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There is a high demand for novel flexible micro-devices for energy harvesting from low-frequency and random
mechanical sources. The research of new functional designs is required to strategically enhance the performances
and to increase the control on mechanical flexibility. In this work we report the fabrication and characterization
of bi-stable and statically balanced thin-film piezoelectric transducers based on Aluminum Nitride (AIN). The
device consists of a piezoelectric layer sandwiched between two thin Molybdenum electrodes that were
deposited on a Kapton substrate by reactive sputtering and patterned by UV lithography. In order to improve the
out-of-plane flexibility, the mechanical design is distinguished by a post-buckled flexure that introduces a
negative stiffness to compensate the otherwise positive stiffness of the system. The buckling was introduced by a
new method, called Package-Induced Preloading (PIP) where the mechanisms are laminated over a package with
a geometry extending out-of-plane. The induced buckling resulted in bi-stable and statically balanced mecha-
nisms which demonstrated an enhanced voltage output during a triggered snapping step. A preliminary study
shows potential for the statically balanced designs and the PIP method for wind energy harvesting, revealing
prospective applications and future improvements for the development of energy harvesters.

(Lead-Zirconium-Titanate, Pb(ZrxTii-x)Os, [PZT], Zink-Oxide [ZnO],
Poly(vinylidene fluoride) [PVDF], Lithium Niobite [LiNbOs]),

1. Introduction

Mechanical energy harvesting is a promising field that, in the last
decades, has led to the development of novel micro-devices for scav-
enging energy from unexploited sources, such as ambient vibrations,
tiny motions of the human body or low-speed fluid flows. Among the
most commonly adopted transduction mechanisms for energy harvest-
ing, the piezoelectric effect has attracted a huge interest, especially if
combined with properties such as mechanical flexibility, adaptability
and biocompatibility [1-10]. Piezoelectric materials directly convert
applied strain energy into electrical energy and exhibit high output
power densities [1,11], both, in the form of nanostructured materials
[4-6] or as thin films [7-10]. Among well-known piezoelectric thin films
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Aluminium Nitride [AIN] is a suitable candidate for the development of
energy harvesters for low-frequency mechanical sources due to its
CMOS-fabrication compatibility, the good piezoelectric properties
[12-15], and the ability to be deposited as very thin film (~1 um) onto
soft/flexible [16-21] substrates by relatively low-temperature processes
such as reactive sputtering [22]. Moreover, as discussed in previous
works [13,23,24], the material has a low dielectric constant (~9-11),
high electromechanical coupling coefficient (~0.21), high temper-
ature-/humidity-resistance [24], and biocompatibility [2,24], and does
not need poling [16].

According to the most common theoretical models for energy
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harvesters [25-27], the highest efficiency is attained at resonance, when
the natural frequency of the generator is matched to the dominant fre-
quency of the driving motion. However, for low-frequency high--
amplitude motion, resonance may not be optimal for the highest
efficiency due to the limited available space [25,28].

A number of low-frequency MEMS energy harvesters were demon-
strated in literature. The design of Liu et al. [29], which featured a PZT
cantilever designed in a S-shape, was able to harvest 1.12 nW at its
resonant frequency of 27.4 Hz. In the work of Liu et al. [30] a spiral
shaped PVDF cantilever was used to harvest 8.1 nW at the resonance
frequency of 20 Hz. It was shown that next to the functional properties of
the piezoelectric material, the output of piezoelectric energy harvesters
greatly depends on the optimization of the system architecture [31-38].
This includes the use of mechanical design principles, such as the use of
proof masses or buckling effects [39,40]. Yang et al. [41] studied the
buckling effect and proposed a flexible energy harvester consisting of a
PVDF film attached to a shell-shape substrate for energy harvesting from
human motion. The folding-unfolding of the curved, pre-stressed sub-
strate provides an increased output power in comparison to a simple flat
structure. Dong et al. [42] presented a piezoelectric device, which in-
tegrates a buckled beam array design with a porous Poly(vinylidene
fluoride-trifluoro ethylene) [PVDF-TrFE] thin film, for energy harvest-
ing from cardiac motion. The maximum output open-circuit voltage and
short-circuit current of the device are 4.5 V and 200 nA, respectively,
with a peak-power of 49nW at an optimal resistor load of 50 MQ. Tao
et al. [43] fabricated a thermally induced bi-stable plate made of a
carbon nanotube-reinforced composite with integrated piezoelectric
patches for broadband energy harvesting. Guido et al. [16] proposed a
pre-stressed structure [PSS] based on sputtered AIN thin films, as a
piezoelectric skin for energy harvesting from folding/unfolding on
human fingers. The pre-stress leads to a six-fold enhancement of the
generation performances with a resulting peak-to-peak voltage of 0.7 V.

A recently adopted method to optimize the architecture of micro-
devices exploits the use of negative stiffness to facilitate multi-stable
systems or statically-balanced compliant micro-mechanisms [SBCM]
[36,42,44]. A MEMS oscillator based on SBCM is demonstrated by
Middlemiss et al. [45]. It features a proof mass on top of an anti-spring
mechanism. With increasing displacement, the anti-spring softened and
the system was able to reach a resonant frequency of 2.3 Hz in the
vertical orientation. Another SBCM was developed and studied by Tolou
et al. [46]. This mechanism was fabricated using deep reactive-ion
etching and achieved a near zero stiffness characteristic over a small
range of motion. Kuppens et al. [47] demonstrated a SBCM in which the
preloading was induced by a MEMS compatible thin film process. The
resulting mechanism combined the positive stiffness of a linear guidance
mechanism with a post-buckled flexure to achieve static balancing.
However, these methods are based on rigid substrates, thermal pro-
cesses, or mechanical springs for reducing the stiffness, which are not
suitable for achieving static balancing in very flexible transducers,
therefore new approaches are needed.

In this work, we report on the development of a biocompatible and
lightweight prototype of a flexible energy harvester for low-frequency
motions, e.g. for wind energy harvesting. The aim is to combine flex-
ible piezoelectric transducers with the design principles of SBCM, as
illustrated in Fig. S1 (Supplementary Information 1), to build bi-stable
and statically balanced devices that allow for very easy out-of-plane
motions. The force-deflection relations were simulated using Finite
Element Methods (FEM) and experimentally validated. Prototypes were
fabricated with piezoelectric thin films of AIN deposited by reactive DC
sputtering onto a soft substrate. The preloading of the device is based on
a new approach, hereafter called package-induced preloading (PIP),
which allows to induce buckling effects on flexible substrates by
exploiting a monolithic support (package) 3D-printed at high-resolution.
The prototypes have been characterized to assess the voltage and current
generation properties.
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2. Methods
2.1. Mechanical design

2.1.1. Piegoelectric transducers

The piezoelectric transducer is shown schematically in Fig. 1 and
consists of a Kapton substrate and a piezoelectric material sandwiched
between two electrodes. The following parameters can be identified; the
thickness of the Kapton substrate, t; (25 um), the thickness of the AIN
piezoelectric material, t4yy (~1 pm), and the thickness of the Molybde-
num (Mo) electrodes, t, (—~200 nm). The total thickness of the piezo-
electric sandwich is therefore given by t, = tayy + 2te.

The choice of Mo as electrode material is due to its properties and
suitability for the AIN deposition.

2.1.2. Bi-stable and statically-balanced mechanisms

Fig. 2A shows the schematic view of the mechanism designs of the
piezoelectric energy harvesters and their components. The initially flat
mechanisms can be buckled by applying an axial load: this process is
called preloading and results in the mechanisms assuming an out-of-
plane post-buckled shape. In this post-buckled configuration, design A
is a bi-stable mechanism which has a negative stiffness between the
stable equilibria. In this design, a significant force must be exerted on
the mechanism in order to move it through the unstable equilibrium. In
order to achieve a more flexible system, static balancing can be used as a
passive method to reduce the stiffness [44]. To achieve static balancing,
the common approach is to add a balancer element to the mechanism in
order to counteract the forces of the functional mechanism. Such a
balancer should have a stiffness opposite to the stiffness of the functional
mechanism [47]. In this case, the balancer element can be obtained by
selectively removing material, resulting in design B. In particular, ma-
terial is removed from design A over a part of the length of the mech-
anism such that only a narrow section (i.e. a flexure) remains. Moreover,
the piezoelectric sandwich is also removed from the flexure. As a result,
the post-buckled mechanism is much more compliant and it is identified
as statically balanced compared to design A. Essentially, design B con-
sists of two sections of different widths in series. During the preloading,
the buckling is concentrated in the flexure due to its lower critical load.
This provides a negative stiffness which compensates the positive stiff-
ness of the wide section. The force-displacement relations of designs A
and B are sketched in Fig. 2A (bottom). Besides enhancing the flexibility
of the system by lowering the buckling load and reducing the stiffness
(slope in the curve), the buckled shape of design B is asymmetric such
that voltage cancellation as a result of opposing stresses in the piezo-
electric layer is prevented, as occurs instead in design A (Fig. 2B).

The following parameters were used in the designs. In both designs
the unloaded devices share the same length, L, and width, W. Addi-
tionally, in design B the flexure length, Ly, and flexure width, Wy can be
identified.

2.1.3. Package-induced preloading (PIP)

In order to apply the preload, the clamping-points of the ends of the
mechanisms must be moved closer to each other. In this work a new
method is proposed and implemented for preloading the flat mecha-
nisms. First, a frame was designed around the mechanism to connects its
ends. The mechanism and frame are monolithically fabricated together
on the same substrate. Next, the frame was laminated over a structure
with a geometry extending out of plane (i.e. the package). Folding the
frame over the package shortens the in-plane distance between the ends
of the mechanism. This distance is reduced to the cord length of the out-
of-plane curve along which the frame is folded and is smaller than the
initial length L of the mechanism. It is important to note that the
mechanism itself is not folded, but assumes one of its equilibrium out-of-
plane positions. This process can easily be integrated in a packaging
process; hence this method is proposed as package induced preloading
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to =tam + 2 tuo

Fig. 1. Stacking sequence of deposited layers for the AIN-based flexible transducers. The right image shows the thickness parameters for the active AIN/Mo structure

and for the Kapton substrate.

A . . (B)
Design A Design B
L Flexure
Piezo
w M v
Ls /
Preload ’ — .
] § Tensile b omnmns Tensile
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Displécement Displa-cement

Fig. 2. (A) Comparison between the standard full configuration (design A) and the modified configuration (design B). The different mode shape for the preloaded
device is depicted for the two designs as well as the corresponding force-deflection relations. (B) Charge cancellation effects due to symmetric distribution of stresses

in the design A.

(PIP) and is shown in Fig. 3A(i-ii).

The proposed design for the package shown in Fig. 3B consists of ribs
extending out-of-plane. The ribs are designed by tracing a path that
follows three arcs with equal radii, R, in an up-down-up pattern
(Fig. 3B). As a result, the absolute value of the curvature is constant over
the whole curve. The preloading displacement, dL, is defined as the
difference between the initial length L, of the mechanism, and the new,
after-packaging straight length (or shortened length) D, and is given by
the following equation, as a function of the radius and length:

L
L=L—D= L—4Rsin|— 1
d sm<4R) (@]

Moreover, the equilibrium positions x,, of the post buckled sym-
metric mechanism (design A) can be easily found as approximately
equal to the height H of the ribs according to the following formula
(Fig. 3C):

— 4Rsin? i ~ L 0‘2V6'dL/L
Xy = 4Rsin ~ in’ 2
8R V6-dL/L 2

Therefore, the predicted out-of-plane range of motion for this
buckling structure is given by:

A =2x, )

The aforementioned parameters for the mechanism of design B are
more complex and require computational simulations to be calculated.

2.1.4. Design parameter variations

Fig. 4A illustrates the planar mechanism B with indication of the
components, whereas Fig. 4B reports an exploded view of the final PIP
device, representing the whole system comprising transducer, mecha-
nism and package.

In Table 1 the complete list of geometrical parameters for the
fabricated PIP prototypes is reported. Multiple versions of design B were
fabricated in which the lengths of the flexure and the piezoelectric area
were varied. The motivation for this was not to perform an optimization
of these design parameter for a particular application, but rather to
allow a preliminary investigation on the performances of different
design variations. The nomenclature that will be used to identify the
variations in the design is set as follows. B1-B4 are variations of design B,
where Ls = L —Ly is the length of the wide section. BI and B2 stand for
the devices with a full piezoelectric area with short and long Kapton
flexure, respectively. B3 and B4 correspond to devices where the
piezoelectric area covers only part of the wide section namely for up to
the length L,. The uncovered Kapton area of width W and length Ls —L,
is called collector area.

2.2. Fabrication
2.2.1. Materials

Silicon wafers were used as support for the sputter-deposition of the
piezoelectric stack.
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Fig. 3. (A) Conceptual scheme of Package-induced Preloading (PIP): (i) flat flexible transducers without package: no buckling or preloading occurs. (ii) Package-

Induced Preloading (PIP) due to properly designed package, with out-of-plane ribs.

(B) Profile of the curved frame (rib) (i) with indication of the geometrical pa-

rameters used in sizing and the theoretical amplitudes of the buckling states for design A (ii).

Piezoelectric
stack

'~ Active region

Wider section

Narrow section or Flexure

Fig. 4. (A) Design for the planar mechanism, consisting of Kapton substrate and a proper active piezoelectric area, with indication of the main parameters. (B)

Exploded view of the planar mechanism on the package used in this work.

PolyDiMethyl Siloxane (PDMS) (Sylgard 184 Silicone Elastomer) was
supplied by Dow Corning Corporation in two compounds: a viscous
uncured pre-polymer and a curing agent. Kapton HN 25 pm-thick foils
were supplied by DuPont. The rigid frame was 3D-printed utilizing a
dielectric ink (Dielectric Nanoparticle Polymer Ink) for the insulating
support. A double-adhesive tape (3M™ ECATT 9703) was used for
assembling the device.

2.2.2. Piezoelectric transducers

The realization of the thin-film piezoelectric transducers followed a
previously reported microfabrication process [16,17,49,50]. In brief,
the Kapton substrate was attached to a silicon wafer using
~160 pum-thick PDMS spin-coated at 500 rpm for 30 s, degassed under
vacuum to remove entrapped residual air-bubbles, then cured at 90 °C
for 15 min. The piezoelectric stack was deposited by reactive sputtering
(K.J. Lesker Lab 18 system) in two single runs in order to minimize
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Table 1

Geometrical parameters of the fabricated PIP prototypes.
Parameter Symbol Value
Transducers
Substrate thickness (um) ts 25
Piezo stack thickness (um) t 1.6
Mechanisms A Bl B2 B3 B4
Flexure length (mm) Ly - 1.9 7.9 4.9 1.9
Flexure width (mm) Wy - 0.38 038 038 0.38
Wide section length (mm) L 15 13.1 7.1 10.1 13.1
Wide section width (mm) w 7 7 7 7 7
Piezo length (mm) L, 15 131 71 7.1 7.1
Package
Rib radius (mm) R 5
Rib height (mm) H 2.7
Preloading displacement (mm) dL 1.5
Shortened length (mm) D 13.5

contaminations. A 120 nm-thick AIN interlayer and the bottom
Mo-electrode (200 nm) were deposited in a single step and patterned by
optical UV lithography and chemical etching (Fig. 5A(i)). In a similar
way, the AIN piezoelectric layer (~1um) and the second top
Mo-electrode (200 nm) were deposited in a single run by sputtering
(Fig. 5A(ii)) and subsequently patterned through dry etching with
Inductively-coupled Plasma-Reactive Ion Etching (ICP-RIE) system
(Fig. 5A(iii)). The detailed process parameters used for the sputtering
deposition and for the etching step are reported in Supplementary In-
formation 2. The residual stress induced in the deposited thin-film stack
is due to the temperature reached during the sputtering process: up to
~70 °C and to ~165 °C for the Mo and AIN steps, respectively.

2.2.3. Assembly

A COg laser micro-machining system (from Universal Laser Systems,
VLS2.30) has been employed to perform the laser cutting process on
Kapton (Fig. 5A(iv)). The description of the setup and technical details
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are reported in the Supplementary Information 3, in particular in Fig. S2
@@.

The laser process parameters were optimized to ensure a smooth cut-
through performance and clear releasing of samples [51]. In particular,
a laser power of 9 W, a scanning speed of 63 m/min and a pulse density
of 750 ppi were adopted. A complete summary of the laser parameters is
given in Table S1, and a resulting cut line is reported in Fig. S2(ii).

Afterwards, the devices were immersed in Isopropyl Alcohol and
ultrasonically cleaned for 30 s, to remove any traces of carbonaceous
residues resulting from the ablation of polyimide [52,53].

The package was printed by a multi-layer 3D PCB printer (DragonFly
LDM™ System, Nano Dimension) and used as support for the flexible
piezoelectric transducers. The 3D printing process took approximately
6 h and it consisted of inkjet printing and curing simultaneously a
dielectric ink at ~70 °C.

The final devices were assembled as illustrated in Fig. 5A(v, vi) and
Fig. 5B: a double-adhesive tape was shaped by laser cutting, aligned and
attached onto the 3D printed frame. Subsequently, the AIN-based flat
transducers were laser-cut and peeled off from the PDMS/Si substrate
with the aid of an upper adhesive tape (Fig. 5A(v, vi)). Finally, the free-
standing transducers were allowed to slowly adhere onto the double-
adhesive tape (Fig. 5B). The electrical connections were made on the
exposed pads of the bottom and top electrodes, by using an adhesive
Copper (Cu) tape, rivets and electrical wires: Silver paste and soldering
Tin were used to improve the conduction of the connections. Fig. 5C
reports a real photo of a PIP device after the entire fabrication process.

2.3. Simulations

To simulate the mechanical behavior of the buckled structure a finite
element model was built in ANSYS using beam elements (beam188). The
composite cross-sections of the piezoelectric transducers were modeled
as cross-sections of a custom uniform material. Eq. (4) was used to
determine the elastic modulus such that the flexural rigidity of the
custom-material cross section matched that of the composite cross-

A

— .\./ ’é/

(B)

Double-
adhesive tape

. Deposition and
(I) patterning of
AIN, and Mog

o Deposition of
(") AIN_ and Mo, (III)

Patterning of
AIN; and Mo,

) Attachment of
(iv) Laser cutting (v)

layer

upper adhesive (Vl)

Pecling off

Fig. 5. (A) Detailed fabrication and assembly process of the PIP devices. (i) Deposition and patterning of AIN interlayer and Mo bottom electrode. (ii) Deposition of
AIN piezoelectric layer and Mo top electrode. (iii) Patterning of AIN piezoelectric layer and Mo top electrode. (iv) Laser cutting. (v) Attachment of adhesive layer. (vi)
Peeling off. (B) Attachment of the flexible structure onto the 3D printed package through double-adhesive tape (C) Real photo of a PIP device after the fabrication and

assembly process.
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section using the parallel axis theorem:

N

Ewt,}
El,= Y oot Bty Q)

n

where y, is the distance with respect to the neutral axis of the middle
axis of the composite cross section; Ep, t, are the Young’s modulus and
the thickness of the n® layer, respectively.

The materials are assumed to be perfectly elastic with the properties
listed in Table 2.

Buckling was induced by constraining one end of the mechanism in
all directions, and moving the other end by the same amount as expected
from the PIP. Small imperfections were incorporated in the mechanism
to prevent the simulation to crash due to singularities in this preloading
step. After the buckled shape was achieved, a displacement was applied
to the node with the maximum out-of-plane displacement to flip the
mechanism to its other stable configuration. During this, the reaction
forces are recorded at regular intervals to determine the force-deflection
behavior.

2.4. Mechanical and electrical characterization

For measuring the out-of-plane force-deflection behavior of the
fabricated devices, the measurement setup reported in Fig. 6A(i-ii) was
used. A microforce sensing probe (FUTEK LRM200) with a resolution of
0.5 pN (1) is mounted on the mechanism (2) and displaced by a preci-
sion linear stage (Physik Instrumente M-505) with a resolution of 8.5 nm
(3), from which the internal encoder captures position data. Data was
recorded using a NI USB-6008 (4) in 250 steps over the range of motion.

The electrical properties (impedance, phase, capacitance) of the thin-
film piezoelectric stack were measured by connecting the device to an
Agilent E4980A Precision Inductance-Capacitance-Resistance (LCR)
meter and performing frequency sweeps.

The devices were evaluated by mechanically triggering the snapping
state of the fabricated devices at ~1+2 Hz and by detecting the open-
circuit voltage with an oscilloscope (Textronix MDO 4104-3). The
applied load for these tests consisted of a mechanical stimulus triggered
by a linear micro-actuator (by Actuonix Motion Devices Inc., L16-R,
100 mm, 35:1, 6vdc), which served to allow the fast snapping transi-
tion between the two equilibrium positions of the bi-stable element.

The 3D printed frames were characterized in terms of mechanical
strength and flexibility, since they serve as support for the flexible
transducers, thus they must be lightweight and resistant to some extent.
Dynamic mechanical analysis (DMA) measurements were performed in
controlled force mode (force rate 1 N/min) with a Q800 instrument (TA
Instruments). The details for the mechanical testing conditions are re-
ported in Supplementary Information 5.

2.5. Application testing

To demonstrate the potential of the flexible PIP devices for low-
frequency energy harvesting applications, their performance was stud-
ied in a custom setup for wind energy harvesting. The setup is shown in
Fig. 6B(i-iii): it is based on a standard suction subsonic wind tunnel
(provided by TQ TecQuipment), with a working section of
30.5 x 30.5 cm? and 60 cm long, enclosed by acrylic side-walls. A
detailed description of the equipment is reported in Supplementary In-
formation 6. A custom-built setup based on an Arduino-controlled

Table 2
Materials properties used for FEM simulations.
Material Properties Ref.
Kapton p =1.42 g/cm® E = 2.5 GPa; v = 0.34; [54]
AIN p =326 g/cm3; E = 330 GPa; v = 0.22; [12,13,15,55,56]

p mass density; E Young’s modulus; v Poisson’s ratio.
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stepper motor allows to set speed parameters from a suitable com-
puter, up to 20 m/s (Fig. 6B(iii)). In particular, a wind speed ramp has
been set in the range 0+-20 m/s with a step of 2.5 m/s for a time interval
of 5 s. Inside the working space of the wind tunnel, the devices are fixed
between two halves of a bluff body (Fig. 6B(ii)) which has been posi-
tioned at 0° with respect to the incoming wind flow. The aim of the bluff
body, according to the theory of flow by T. von Karman [57], is to induce
a flow separation and to generate a Karman vortex street downstream of
the body itself. The forces resulting from shedding vortices and periodic
pressure gradients are responsible of the periodic vibration/oscillation
of the structure attached to the bluff body [58]. The bluff body has a
reverse C cross section because it has been demonstrated as the best
shape to optimize the generation of vortices downstream of the device
[59-61]. The transversal pressure variation can be determined in terms

of pressure fluctuation coefficient C, = Ap/ <% pv2>, where p,v are the

air density and the free-stream wind speed [62,63]. Specific aero-
dynamics experimental studies would be necessary to obtain spatial
distribution spectra of C,. The effective area interested by the pressure
fluctuations is the area of the oscillating element, i.e. L;-W. The me-
chanical strain energy periodically induced in the flexible structure is
then converted into electrical energy by the direct piezoelectric effect.

Therefore, the bluff body has three functions: (i) it acts as splitter for
the incoming airflow, generating vortices and turbulences, (ii) serves as
a fixed clamp for the device; and (iii) it contains and protects the elec-
trical wires that are feed to the outside of the wind tunnel through the
acrylic side-walls of the working section.

The devices are positioned parallel to the airflow (i.e. at 0° with
respect to the flow direction), downstream of the bluff body. Addition-
ally, in order to avoid edge effects, they are placed at middle height of
the working section and at 20 cm from the inlet.

The power curves were obtained by measuring the voltage drop on
different resistive loads connected to the devices. The maximum power
is reached when the device is electronically terminate with an optimal
load that matches its electrical impedance [64].

3. Results and discussion
3.1. Fabricated prototypes

The sputter-deposition of AIN onto the Kapton substrate has pro-
duced a crack-free, 1 um-thick, transparent piezoelectric film. Fig. S3A
(i-iv) show the stacking sequence of layers after the deposition and
lithography processes, as well as the cross-section and morphology. The
columnar arrangement of the AIN-nanograins along the c-axis(0002)
direction yields a wurtzite-phase polycrystalline lattice. This result is
strictly affected by the sputtering process and also by the nature of the
metal substrate. The choice and effect of Mo as metal electrode is dis-
cussed in Supplementary Information 4, based on previous works [12,
65,66-68]. Supplementary Information 4 also reports the details of the
characterization of the AIN thin films deposited onto the flexible sub-
strate, in terms of crystallographic phase, through X-ray Diffraction
(XRD) and Piezo-response Force Microscopy (PFM); tensile rigidity,
through Dynamic Mechanical Analysis (DMA), residual internal
pre-stress induced by the sputtering process, and electrical
impedance/capacitance.

The surface of the Kapton structure proofed clean and undamaged
after laser cutting (Fig. S2(ii)), allowing a smooth and debris-free
peeling from the Si substrate. Fig. S4A(i) depicts the package after 3D
printing. The detailed morphological (AFM) and mechanical (DMA)
analyses of the package are described in Supplementary Information 5.
It exhibits a high compliance maintaining the necessary robustness to
act as mechanical support, thus it is suitable for the fabrication and
assembly of lightweight and flexible energy harvesters.

The final PIP devices, after cutting and assembly, are illustrated in
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Fig. 6. (A) (i) Photo of the force-deflection measurement setup with (1) microforce sensing probe, (2) mechanism, (3) precision linear stage, (4) data recorder. (ii)
Closeup of a real sample being tested. (B) Wind tunnel setup employed for wind energy harvesting tests (i), with the PIP device fixed inside a 3D printed bluff body
(ii). The position and direction of the device with respect to the wind flow are indicated. The step motor allows the controlled variation of wind speed and the

oscilloscope is used to detect the signal from the device (iii).

Fig. 7A(, ii), whereas Fig. 7B(i-v) summarize the different designs
tested in this work, in order to evaluate the influence of some geomet-
rical parameters, i.e. the length of the piezoelectric area and the length
of the narrow Kapton flexure. The pictures of the transducers after
peeling and of the devices after assembly are reported together with the
nomenclature used for referring to each design.

3.2. Force-deflection measurements

The force-deflection relations of the mechanisms are shown in Fig. 8
for the simulation and the experiment. From the figure it can be
observed that the flexibility for devices B1-B4 is improved compared to
device A, due to the lower stiffnesses (Fig. 8A(i)). Fig. 8A(ii) shows in a
magnified view an overlapping comparison of the force-deflection
curves for the other designs (B1-B4).

Fig. 8B demonstrates a typical theoretical force-deflection relation of
a bi-stable system (black curve). Three equilibrium positions are found
on the curve where force is equal to 0. Two of these positions (i.e. points
1 and 4) are stable equilibria where the system has a positive stiffness,
and the other position is an unstable equilibrium (i.e. point 3) where the

system has a negative stiffness. Moreover, in point 2 a maximum in the
force-deflection relation can be found, which is identified as the
switching point [69]. When the system is loaded past the unstable
equilibrium, snap-through occurs and pulls the system to the opposite
stable configuration.

The force-deflection relations of the post buckled devices A and B1-
B4 are reported for each design in Fig. 8, whereas as reference a similar
typical curve is illustrated in Fig. 8B (green curve). These curves show
two bifurcation points between which two load paths can be identified
(i.e. points 5 in Fig. 8B). This section of the curve between the bifur-
cation points is identified as the low-stiffness region (LSR). It can be
observed that, outside the LSR, the force-deflection relation rapidly
steepens. This steepening effect is a result of strain hardening, which
occurs because the devices are straightened and loaded in tension. The
two load paths within the LSR correspond to the two configurations of
the system that can be identified as “knee-up” and “knee-down” and are
present due to the rotational degree of freedom at the point where the
force-deflection relation is measured. The peaks that are found in the
simulated responses are the result of the snap-through behavior that
occurs when the system changes between the configurations. In Fig. 8C
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B4

Fig. 7. (A) (i, ii) Assembled PIP devices with different designs for the piezoelectric transducers. (B) Several tested designs with different geometrical parameters:
design, pictures of the transducers after peeling and picture of the assembled PIP devices. The nomenclature of the designs (A, B1-B4) is set as follows. (i) Design
without narrow stripe (design A). (ii) Design with a long piezoelectric area (design B1). (iii-iv) Design with a short piezoelectric area with different lengths for the

Kapton narrow stripe, i.e. long (B2), intermediate (B3) and short (B4), respectively.

the force-deflection relation of the bi-stable device A is shown, which
acts as a reference for the statically balanced designs B1-B4. It can be
observed that the force at the switching point of device A is 16 mN and
that the device has a range of motion of almost 6 mm between the
equilibrium positions. Fig. 8(D,G) show the force-deflection relations of
devices B1 and B4 respectively, where the force at the switching point
was reduced to 7 mN and 2 mN, respectively, as a result of the narrow
flexure. However, in these devices the range of motion is reduced to
approximately 3 mm and 3.5 mm. Fig. 8(E,F) demonstrate the force-
deflection relations of the designs B2 and B3. A force at the switching
point of 2 mN and a range of motion of 3 mm were found for Device B3.
Device B2 was found to have a single equilibrium position at 0 mm and
very slight positive stiffness. From Fig. 8 it can be observed that the
effect of static balancing using the narrow flexure was demonstrated to
result in more flexible systems, and that in most cases the simulated
force-deflection relations show good correspondence to the measure-
ments. The most apparent differences between simulation and experi-
ments are discussed next.

In general, slightly larger forces were experimentally measured
compared to the simulated results, which can be explained by deviations

in material properties and dimensions as a result of fabrication. Addi-
tionally, some measurements show asymmetry in their force-deflection
relations while all simulations are symmetric. This is particularly
evident in the bi-stable device shown in Fig. 8C. The main reason for this
is that the system is modeled as a custom uniform material, where in
reality the cross-section is built from multiple layers with different
properties. While this should not directly lead to an asymmetric force-
deflection relation, the combination with residual stresses in some of
these layers as a result of the fabrication process is very likely to cause
this asymmetry. Moreover, the probe that was used during the mea-
surements has a finite size and therefore it was not possible to actuate
the devices exactly at the interface between the wide and narrow sec-
tions. Lastly, in devices B3 and B4 visual clues of residual stresses as a
result of the fabrication process were observed in the wide Kapton sec-
tions between the AIN and the narrow flexure. This can explain the
mismatch between the simulated and measured force-deflection curves
particularly for these devices.
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Fig. 8. (A) (i, ii) Force-deflection curves of the different selected devices: the reduction of stiffness can be clearly observed from the design A to the other designs. (B)
Example of a force-deflection curve for design A (black) and a statically-balanced design B (green), with indication of the first stable position (1), the switching points
(2), the snap-through points (3), the second stable position (4), the bifurcation points (5) and the low-stiffness region (LSR) of a generic snapping structure. (C-G)
Force-deflection curves for each single tested design, compared with the simulated curves.

3.3. Influence of buckling onto the output generation oscilloscope. Fig. 9A depicts the forward and backward snapping of a
PIP device, whereas Fig. 9B reports the signals of the PIP devices with

Preliminary performances of the fabricated PIP devices have been different designs. The comparison between the fixed device with only
conducted by triggering the snapping state of the unstable structures, thermal stresses and the devices with package-induced instability re-

and detecting the output open-circuit voltage by means of an veals an enhancement of the generated voltage owing to the fast
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Fig. 9. (A) Snapping forward and backward of a PIP device. (B) Open-circuit voltage of the PIP devices (designs A and B) compared to a standard structure (only
subjected to thermal stresses). (C) Working principle of the piezoelectric active element during the snapping cycle with correspondence to the detected signal: (1)
pressing forward, (2) pressed forward, (3) pressing backward, (4) pressed backward.

snapping and buckling effect. The device with design A exhibits a lower
voltage in comparison to the other PIP designs because of two concur-
rent factors. First, the higher stiffness of the unstable structure makes it
less flexible and less prone to undergo fast snapping, thus reducing the
acceleration of the element and consequently the output generation.
Secondly, since the piezoelectric region is symmetric with respect to the
application point of the mechanical triggering probe (in the middle), the
snapping oscillation induces a symmetric stress distribution and thus
charges with opposite signs (see also Fig. 2B). This partial charge
cancellation effect reduces the amplitude of the output signals.

The presence of the Kapton stripe and the asymmetric design of the
PIP devices yield an open-circuit voltage 6+8 times higher than the one
produced by thermal stresses (~45 mV peak-to-peak), demonstrating
the enhancement effect of the packaging. In particular, design B4 ex-
hibits an 8-fold-enhanced peak-to-peak voltage of ~350 mV due to the
triggered snapping. Noteworthy, the eight-fold enhancement in the
output voltage corresponds to a ~64-fold enhancement in the output
power with respect to the standard, thermally-stressed device (1.225 uW
vs 20.25 nW in a single snapping step, with a 10° Q impedance). This
demonstrates that by only modifying some specific features of the design
it is possible to enhance power by a factor 64.

The detected signals can be analyzed from a viewpoint of the
working mechanism of the fabricated PIP devices, which is illustrated in
Fig. 9C for a full snapping cycle. Initially, the device is in an undeformed
state, thus there is no potential difference inside the piezoelectric ma-
terial. Under an applied mechanical stress, caused by a manual tapping
or an airflow, the thin film starts to deform generating a piezoelectric
potential along the direction of the material polarization, i.e. perpen-
dicularly to the Kapton substrate (Fig. 9C, panel 3). Thus, a positive
potential is generated when the applied stress is compressive, increasing
from the substrate to the upper surface (where the top electrode is), and
reaching the maximum value at the maximum strain (panel 4). When
pressing in the opposite direction, the potential follows the same
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pathway but with opposite sign (panel 1) ending with another snapping
step (panel 2). Due to the very fast transition between two equilibrium
positions, rapid deformations and high voltages are achieved [70,71]. As
a result, the output is much greater than what is achieved in a standard
piezoelectric transducer [16].

3.4. Wind energy harvesting performance

In Fig. 11A the results of the wind energy harvesting experiment are
reported; the wind speeds used for the tests, and the open-circuit voltage
of the tested designs are reported in (i) and (ii-vi), respectively. The
output voltage generally increases with increasing wind speed because a
higher displacement is imparted to the movement of the piezoelectric
active area by a faster airflow. However, it can be seen that even at the
greatest wind speeds, device A is not flexible enough to allow for the
snapping motion to occur, and thus produces no relevant power output.
In contrary, and as a result of the increased flexibility, the variations of
design B demonstrate open-circuit voltages in the range of
—200+-450 mV.

The open-circuit voltage signals of designs B2, B3 and B4 are re-
ported in Fig. 10A(iv—vi), respectively. At a wind speed of 20 m/s, the
devices produce a peak-to-peak voltage of ~0.45 V for B4, ~0.24 V for
B2 and ~0.29 V for B3. Therefore, at high speeds the design exhibiting
the best performances is B4, allegedly owing to a better interaction
between the shortest Kapton flexure and the airflow, which triggers a
faster and more impulsive snapping. At lower wind speeds, i.e. 2.5 m/s,
the behavior of the three designs is different, in fact the peak-to-peak
voltages are ~30 mV for B4, ~25 mV for B2 and ~120 mV for B3.
Therefore, B3 with an intermediate length of the Kapton stripe exhibits
the best performance for lower speeds.

The design with longer piezoelectric area (design B1) produces a
reduced signal, as reported in Fig. 10A(iii), reaching an average peak-to-
peak voltage of ~75 mV at 20 m/s, and ~19 mV at 2.5 m/s. The lower
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Fig. 10. (A) Open-circuit voltage of the tested designs in the wind tunnel, under a wind speed ramp between 0 and 20 m/s with a step of 2.5 m/s for 5 s (i). Design A
(i), B1 (iii), B2 (iv), B3 (v), B4 (vi). (B) Power density curves and peak-to-peak voltage curves of the tested designs at two selected wind speeds: design B1 (i), B2 (ii),
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voltage is owing to the partial charge cancellation occurring during the
oscillation of the long piezoelectric cantilever, which undergoes de-
formations with opposite curvature during the same movement, i.e. with
mechanical stress and thus electrical charges with opposite sign. This
demonstrates that a larger area of piezoelectric material is less conve-
nient for a wind energy harvester and, in particular, for the fabrication
of a PIP device: the buckling effect resulting from package-induced
instability should be imposed not on a full piezoelectric element, but
on a substrate on which a smaller piezoelectric element resides.

The previous results are also confirmed by the power density curves
given in Fig. 10B(i-iv). After measuring the average peak-to-peak
voltage drop on the resistive loads connected to the device, the gener-
ated power density can be determined according to the following
expression:

IRIN\OVES
- o )

p
where p is the output power density; S is the piezoelectric active area [S
= W(L — Ly); see Fig. 2A]; .%, (AV) are the resistance and the average
peak-to-peak voltage drop on the resistive load, respectively. When the
device is connected to an optimal load matching the its electrical
impedance [64], the maximum power is reached and the curve exhibits
a peak. Fig. 10B reports the power curves for the highest and the lowest
wind speeds, i.e. 20 m/s and 2.5 m/s. The curves for design A are not
reported because no relevant power was observed. For all the designs
the maximum power is achieved at an optimal load of ~10% kQ. The
power density peak at 20 m/s is ~11.3 mW/m? for B4, ~4 mW/m? for
B2, ~2.25mW/m? for B3 and ~0.35 mW/m? for Bl. At 2.5m/s,
instead, the power peak is achieved at ~0.085 mW/m? for B4,
~0.037 mW/m? for B2, ~0.30 mW/m? for B3 and ~0.01 mW/m? for
B1. This confirms that (i) design B1 achieves the lowest performances
due to partial charge cancellation during motion, (ii) the best design for
higher speeds is B4, (iii) the best design for lower speeds is B3. The re-
sults are summarized in the Table S2 (Supplementary Information 7).

The energy harvesting efficiency is strictly correlated to the output
power, in fact for a piezoelectric transducer invested by a fluid flow it
can be determined as the fraction of the wind kinetic energy flux
through the cross-section occupied by the harvesting device actually
transferred to the output circuit. Therefore, for a single oscillation it can
be expressed as follows [72]:

—

= I 2 W) ©)

n

where 7 is the output power peak of the device; p, v are the density and
velocity of airflow; W is the width of the active piezoelectric region; .o/ is
the motion amplitude of the active piezoelectric element, thus 2.2/ is the
range of motion, which results in 6 mm for design A and ~3 mm for the
other designs B1-B4. Hence, the designs B1-B4 can be compared with
design A in terms of energy harvesting efficiency # and thus the specific
influence of static balancing design onto this parameter can be evalu-
ated. The range of values of the efficiency are below the ones of similar,
recently-developed wind energy macro-harvesters, based on other
piezoelectric/triboelectric materials or different architectures [73-76].
This is ascribed to the very small device’s dimensions under consider-
ation in this work, resulting in relatively low power levels. In addition,
Eq. (6) holds for the assumption of a device in a regular flow, not ac-
counting for the whole bluff-body/device system: the calculated effi-
ciency represents a lower limit and specific experimental studies would
be required to quantify the contribution of turbulences induced by the
bluff body. However, the PIP devices can be rather considered a valid
alternative in the context of unstable and nonlinear MEMS energy
micro-harvesters, where research efforts are still ongoing [36,77]. In
fact, the key aspect on which this work focuses is the relative increase of
energy harvesting efficiency induced by the mere application of static
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balancing principles, as summarized in the Table 3. While the design A
has a zero efficiency, the other designs B1-B4 are characterized by an
increase in efficiency, which is maximized by design B3 at low speeds
(4.6 1073%) and by design B4 at high speeds (5.24 10~ %%). Addition-
ally, it is noteworthy that the efficiency values are generally lower for
high speeds while they increase by a factor 10 at low speeds for the same
device. This demonstrates the suitability of the proposed method for
designing and fabricating innovative future energy harvesters to be
adopted especially for weak airflows, where standard technologies or
current microfabricated devices cannot work effectively.

A further analysis has been performed to determine the character-
istics of the wind-device interaction for lower wind speeds (design B3)
and for higher wind speeds (design B4). In particular, a finer ramp of
wind speeds has been set for the design B3, within the range of 0+5 m/s,
with a step of 0.1 m/s for a time interval of 1 s. As reported in Fig. 11A,
the open-circuit voltage generated by the device B3 increases progres-
sively with increasing wind speeds, exhibiting a low-range cut-in speed
of ~0.3 m/s, a low-range threshold speed of ~2.5 m/s and a low-range
rated speed of ~4.5 m/s.

The design B4, selected for higher ranges of wind speed, exhibits a
threshold speed of 2.5 m/s and a rated speed of ~17.5 m/s (Fig. 11B).

The results demonstrate that slight differences in the design of the
PIP device can critically influence its performance. The length of the
flexure and the consequent Kapton collector area without the piezo-
electric material, are crucial both for imparting the mechanical flexi-
bility of the device and for enhancing the output generation
performances in different wind speed ranges. The present work is
focused on the preliminary investigation of different designs rather than
an optimization of the system for the application of wind energy har-
vesting. The results shown are useful to provide the following recom-
mendations about the design of buckled devices for mechanical energy
harvesting. First of all, the combination of a design aimed at static
balancing and the PIP method are a feasible way to increase the flexi-
bility of piezoelectric transducers. Secondly, the presence of the col-
lector in the design can be used to achieve an increased performance: its
intermediate flexibility between the flexure and the piezoelectric region
provides a more stable oscillation between the stable positions. Finally,
it should be noted that the bending-curve of the piezoelectric region is
very important for the performance of the device, and may change when
the design parameters are manipulated, especially the length of the
flexure. When the proposed design is to be optimized for a particular
application by tuning for example the flexure length or the length of the
collector area, the effect on this curve must also be considered to avoid
loss of performance. In general, it is recommended to achieve the desired
range of motion and a very low force at switching point in order to
design ultra-compliant energy harvesters.

For a first evaluation of the durability of the PIP devices, they have

Table 3
Comparison of output power and energy harvesting efficiency for a single
oscillation of the selected designs.

Wind speed (v) 2.5m/s 20 m/s

Kinetic power per 9.57 W/m? 4.90 kW/m?

unit area (1/2pv®)

Design = 2/W p@mwW/ n (%) p (mW/ 7 n (%)

(mm®)  m? @W) m?) W)
A 42 n n 0 n n 0
Bl 21 0.01 0.21 107 0.35 0.02 0.19
1074

B2 21 0.037 1.13 5.6 4 0.19 1.88
1074 104

B3 21 0.30 9.24 4.6 2.25 0.11 1.01
1073 10°*

B4 21 0.085 3.92 2.0 11.3 0.54 5.24
1073 1074
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Fig. 11. (A) Fine wind speed ramp for the determination of low-range cut-in, threshold and rated speeds for the design B3. (B) Coarse wind speed ramp for the

determination of threshold and rated speeds for the design B4.

been tested in the wind tunnel for a prolonged time interval (10 min)
and also after 30 min of continuous flow at a fixed wind speed. In this
way, the mechanisms are subjected to the same periodic oscillations and
deformations, after a first transient interval. In particular, the mecha-
nisms that exhibited the best results for power densities, i.e. B3 and B4,
have been tested at 2.5 m/s and 20 m/s, respectively. As described in
Supplementary Information 8 and in Fig. S5(A,B), it can be observed that
stable and reproduceable open-circuit voltage signals have been ob-
tained with non-reduced amplitude, which demonstrates the durability
of the thin-film materials and also the reliability of the PIP devices.

4. Summary and Conclusions

In this work a new method of inducing out-of-plane buckling in
flexible piezoelectric transducers is reported. The method, which is
based on the packaging design, is called Package-Induced Preloading
(PIP). The theoretical basics of this concept are presented and exploited
to develop flexible and lightweight prototypes for low-frequency energy
harvesting. The transducers are based on piezoelectric pre-stressed thin
films of Aluminium Nitride deposited by MEMS technologies onto a
Kapton substrate. The design aimed at static balancing is used to achieve
a greatly increased mechanical flexibility. The mechanisms are shaped
by laser cutting, and the piezoelectric active area is patterned through
lithography. The package extending out-of-plane is fabricated by high-
resolution 3D printing.

By mechanically triggering the snapping state on the device,
enhanced output voltages are demonstrated in comparison with prior
art. A preliminary investigation is reported regarding the influence of
the transducers’ design onto the output generation performances under
incoming wind flows in a wind tunnel. Different designs have been
tested and two of them are demonstrated to obtain the best power
densities for lower and higher ranges of wind speeds. It was demon-
strated that the combination of a design aimed at static balancing and
the PIP method is a feasible way to increase the flexibility of piezo-
electric transducers. The proposed approach is versatile and can be
applied to several types of devices, based also on different materials or
structures. It can be harnessed to generate power from unfavourable
conditions and to have a greater control on the movements of the
piezoelectric structures. The presence of the ~3-mm-thick package as
functional mechanical support permits to employ the device in several
ways, in confined volumes and spaces or attached onto whichever sur-
face. In addition, the fabricated prototypes were shown to be able to
successfully capture energy from an incoming wind flow. Through
further optimization, the efficiency of this device can be improved and
novel ultra-compliant mechanisms can be designed for applications in
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energy harvesting from low-frequency mechanical sources, such as wind
or water flows and human body motions.
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