
and PDMS/25vol%Ag conductive composite compositions as they show the highest piezoelectric
or conductive properties while being printable (shear-thinning behavior, n < 1). Fig. 3e-f show
the average stress-strain curves of the three tested replicates. All types of piezoelectric and
conductive composite films show a relatively long linear regime. The ultimate stress at failure and
stiffness are improving with filler concentration. We found that both the PDMS/30vol%PZT
piezoelectric composite (ultimate stress at failure = 2.86 + 0.067 MPa; Young’s modulus = 9.7

+ 0.020 MPa) and PDMS/25vol%Ag conductive composite (ultimate stress at failure = 1.59 +
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0.076 MPa; Young’s modulus = 8.2 + 0.046 MPa) exhibit an elongation at break of up to 30%,

making them well suited for flexible or soft piezoelectric sensing devices.
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Fig. 3. Characterization of the developed flexible piezoelectric PDMS/PZT and conductive
PDMS/Ag composite materials: (a) ds; of piezoelectric composites with different PZT volume
fractions. (b) Conductivity of conductive composites with different Ag volume fractions (dashed
lines are trend lines). (c-d) Viscoelastic (dashed lines are fitted shear-thinning power-law models),
and (e-f) mechanical properties of the piezoelectric and conductive composites with different filler
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concentrations. Error bars indicate 95% confidence interval of the mean obtained from three
replicates.

Three types of piezoelectric composite structures as demonstrators were designed and fabricated:
a multi-layer planar film, a conformal non-planar hemisphere and a freeform spiral-hexagon (Fig.
4a). The dimensions of the fabricated structures are listed in Table S1. The maximum geometrical
error compared to the designed model is ~3.5%, which indicates that the dimensional accuracy of
this printing technique is acceptable. The images of the printed structures within or out of the
supporting bath indicate that the patterned features do retain their shape after the printing and

curing processes (Fig. 4b-c).
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Fig. 4. Design of the multi-material 3D printed flexible piezoelectric composite sensors with
integrated electrodes: (a) 3D models (I: front view; II: top view), (b) Images of the cured structures
taken out of the supporting fluid, and (c¢) Images of the uncured structures in the supporting fluid
after the printing process of the three types of multi-material 3D printed flexible piezoelectric
composite structures with integrated electrodes: a multi-layer planar film, a conformal non-planar
hemisphere and a freeform spiral-hexagon.

Fig. 5a shows the locations of the samples cut from the three types of multi-material 3D printed
piezoelectric composite sensors with integrated electrodes for SEM observations. We observed

that the SEM images in Fig. 5b show no significant oil trapped between the electrode and

18



piezoelectric layers, demonstrating the good bonding between the layers of the multi-material 3D
printed piezoelectric sensors. Fig. 5cI-dI show the SEM images taken from the piezoelectric and
conductive layers of the conformal non-planar hemisphere. The printed filaments are uniform
(width = ~0.495 mm) and no significant porosities between filaments is observed. Fig. SclI-dII
show the transverse cross-section view and Fig. ScIII-dIII show the enlarged view of the deposited
filaments. For both composites, the PZT or Ag fillers are well-dispersed in the PDMS matrix
without any significant agglomerations. Fig. Se shows the piezoelectric composite spiral cut from
the freeform spiral-hexagon. We observed that the diameter of the spiral is uniform (~2.58 mm)

and the pitches (~1.91 mm) between the turns are identical.
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a Multi-layer planar film Conformal non-planar hemisphere Freeform spiral-hexagon

10 mm 10 mm

b Bonding PDMS/30vol%PZT

—

—

72 e

1 mm

200 um

1.91 mm

Fig. 5. SEM images of the multi-material 3D printed flexible piezoelectric composite sensors with
integrated electrodes: (a) The locations of the samples cut from the three types of piezoelectric
sensors. (b) SEM images of the bonding between the conductive and piezoelectric layers of the
multi-layer planar film (II: enlarged view). (c) PDMS/30vol%PZT piezoelectric composite: (1)
surface view of the sample cut from the piezoelectric layer of the conformal non-planar hemisphere,
(IT) transverse cross-section view of the deposited filaments (III: enlarged view). (d)
PDMS/25v0l%Ag conductive composite: (I) surface view of the sample cut from the conductive
layer of the conformal non-planar hemisphere, (II) transverse cross-section view of the deposited
filaments (III: enlarged view). (e) A PDMS/30vol%PZT composite spiral cut from the freeform
spiral-hexagon.
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As listed in Table 3, we conducted the stretching or compression tests to evaluate the piezoelectric
performance of the three demonstrators. The piezoelectric performance as a function of cyclic axial
elongation was investigated by extending the multi-layer planar film to 10% strain at a crosshead
speed of 1 mm/s and relaxing it back to a zero-strain condition at the same rate. This stretching-
relaxation cycle was repeated three times. The obtained peak-to-peak voltage (V,p) 1s 41.14 +
0.316 mV (Fig. 6a). The piezoelectric signal is consistent with the applied strain with negligible
variation. For the conformal non-planar hemisphere (Fig. 6b), we pressed it with a finger three
times. The V,,1s 152.43 + 4.624 mV. We observed that during the press-release cycle, the upper
part of the hemisphere is dented inside but it will bounce out automatically, which shows its great
potential to be used as a battery-free flexible button. To validate the durability of the freeform
spiral-hexagon, we compressed it with a displacement of 2 mm at 8 Hz for 800 cycles using a
shaker (Fig. 6¢). The V;,, of the early cycles is 88.53 + 1.224 mV and the V},, of the late cycles is
86.39 + 1.145 mV, which indicates that the freeform spiral-hexagon still shows favorable
stability for more than 800 cycles without much degradation.

Table 3 Comparison of the developed three demonstrators.

Type Multi-layer planar film Conformal non-planar hemisphere Freeform spiral-hexagon
Mode Tension Bending Compression and shearing
86.39 * 1.145
41.14 + 0316 152.43 * 4.624
Vop (mV) Displacement =2 mm
Strain = 10% Under three finger taps
8 Hz for 800 cycles
Weight (g) 3.52 £ 0.079 3.69 £ 0.069 0.45 £ 0.060

e  More complex shape
e More flexible
e  Spring back behavior
Advantages e  Extensible e  Spring back behavior
e  Freedom in design
e More compact than planar design
e  Easily tailor the stiffness

Results are mean + 95% confidence interval obtained from three replicates.
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Fig. 6. Piezoelectric characterizations of the multi-material 3D printed flexible piezoelectric
composite sensors with integrated electrodes: (a) Stretching-relaxation test on the multi-layer
planar film (50 x 20 x 1.5 mm?®) with a strain up to 10% for 3 cycles. (b) Finger tapping test on
the conformal non-planar hemisphere for 3 cycles. (c) Cyclic compression test on the freeform
spiral-hexagon with a displacement of 2 mm at 8 Hz for 800 cycles (Inset figures I: for the early 8

cycles; II: for the late 8 cycles.).

4. Conclusion
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We have successfully implemented a multi-material DIW layer-by-layer, conformal (non-planar)
and freeform 3D printing technique to fabricate flexible piezoelectric composite sensors with
integrated electrodes inside a supporting fluid. The characterization on the tailored piezoelectric
PDMS/30vo0l%PZT and conductive PDMS/25vol%Ag composite inks show that the inks meet the
functional requirements to be used as the piezoelectric sensing element and the electrodes while
being 3D printable (e.g., shear-thinning behavior) and mechanically flexible (up to 30% elongation
at break for both composites). The mineral 0il/6%(w/v) fumed silica nanoparticle suspension with
the proper yield stress is found to successfully facilitate freeform 3D printing of the developed
piezoelectric and conductive inks. For demonstration, three types of multi-material 3D printed
piezoelectric composite structures are fabricated and tested to assess their piezoelectric
performance. For example, under cyclic compression test at 8 Hz, the V,, of a freeform spiral-
hexagon is 86.39 £ 1.145 mV for more than 800 cycles. The novel approach presented here
provides new opportunities to fabricate flexible piezoelectric devices with integrated electrodes in
other complex freeform geometries, using a clean (i.e., without the need of toxic solvents) and eco-
friendly (i.e., the supporting fluid is reusable) fabrication process, with high shape fidelity, easy
operational mode (i.e., multi-material DIW 3D printing in a single manufacturing process) for

piezoelectric sensing or energy harvesting devices in biomedical fields.
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Appendix A. Supporting information

Section S1. Images of the supporting behavior of the supporting fluid with different fumed silica
concentrations.

Fig. S1 shows the images of a single filament printed in the supporting fluid with three different
fumed silica concentrations: 5, 6 and 7% (w/v). The printed filament in the 5% (w/v) supporting
fluid were dragged along the movement of the dispensing needle. The printed filament was well-
supported in the 6% (w/v) supporting fluid. There was crevasse in the 7% (w/v) supporting fluid

caused by the movement of the needle.

a Side view 5% (w/v) b 6% (W/V) ¢ 7% (W/v)

10 mm

Fig. S1. Images (I: side view and II: inclined top view) of a single PDMS/25vo0l%Ag conductive
composite filament printed in the supporting fluid with different fumed silica concentrations: (a)
5, (b) 6 and (c) 7% (w/v), respectively.

30



Section S2. Dimension measurement of the three types of piezoelectric composite structures.

Table S1 Dimension measurement of the printed structures (Unit: mm). Error bars indicate 95%
confidence interval of the mean obtained from three replicates.

Type Multi-layer film Hemisphere Spiral-hexagon
Measurement 48.93 £ 0.086 20.26 £ 0.094 4.86 + 0.089
Length
Model 50 20 5
(or diameter or side length)
Relative error (%) 2.1 1.3 2.8
Measurement 20.35 £ 0.062 _ _
Width Model 20 _ _
Relative error (%) 1.8 B _
Measurement 1.55 £ 0.023 10.11 + 0.034 10.35 +
0.043
Height
Model 1.5 10 10
Relative error (%) 33 1.1 35
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Appendix B. Supplementary movies

Movie S1. Supporting fluid-assisted multi-material 3D printing of a multi-layer planar film
piezoelectric sensor.

Movie S2. Supporting fluid-assisted multi-material 3D printing of a conformal non-planar
hemisphere piezoelectric sensor.

Movie S3. Supporting fluid-assisted multi-material 3D printing of a freeform spiral-hexagon

piezoelectric sensor.
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