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Multifunctional Artificial Artery from Direct 3D Printing 
with Built-In Ferroelectricity and Tissue-Matching Modulus 
for Real-Time Sensing and Occlusion Monitoring

Jun Li, Yin Long, Fan Yang, Hao Wei, Ziyi Zhang, Yizhan Wang, Jingyu Wang, Cheng Li, 
Corey Carlos, Yutao Dong, Yongjun Wu, Weibo Cai, and Xudong Wang*

Treating vascular grafts failure requires complex surgery procedures and is 
associated with high risks. A real-time monitoring vascular system ena-
bles quick and reliable identification of complications and initiates safer 
treatments early. Here, an electric fieldassisted 3D printing technology is 
developed to fabricate in situ-poled ferroelectric artificial arteries that offer 
battery-free real-time blood pressure sensing and occlusion monitoring 
capability. The functional artery architecture is made possible by the develop-
ment of a ferroelectric biocomposite which can be quickly polarized during 
printing and reshaped into devised objects. The synergistic effect from the 
potassium sodium niobite particles and the polyvinylidene fluoride polymer 
matrix yields a superb piezoelectric performance (bulk-scale d33 > 12 pC N−1). 
The sinusoidal architecture brings the mechanical modulus close to the 
level of blood vessels. The desired piezoelectric and mechanical properties 
of the artificial artery provide an excellent sensitivity to pressure change 
(0.306 mV mmHg−1, R2 > 0.99) within the range of human blood pressure 
(11.25–225.00 mmHg). The high pressure sensitivity and the ability to detect 
subtle vessel motion pattern change enable early detection of partial occlu-
sion (e.g., thrombosis), allowing for preventing grafts failure. This work dem-
onstrates a promising strategy of incorporating multifunctionality to artificial 
biological systems for smart healthcare systems.
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1. Introduction

Vascular replacement is a common 
surgical procedure for repairing clot-
obstructed or nonfunctional blood ves-
sels in the treatment of coronary disease, 
stroke, and limb-threatening ischemia.[1] 
According to recent studies, about 450 000 
prosthetic vascular grafts implantations 
have been conducted annually in the 
United States.[2] Comparing to conven-
tional casting, molding, or electrospin-
ning technology,[3] 3D printing technology 
offers a promising avenue toward rapidly 
creating complex biomimetic vascular 
grafts with heterogeneous properties 
close to those of native tissues and precise 
matching of anatomy of the individual, 
allowing patient-specific implants.[4] How-
ever, failure in the vascular implants could 
still occur without significant premonitory 
symptoms. Particularly 40–60% vascular 
grafts fail within the first year of implan-
tation, which results in morbidity and 
even mortality.[5] It is essential to closely 
and timely monitor the associated local 
physiological signals (e.g., blood flow pres-
sure, graft flow velocity, and variation in 

lumen dimensions) in order to detect hemodynamically sig-
nificant lesions at early stage. Currently, implanted blood ves-
sels require series of surveillances at defined time intervals 
in clinics using sophisticated equipment (such as ultrasound 
imaging devices, blood cuff, and contrast enhanced comput-
erized tomography (CT)), which are still inadequate and inef-
fective to timely detect complications and prevent failure.[6] 
Treating grafts failure (e.g., occlusion) often requires complex 
surgery procedures associating with a high mortality rate of 
up to 5%, and only 25% of failed grafts could be effectively sal-
vaged.[7] Real-time monitoring of implanted vascular grafts is 
thus greatly desired to reliably identify complications and ini-
tiate early treatment, which could be performed through a safer 
and less invasive procedure (e.g., local angioplasty through an 
endovascular procedure[8]). Self-powering capability is of great 
importance for future smart implants[9] and embodiment of 
battery-free sensing capability to related physiological signal 
(e.g., pressure) inside artificial vessels can be an ideal solution 
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to realizing real-time monitoring function and minimizing the 
risk of implants failure.[7b,10]

Ferroelectric materials are an ideal selection for preci-
sion pressure and motion sensing owing to their outstanding 
piezoelectric responses. They have also been broadly used as 
a key functional component for nanogenerators that are con-
sidered as a promising strategy for achieving self-powered 
implantable electronics by harvesting energy locally from body 
motions.[11] Current piezoelectric implants are all devised with 
simple geometry (mostly film and disk) as organs/tissue attach-
ments. Therefore, they often associated with issues of detach-
ment, low sensitivity, and could bring an extra burden to the 
attached organ/tissue. It is ideal to have the functionality being 
a built-in feature of artificial organs/tissues. Recent advances 
in additive manufacturing opened up the possibility of creating 
complex geometry of biological implants. Nevertheless, only a 
few attempts have been demonstrated so far to fabricate ferro-
electric structure using 3D printing with fair electromechanical 
coupling properties after long-time postpoling.[12] The struc-
tures that can be feasibly printed are extremely limited due to 
the requirement of high and uniform electric field for poling. 
However, compositional and structural inhomogeneity usually 
becomes more serious in larger complex prints, which could 
easily lead to breakdown (poling failure). In general, current 
3D printing technology for ferroelectric structures is rather far 
from creating practical biological components. Here, we report 
an electric field-assisted 3D printing technology that allows for 
fast printing of complex and spontaneously polarized ferroelec-
tric structures with high fidelity and superb piezoelectric perfor-
mance. The prints consisted of ferroelectric potassium sodium 
niobate (KNN) particles embedded within a ferroelectric poly-
vinylidene fluoride (PVDF) polymer matrix, which can be 
poled during printing within a few seconds. The  as- fabricated 
 ferroelectric structure exhibited an impressive bulk-scale piezo-
electric d33 over 12  pC  N−1 and excellent force/pressure sensi-
tivity. Using this technology, a smart artificial artery was directly 
printed, which was able to provide real-time precise sensing of 
blood pressure and vessel motion pattern, enabling early detec-
tion of partial occlusion.

2. Results and Discussions

2.1. Electric Field-Assisted 3D-Printing

A fuse deposition modeling (FDM) technology was used to 
melt the printing material and reshape it with the assistance  
of an electric field (Figure 1a). A ferroelectric composite con-
sisting of 35  vol% functionalized sodium potassium niobate 
(KNN) piezoceramic particles (prepared by solid state reaction, 
Figure S1, Supporting Information) and 65 vol% PVDF polymer 
was used as the printing material. KNN-based materials are a 
group of high-performance lead-free ferroelectric ceramics that 
is also biocompatible. KNN possesses a high curie temperature 
up to 400  °C,[13] which allows it to maintain its ferroelectric 
phase during the high temperature printing. PVDF was selected 
as it is a soft thermoplastic polymer with excellent printability, 
flexibility, and acceptable piezoelectricity.[14] As presented in the 
inset of Figure 1a, 3-(trimethoxysilyl)propylmethacrylate (MPS) 

was covalently grafted (confirmed by X-ray photoelectron spec-
troscopy (XPS), Figure S2, Supporting Information) on the sur-
face of KNN particles to improve the interface compatibility and 
maximize their dispensability. The printing material was cre-
ated by extruding grinded ferroelectric composite powder into 
filament (Figure S3, Supporting Information). The exceptional 
printability of the ferroelectric composite was evidenced by a 
variety of 3D geometries (spiral, chiral helix, and cubic piles) 
created by 3D printing (Figure S4, Supporting Information), 
which could be attributed to the uniform distribution of KNN 
particles inside the polymer matrix, as revealed by an scanning 
electron microscope (SEM) image (Figure 1b).

To align the dipoles of the as-printed materials, an adjust-
able electric field in the range of 0.5–4  kV  mm−1 was applied 
between the print core and the bottom plate (Movie S1 and 
Figure S5, Supporting Information). Finite element simulation 
revealed that a rather high electric field was concentrated at 
the nozzle tip region (Figure 1c). In addition, the printing pro-
cess was performed at a relatively high temperature of 250 °C 
to melt the ferroelectric composite, where a significantly lower 
coercive field could be anticipated.[15] The concentrated elec-
tric field and high processing temperature are favorable for 
aligning the ferroelectric dipoles instantaneously in the just-
extruded material. Therefore, rapid poling was achieved as the 
printing progresses.

To validate the poling capability during printing, one layer 
of square film (1.5 cm × 1.5 cm,) was printed under a voltage 
of 800 V. The ferroelectricity of the as-printed film was con-
firmed by polarization hysteresis measurement, and an 
apparent hysteresis curve intimating net dipole was observed 
(Figure 1d). Therefore, the film was able to generate a stable 
piezoelectric peak-to-peak voltage output of ≈2.7  V (Vpp) 
(Figure 1e) and a short-circuited current of 1.25 µA (Figure 1f ) 
under an external force load of 30 N (peak load). This output 
was at the same level of the reported values of ferroelectric 
PVDF (≈3 V under 30 N)[16] and poly-L-lactic acid film (≈0.7 V 
under 30  N),[17] validating a comparable piezoelectricity akin 
to common piezo-polymers. Although the poling time was 
very short on each printing spot, the dipole alignment was 
rather stable. As shown in Figure 1g, the Vpp output remained 
at ≈2.7 V for >10 000 cycles under a repeating force applica-
tion (30 N). The considerable and stable piezoelectric output 
confirmed that the KNN-PVDF composite was able to be 
rapidly poled in situ during 3D printing and thus bypass 
the critical challenge of postfabrication high-voltage poling. 
As thus, this development enabled the creation of complex 
ferroelectric 3D geometries, such as chiral helix and spiral 
with desirable piezoelectric outputs (Figure S6, Supporting 
Information).

The superb piezoelectric property of the as-printed KNN-
PVDF composite film was attributed to the synergistic con-
tribution from both ferroelectric KNN particles and PVDF 
matrix. When barium titanate (BTO), another representative 
lead-free and biocompatible piezoceramics, was used in place 
of KNN, although BTO has even higher piezoelectric coef-
ficient than that of KNN, its low curie temperature (≈120  °C) 
prevented it from high-temperature printing processes.[13b,c] 
As a result, the film printed by BTO-PVDF composite only 
yielded a Vpp of ≈0.3 V (Figure S7a,b, Supporting Information), 
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which was mostly contributed by a small amount of β-phase 
PVDF. β-phase PVDF could be formed due to the fast cooling 
rate and further poled under the high electric field during 
printing. The characterize peak of the β-phase at 20.8° could 
be clearly observed from the X-ray diffraction (XRD) spectra of 
both printed PVDF and KNN-PVDF (Figure S7c, Supporting 
Information, and Figure  1h). However, without KNN, the 
printed PVDF film only yielded an output of ≈0.3 V (Figure S7, 
Supporting Information). When a nonpiezoelectric polylactic 

acid (PLA) was used as the matrix together with KNN, a sig-
nificantly lower piezoelectric output of 1.7  V was received, 
although the printability was not influenced (Figure S7a,b, 
Supporting Information). These comparisons revealed that 
KNN made the major contribution to the polarization; while 
the PVDF matrix also played a critical role in assisting the 
overall polarization (inset of Figure 1a), which was further evi-
denced by electrostatic force microscopy (EFM) examination 
(Figure S8, Supporting Information).

Figure 1. Electric field-assisted 3D-printing. a) Schematic illustration of the electric field-assisted FDM 3D printing system. Left inset: The ferroelectric 
filament consists of surface functionalized KNN nanoparticles and PVDF polymer matrix. Top right inset: Rapid poling during printing under an adjust-
able inner-built electric field. Bottom right inset: A digital image of 3D printed sinusoidal film with high fidelity. Scale bar is 1 cm. b) Cross-sectional 
SEM image of the as-printed film. c) Finite element analysis (FEA) simulation of the electric field around nozzle during 3D printing process. d) Polariza-
tion–electric field (P–E) hysteresis loop measured from a 3D printed ferroelectric composite film at room temperature. e) Voltage output and f) current 
output of a 3D printed film under a mechanical stimulus of 30 N at 1 Hz. The scale bar in the inset in e) is 5 mm. g) Long-term stability of printed film 
under a mechanical stimulus of 30 N at 1 Hz. h) XRD spectrum of as-printed PVDF-KNN composite film.
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2.2. Control of the Piezoelectricity by Printing Parameters

The piezoelectricity of printed objects was controllable by the 
3D printing parameters, allowing for property optimization for 
final applications. To show the influence of the poling electric 
field, single-layer films (1.5 cm × 1.5 cm) were printed under a 
voltage ranging from −800 to 800 V. Figure 2a shows that the 

absolute value of the piezoelectric coefficient d33 (|d33|) of the 
as-printed film gradually increased from 0 to ≈12 pC N−1 as the 
absolute value of voltage (|Vpp|) rose from 0 to 800  V. Accord-
ingly, the output Vpp under a 30 N force increased from ≈60 mV 
to ≈2.7  V. The direction of poling voltage dictated the object’s 
polarity, which was exemplified by two samples  fabricated 
under 400 and −400 V, respectively. They both generated similar 

Figure 2. Piezoelectricity control and pressure sensing performance. a) The absolute value of piezoelectric coefficient d33 and peak-to-peak voltage 
output as a function of printing voltage. Data are expressed as mean ± standard deviation (SD) (n = 3). Digital images are piezoelectric coefficient 
measurement of printed disks under different voltage by piezometer (d33 meter). b) The EFM phase images of films printed under 400 and −400 V. The 
lower panel is phase angle revealing 181.3° reverse between positively poled and negatively poled samples. The piezoelectric coefficient d33 and peak-to-
peak voltage output as a function of c) printing speed and d) printing temperature, Data are expressed as mean ± SD (n = 3). e) Peak-to-peak voltage 
output as a function of printing layer. Inset is printed cylinders with different layers at a constant printing speed of 10 mm s−1. Each layer has a thickness 
of 200 µm. Data are expressed as mean ± SD (n = 3). f) Real-time voltage output of printed piezoelectric disk corresponding to various applied force.  
g) Linear fit of output voltage and applied pressure in the range of (i) 6.2 kPa to 1.0 MPa and (ii) 6.2–140 kPa. Data are expressed as mean ± SD (n = 3).
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electric output of ≈1.6 V in response to a 30 N force; whereas the 
phases of voltage signals were completely opposite (Figure S9,  
Supporting Information). The different polarity was also con-
firmed by EFM phase imaging (Figure  2b), where the surface 
of negatively poled sample showed a nearly 180° phase reverse 
compared to the positively poled sample. All the results con-
firmed that the polarity of the printed objects could be easily 
adjusted by varying the poling electric field.

The printing speed was another factor that would impact the 
piezoelectric property. As illustrated in Figure  2c, under the 
voltage of 800 V, the d33 kept stable around 12.1 pC N−1 when 
the printing speed was set below 10 mm s−1. The d33 slightly 
dropped to 11.5 pC N−1 as the speed was boosted to 15 mm s−1. 
When the printing speed was further increased to 25 mm s−1, 
the d33 dramatically fell to 7.2 pC N−1, as well as the generated 
voltage. This relationship was primarily due to the shortened 
poling time and reduced dipole alignment at fast printing rate. 
The printing rate of 15  mm  s−1 significantly outperformed 
other approaches that required a printing speed of 1 mm s−1 
or less to achieve desired functionality.[18] Therefore, potential 
of achieving high-throughput manufacture could be expected. 
Additionally, the nozzle temperature within the range of  
230–290  °C had negligible influences to the piezoelectric 
performance. As revealed in Figure  2d, the piezoelectric 
constant and output voltage stabilized at ≈12  pC  N−1 and 
≈2.6 V, respectively, within the testing temperature range. No 
obvious correlation between bed temperature and piezoelec-
tricity was observed (Figure S10, Supporting Information). 
Therefore, the electric field-assisted 3D printing could be 
effectively implemented under a wide range of printing con-
ditions, which makes it  versatile for different materials and 
compositions.

After fundamental testing on single-layer films, the object 
thickness was scaled to demonstrate the 3D printing capability. 
The voltage output as a function of object height is shown in 
Figure  2e. Under an electric field of 100  V per layer (equals 
to 500  V  mm−1 with each layer of 200  µm in thickness), the 
sample was printed from 1 layer to 32 layers at a constant 
printing speed of 10  mm  s−1. Correspondingly, the output Vpp 
monotonically increased from 0.5 to 2  V (Figure S11, Sup-
porting Information); whereas the increasing rate was slowly 
saturated as the thickness was more than eight layers. This 
nonlinear relationship was possibly due to uneven stress distri-
bution in polymer matrix at large thickness when pulsed force 
was applied (Figure S12, Supporting Information). Regardless, 
the as-printed 3D ferroelectric object showed an excellent sensi-
bility, particularly to small pressure variations. A printed ferro-
electric disk (1.5 cm diameter and 1.2 mm thickness) was used 
to demonstrate the sensing capability (Figure S13, Supporting 
Information). As shown in Figure  2f, the generated voltage 
output exactly followed the amplitude change of the applied 
pressure. Furthermore, a series of pressures over a large range 
from 6.2 kPa to 1.0 MPa was exerted on the ferroelectric disk, 
and corresponding Vpp outputs were measured to be from  
0.11 to 12.9  V. Correlation between voltage and pressure was 
plotted in Figure  2g–i, from which an excellent linearity 
(R2 > 0.98) with a slope (i.e., force sensitivity) of 12.26 mV kPa−1 
was obtained from the plot. The linearity was even better at 
lower pressure of 140  kPa and less (Figure  2g-ii, R2  >  0.99). 

Such an excellent linearity suggested a strong potential for 
force and pressure sensoring.

2.3. Artificial Artery Development

The successful 3D printed ferroelectric materials with excellent 
force/pressure sensitivity opened up the promises for devel-
oping smart artificial artery with self-powered sensing capa-
bility. As presented in Figure 3a, the polarized tube consisting 
of sinusoidal lattices with a thickness of 0.2  mm was printed 
with poling direction normal to the surface under a speed of 
10 mm s−1. The detailed geometry of the sinusoidal lattice was 
shown in Figure S14 in the Supporting Information. Biocompat-
ible silver paste was applied on the inner and exterior sides as 
electrodes with a thickness around 0.05 mm. The as- fabricated 
cylindrical network was encapsulated by polydimethylsiloxane 
(PDMS) with a thickness of ≈2  mm to form the final artifi-
cial artery structure. Although the ferroelectric composite had 
a higher mechanical modulus compared to pure PVDF due 
to the involvement of ceramic components, the sinusoidal 
structure design with soft package could effectively lower the 
modulus to the level of biological tissues/organs. Evidenced by 
tensile (Figure  3b) and bending tests (Figure  3c), the artificial 
artery exhibited a tissue-comparable stretchability and flexibility 
with a significantly lowered tensile modulus of 5.68 MPa (elon-
gation of ≈38%) and flexural modulus of 10.35 MPa. For com-
parison, the unstructured composite film and pristine PVDF 
film printed under the same conditions with the same thick-
ness and size exhibited a tensile modulus of 1.17 and 0.76 GPa, 
and a flexural modulus of 1.32 and 0.82 GPa, respectively. The 
mechanical property of the artificial arteries fitted well within 
the modulus range of human arteries.[19]

The artificial artery was also expected to be biocompatible, as 
it only consisted of components (PVDF, KNN, and PDMS) that 
have been proved biocompatible.[20] The biocompatibility of the 
as-fabricated artery was first examined by analyzing the viability 
of 3T3 fibroblast cells on the top of printed ferroelectric film 
and PDMS-packaged surface. 3-(4,5-Dimethylthiazol-2yl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT) assay was performed 
to evaluate the cellular metabolic activity as a reference for cell 
growth/proliferation. As shown in Figure 3d, the cell viability of 
printed films and PDMS-packaged surface did not exhibit sig-
nificant difference compared to the control group in five days. 
The cell morphology observed under fluorescence microscopy 
did not display any significant dissimilarity between all groups 
as well (Figure  3e). These results confirmed that the artificial 
artery materials were nontoxic and biocompatible.

An artificial circulation system was then built to demon-
strate the self-powered blood pressure sensing capability of the 
3D printed artificial artery. The artificial artery was integrated 
with a computer-controlled syringe pump to mimic heart beats 
(Figure S15 and Movie S2, Supporting Information). The pro-
grammable back-and-forth linear motions (Figure S15, Sup-
porting Information) of the actuator connected to the syringe 
pump would pump the fluid in and out from the artificial artery, 
which induced periodic pressure change inside. As shown by 
the schematics in Figure 4a, in response to the internal pres-
sure change, a longitudinal strain could be induced in the 
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ferroelectric wall, and thus piezoelectric potential was gener-
ated between the two electrodes. The piezoelectric responses 
were confirmed by the opposite output phase when the elec-
trodes connection was switched (Movies S3 and S4, Supporting 
Information).

Considering an average adult having a diastolic pressure of 
80 mmHg and a systolic pressure of 120 mmHg, the arterial 
pressure fluctuates within pressure change around 5.33  kPa 
(40  mmHg). Based on this information, the artificial artery 
system was filled with red-colored phosphate-buffered saline 
(PBS) (with dye) to simulate blood, and an average ∆P of 
≈6  kPa was applied by the syringe pump at a frequency of 
1  Hz (equal to a heart rate of 60 beats per minute) to imi-
tate the normal human activity (Figure  4b and Movie S5, 
Supporting Information). As shown in Figure  4c, an output 

Vpp of ≈19.55  mV was yielded following the pressure oscil-
lating, with a high stability over 10 000 cycles (Figure S15, 
Supporting Information). Specifically, during the process of 
vasodilation (the expansion of artery due to pump-in blood), a 
positive voltage was produced; while a negative voltage signal 
was detected in the process of vasoconstriction (artery contract 
due to pump-out blood) (Figure 4d and Movie S6, Supporting 
Information). The polarization of voltage was consistent with 
the poling direction during 3D printing. To further investigate 
the pressure sensitivity, a series of ∆P was applied to the artifi-
cial artery system by altering the pumping volume of syringe. 
As shown in Figure  4e, when the applied ∆P was boosted 
from 1.5  kPa (11.25  mmHg) to 30  kPa (225  mmHg), the Vpp 
increased from 8.91 to 77.71  mV accordingly. An exceptional 
linearity (R2  =  0.9930) between voltage and ∆P was obtained 

Figure 3. Artificial artery development and characterization. a) Schematic illustration of artificial artery consisting of printed piezoelectric tube with 
sinusoidal lattice and PDMS package. Insets are digital images of piezoelectric tube architecture and artificial artery. The scale bar is 5 mm. b) Tensile 
modulus and c) bending modulus of pristine PVDF film (purple), PVDF-KNN composite film (red), and artificial artery (black). Enlarged curves of 
artificial artery are shown in (ii). Insets are photos of the testing setup. d) Cell viability as a function of time. The control group refers cells cultured in 
a culture dish. Data are expressed as mean ± SD (n = 6). The *p < 0.05 (statistically significant) and ns = not significant. e) Fluorescence microscope 
image of 3T3 fibroblast cells cultured on printed PVDF-KNN film and artificial artery. The scale bar is 100 µm.
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Figure 4. Ex vivo tests for artificial artery system. a) Schematic illustration of the piezoelectric effect in artificial artery in response to blood pressure. 
b) Real-time pressure change inside the artery when PBS-simulated blood flow driven by a syringe pump. c) Voltage output of the artery under blood 
flow. d) Detailed voltage response in the process of vasodilation and vasoconstriction from encircled area in (c). e) Voltage response of the artery 
as a function of pressure change. f) Linear fitting of peak-to-peak voltage and pressure change. Data are expressed as mean ± SD (n = 3). g) Partial 
occlusion (0–80%) of the artery system through PDMS-simulated thrombosis. Left panel is a schematic illustration of thrombosis formation in artery. 
h) Peak-to-peak voltage change as a function of artery blockage. Data are expressed as mean ± SD (n = 3). i) Comparison of detailed single voltage 
envelope under different levels of occlusion.
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with a sensitivity of 2.295  mV  kPa−1 (0.306  mV  mmHg−1) 
(Figure  4f), which evidenced that a complex 3D structure 
would not compromise the sensing accuracy, although soft 
PDMS encapsulation could lower the output voltage at the 
same pressure change (12.26  mV  kPa−1 from the film mor-
phology). This ex vivo tests revealed an intriguing capability of 
performing self-powered real-time sensing of blood pressure 
inside artificial artery.

As expected, the self-powered pressure sensing capability 
was feasible to prevent implant failure as the partial occlusion 
(e.g., thrombosis) of artery could be revealed by the voltage 
signal. Different percentages of occlusion (0–80%) in the 
artery were created by inserting PDMS-simulated thrombosis 
(Figure 4g), and the voltage signals were recorded accordingly. 
As presented in Figure  4h and Figure S16 in the Supporting 
Information, the amplitude of voltage was not significantly 
increased until 40% occlusion was created. Further occlusion 
up to 80% doubled the voltage output to ≈32  mV, indicating 
probable hypertension at the late stage of thrombosis. The 
early thrombosis could be identified by the voltage profile 
(Figure  4i). Two adjacent voltage peaks were found in each 
voltage envelop after thrombosis formation. This was possibly 
due to the asymmetric artery movement as a result of the dif-
ferent blood flows/pressures pattern at two sides of the throm-
bosis. While the normal artery has one simple movement of 
expansion and contraction, the occluded artery will have an 
extra movement of surrounding tissue near the thrombosis 
due to uneven pressure distribution (Figure S17, Supporting 
Information). Therefore, this smart artificial artery could pro-
vide a unique way of early detection of vascular diseases and 
prevent implant failure by providing real-time local pressure 
monitoring.

3. Conclusion

This work developed a printable ferroelectric biocomposite 
capable of being quickly polarized and reshaped into devised 
object with a high piezoelectric effect (≈12.1 pC N−1) and excel-
lent pressure sensibility capability (12.26  mV  kPa−1), through 
an electric field-assisted FDM technology. Synergistic effect 
from ferroelectric polymer matrix (PVDF) and particles (KNN) 
yielded a superb performance over other akin composites (e.g., 
PLA-BTO, PLA-KNN and PVDF-BTO). The marriage of elec-
troactive material compositing and additive manufacturing 
technology with in situ poling capability provides a versatile 
avenue toward creating smart artificial biological systems with 
real-time sensing function. An artificial artery system was 
thus printed and demonstrated precise sensitivity to normal 
human blood pressure range. Excellent linearity between pro-
duced electricity and pressure were obtained (2.295 mV kPa−1, 
R2 > 0.99). This result suggested a promising capability of real-
time monitoring blood flow pressure, allowing effective preven-
tion of common failure in vascular implants due to undetected 
complications. This approach of 3D printing polarized ferroe-
lectric biomaterial could also be further extended by combining 
with advanced imaging techniques such as CT and 3D recon-
structions to quickly built up artificial organs with integrated 
multifunctionality.

4. Experimental Section

Preparation of Ferroelectric Particles: KNN (K0.5Na0.5NbO3) was 
synthesized by a conventional solid-state reaction method. Raw 
Materials including potassium carbonate (K2CO3, >99%, Sigma), 
sodium carbonate (Na2CO3, >99.5%, Sigma), and niobium oxide 
(Nb2O5, >99.9%, Alfa Aesar) were uniformly mixed in in a molar ratio of 
1:1:2 and dried at 210 °C for 2 h to remove absorbed moisture. The dried 
mixture was hand milled for 4 h and then calcined at 1100 °C in a Muffle 
furnace for 4  h followed by slowly cooling down to room temperature 
to form high-purity KNN ceramics. Tetragonal Barium Titanate BTO 
(BaTiO3) particles with diameter around 2  µm were purchased from 
Sigma-Aldrich (>99.5%).

Surface Modification of Particles: KNN ceramics were hand milled 
for another 1  h to form microparticles. The microparticles were first 
refluxed with H2O2 solution (30%) at 105  °C for 2  h to add hydroxyl 
group onto the surface. The collected samples through centrifuge were 
rinsed with deionized water  for three times and dried in oven. The 
dried samples were further surface modified through refluxing with MPS 
(2%) in methanol solution at 70  °C for 4  h. Surface-treated samples 
were collected, rinsed with methanol, and dried in oven at 80  °C 
overnight. The surface treatment of BTO particles also follows the same 
procedures.

Preparation of Composite: Surface-modified particles (KNN or BTO) 
were mixed with polymer pellets (Kynar 720 PVDF or Ingeo Biopolymer 
3D850 PLA) at a volume ratio of 3.5 to 6.5. Mixtures could be either 
directly grinded into even compositions by an SPEX 6875 Cryogenic 
Grinder; or added into N,N-dimethylformamide (>99.8%, Sigma) 
solvent (Chloroform for PLA) at 80 °C for 1 h with stirring to form even 
solution (25 wt% concentration) which would be casted into glass dish 
to form composite film after evaporating solvent at 70  °C overnight, 
and then the films were grinded into fine powders by an SPEX 6875 
Cryogenic Grinder.

Filament Fabrication: With grinded fine powders as raw materials, 
the ferroelectric filament with constant diameter around 2.7  mm 
was extruded through a customized polymer extruder (built based 
on Filastruder kit with 3.00  mm nozzle) at 170  °C and collect by a 
customized winder (built based on Filawinder kit) with spool. A laser 
sensor was utilized for filament diameter control.

3D. Printing: Ferroelectric composite was printed on customized 
fused deposition modeling (FDM) 3D printers. An inner electric field 
of 0.5 – 4  kV  mm−1 was built by connecting the positive electrode of a 
high voltage source (30 kV, 10 W) to a print core while negative electrode 
contacting copper foil attached on the build plate. A thin layer of polyvinyl 
alcohol (PVA) (Elmer’s Disappearing Purple Glue Stick) was applied on 
the copper foil to enhance the adhesion of first printing layer. Complex 
3D structure was coprinted with PVA/poly(methyl methacrylate) filament 
as supporting materials followed by rinsing with water/chloroform to 
completely remove the supports. Silver paste (EPO-TEK H20E) was 
applied as electrodes.

Composition/Structure Analysis: X-ray diffraction patterns of KNN 
microparticles, PVDF, and PVDF-KNN were acquired from the Bruker D8 
Discovery with Cu Kα radiation. XPS spectrum of KNN microparticles 
was acquired using a Thermo Scientific K-alpha XPS instrument. SEM 
observations of PVDF/KNN composite were performed on a Zeiss LEO 
1530 field-emission microscope.

Dipole/Piezoelectricity Analysis: EFM images of 3D printed films 
were obtained using an XE-70 Park System. The direct piezoelectric d33 
coefficients of 3D-printed films were measured using a quasistatic d33 
piezometer (ZJ-3A,  Institute of Acoustics, Chinese Academy of Sciences, 
Beijing, China). The polarization–electric field (P–E) curve of 3D-printed 
film was evaluated on a precision material analyzer (Premier II, Radiant 
Technologies Inc., Albuquerque, NM, USA).

Electric Characterizations: The voltage outputs of 3D printed film 
were measured by connecting probes of a multimeter (DMM 6500, 
Keithley) to the top and bottom electrodes. The short-circuit current 
was measured by a low-noise current preamplifier (Stanford Research 
Systems, model SR570) connected with LabVIEW system in computer.
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Force/Pressure Sensitivity Analysis: A force of 30  N was applied to 
the 3D printed films covered with electrodes by a permanent magnet 
shaker (LV201, M4-CE) at 1  Hz controlled by a function generator (DS 
345, Stanford Research Systems). The force was quantified by a portable 
sensor measurement system (compression piezoelectric sensor (CL-YD-
303) integrated with a four-channel dynamic signal acquisition module 
(NI 9234) and compact data acquisition chassis (NI, cDAQ-9171)). The 
real-time pressure of artificial artery system was quantified by a force 
resistive sensor (FSR 402, Interlink Electronics).

Mechanical Characterizations: The dynamic modulus of 3D printed 
PVDF-KNN sample and 3D printed pure PVDF sample with equal 
dimension (1 cm × 6 cm × 0.2 mm) was measured by an Rheometrics 
Solids Analyzer III dynamic mechanical analyzer. The tensile modulus 
of 3D printed dog-bones was measured by tensile test in MTS Criterion 
Model 43. The compressive modulus of 3D printed tube was measured 
by compression test in MTS Criterion Model 43. The flexural modulus of 
3D printed rectangular beam was measured by three-point bending test 
in MTS Criterion Model 43.

Artificial Artery System Actuation: 3D printed artificial artery system 
was driven by a computer-controlled actuator (LinMot), the open-circuit 
voltage of the artificial printed artery system was measured by the low-
noise voltage preamplifier (Stanford Research Systems, model SR560).

MTT Assay: National Institute of Health 3T3 fibroblasts (human 
umbilical vein endothelial cells, CAMBREX) were cultured in a 
complete growth media that comprised high glucose Dulbecco’s 
modified Eagle medium with l-glutamine, supplemented with 15% 
fetal bovine serum (Hyclone; Thermo Fisher Scientific). The cells 
were seeded into 96-well culture plates with 3D printed circular films, 
maintained at 37 °C in a humidified atmosphere in the presence of 5% 
CO2, and the culture medium was changed every day. After up to 4  d, 
MTT (3-(4,5-dimethylthiazol-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide) assay (ThermoFisher Scientific) was performed to examine 
cell viability. MTT solution (100  µL) was added to each well. After 4  h 
of incubation, the medium was removed, and dimethyl sulfoxide 
(500 µL per well) was added to dissolve the precipitated fomazan. The 
optical density (n = 3) of the solution was evaluated using a microplate 
spectrophotometer at a wavelength of 490 nm.

Cell Morphology and Immunofluorescence Staining: After 3T3 cells 
were cultured on the 3D printed film with different polarities or cell 
plates (control group) in 24-well plates, the cell morphology was 
observed directly using an upright confocal microscope (Nikon A1R 
high definition (HD) Upright Multiphoton/Confocal microscope). The 
cytoskeleton and nucleus were stained with Flash Phalloidin Green 
488 (BioLegend) and blue fluorescent Hoechst (352/461 nm) (Thermo 
Fisher Scientific), respectively. Reconstitute the Flash Phalloidin 
Green 488 with 1.5 mL of methanol to make 300 units stock solution. 
The samples were fixed with 2–4% formaldehyde for 15 min and then 
rinsed three times with prewarmed PBS. The samples were incubated 
with Flash Phalloidin Green 488 (diluting 300 µL stock solution 1:50 in 
1X PBS) and Hoechst (50 × 10−9 m) for 30 min at 37 °C. After staining, 
the cells were rinsed with prewarmed buffer for three times and 
imaged samples using a Nikon A1R HD Upright Multiphoton/Confocal 
microscope.

Finite Element Analysis (FEA): The voltage potential and inner electric 
field during 3D printing was simulated by the commercial FEA software 
ANSYS 19.2 Version.

Statistical Analysis: The data were taken from at least three independent 
experiments and all obtained data was expressed as mean value ± 
standard deviation (SD). Statistical analysis was performed by using 
GraphPad Prism 8.4 software with a one-way analysis of variance method. 
Single asterisk and abbreviation ns represent P  <  0.05 and P  >  0.05, 
respectively. Only P < 0.05 was considered statistically significant.
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