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Recent advances in materials science andmechanical engineering enable the realization of
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to sensing and actuation. This article highlights the essential mechanical to electrical
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their designs. Quantitative, experimentally validatedmechanicsmodels provide guidelines
in the selection of optimized configurations and materials choices. The former focuses on
thin geometries, neutral mechanical plane construction and controlled buckling. The latter
includes options such as organic polymers, inorganic nanomaterials and various types of
composites. Concluding sections summarize representative applications in biomedicine,
ranging from devices for mechanical energy harvesting from natural motions of internal
organs to sensors and actuators for the skin.
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1. Introduction

Recent developments in materials science, mechanics
and manufacturing now enable the construction of piezo-
electric devices in formats that are thin, flexible and, in
some cases, mechanically stretchable. The results allow
straightforward miniaturization of lightweight, compli-
ant electromechanical systems suitable for mounting on
nearly any type of surface, with performance character-
istics that can match those of conventional, rigid devices.
Such technologies leverage the ability of piezoelectric ma-
terials to interconvert mechanical and electrical forms of
energy [1]. Electrical power can be generated from vibra-
tions associated with operating machinery, movements
of the human body and environmental sources, such as
waves, wind, and others. Similarly, application of electric
fields to piezoelectric materials yields well-controlled me-
chanical forces for actuation in robotics, biomedical de-
vices and metrology tools. These dual functions in piezo-
electrics, together with an increasingly broad set of mate-
rial choices [2–12] and device designs, provide the foun-
dations for numerous applications [13–15] of growing in-
terest, particularly in wearable or implantable systems.
Here, recent capabilities in rendering piezoelectric devices
in thin, mechanically ‘soft’ formats are critically impor-
tant. Specific examples include sustainable power sources
in consumer electronics [13] and sensors for blood pres-
sure measurements [16].

Various options can be considered for the use of piezo-
electric materials in such contexts. Established strategies
to deploy the highest performance, inorganic piezoelec-
tric materials rely on methods adopted from the semicon-
ductor industry. Planar, high modulus substrates serve as
supports for two dimensional device architectures that fol-
low from high temperature growth/deposition processes
and lithographic patterning. The resultant technologies
are mechanically hard and brittle, with limited capa-
bilities for biocompatible integration with the soft sur-
faces of the human body. Advances in fabrication tech-
niques [17–21] and device designs [8,20,22–25], together
with the recent emergence of high performance inor-
ganic piezoelectric materials that have the mechanical at-
tributes of plastics, create opportunities in piezoelectric
devices with form factors and characteristics that are dra-
matically different from those previously attainable. Re-
search over the last several years demonstrates possi-
bilities in highly efficient and/or sensitive piezoelectric
energy harvesters/sensors/actuators, with particular rel-
evance in biomedical applications [20,26–32] and wear-
able electronics [33–37]. Furthermore, the discovery of
high-performance, lead-free piezoelectric materials sug-
gests bio/eco-compatible options that will further enhance
opportunities [38–43].

This review highlights these advances, with an em-
phasis on underlying concepts in mechanics and asso-
ciated engineering strategies in device construction. A
short initial section summarizes the dual operating mech-
anisms of piezoelectrics. The content that follows high-
lights key design strategies for piezoelectric devices that
adopt unusual mechanical attributes (flexible, stretchable)
by virtue of optimized mechanical configurations (mem-
brane strain engineering, wavy/buckled configurations),
material chemistries (organics, inorganics and composites)
and/or geometrical features (nanostructures, thin films).
Component examples and system level demonstrators il-
lustrate these ideas in mechanical energy harvesters, sen-
sors and actuators. The collective results suggest a promis-
ing future for the combined use of piezoelectric materials
and unusual mechanics concepts across a range of fields,
particularly those in biomedical engineering.

2. Discussion

2.1. Coupled mechanical and electrical behaviors in flexible
piezoelectric systems

The ability of piezoelectricmaterials to generate electri-
cal power from mechanical deformations, and vice versa,
originates from direct and indirect piezoelectric effects,
respectively [1]. Bulk samples or thin films of piezoelec-
tric materials typically serve as active components in rigid
devices, for systems that exploit such effects in mechan-
ical energy harvesting, sensing and actuation. The oper-
ating principles and design guidelines in flexible devices
are different from those of conventional, rigid technolo-
gies. The essential mechanics concepts are most easily ex-
amined in device architectures that combine thin piezo-
electric films on sheets of plastic. One recently reported ex-
ample involves nanoscale ribbons (∼200 nm thicknesses)
of PZT (lead zirconate titanate) created on a silicon wafer
and then released by undercut etching of a sacrificial in-
terfacial layer to allow integration onto thin flexible poly-
imide (PI) substrateswith thicknesses of 75µmby transfer
printing [20]. In this type of system, the electromechan-
ical behavior can be described via an analytical model in
which compression by a distance 1L at the ends leads to
a curved shape (Fig. 1(a)) with an out of plane displace-
ment given by w = A [1 + cos(2πx1/L)] /2, where A is
the amplitude and L is the initial length of the device. The
bending moment (M) is related to the curvature


w′′

as
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Fig. 1. Illustrations of coupling between the piezoelectric response of PZT nanoribbons mounted on a thin flexible substrate during bending, with
definitions of variables used in theoretical analysis. Schematic illustration of (a) theoretical shape for the bending of such a system under compression
and (b) charge movement during bending [44].
M = EIPIw′′, where EIPI is the plane-strain bending stiff-
ness of substrate (PI). The curvature of the PZT nanoribbons
can bewritten asM/EIcomp, where EIcomp is the plane-strain
bending stiffness ofmulti-layer device structure.When the
lengths of the PZT nanoribbons are significantly smaller
than that of the PI substrate, the curvature can be evalu-
ated at x1 = 0 (the center of PZT nanoribbons), and is given
as w′′

=

−4π

√
1L/L


/L.

The in-plane strain determines the piezoelectric re-
sponse, in particular the output voltage. The total strain
is the sum of the membrane and bending strains, whereas
the bending strain is tensile/compressive on the opposite
sideswith equalmagnitude across the thickness and there-
fore does not contribute to the voltage. The membrane
strain [44], which is the axial strain at the center of PZT
nanoribbons, is

εm = 4π
EIPI

EIcomp
w′′h, (1)

where h denotes the distance from the midpoint of the
thickness of the PZT layer to the neutral mechanical plane
(NMP; plane of zero bending induced strain). The location
of the NMP in such a multi-layer structure is yneutral, given
as [20]

yneutral =

n
i=1

Ēiti


2

i
j=1

tj − ti



2
n

i=1
Ēiti

, (2)

where Ēi and ti are the plane-strain modulus and thickness
of the ith layer (i = 1 represents the 1st layer of the
bottom structure). The value of h is important in the
design of flexible piezoelectric systems for sensing and
mechanical harvesting, where the goal is to maximize the
electrical response and/or the degree of bendability while
maintaining the strain below the fracture thresholds of the
active materials.

In certain applications, the plane-strain bending stiff-
ness is also important. The stiffness of the system consid-
ered here, with and without the PZT and associated elec-
trodes, can be written

EIPI =

ĒPIh3

PI


/12, (3)

EIcomp =

n
i=1

Ēiti


t2i
3

+


i

j=1

tj − yneutral



×


i

j=1

tj − yneutral − ti


, (4)

respectively, where i = 1 represents the first bottom layer
in the structure, hPI and ĒPI are the thickness and plane-
strain modulus of PI, respectively. Selecting appropriate
values of h and the plane-strain bending stiffness param-
eters (i.e., engineering the membrane strain) offers a route
to configure the device design for high system flexibility
while generating optimal amounts of electrical power.

The direct piezoelectric behavior (i.e., piezoelectric
voltage output due to buckling deformation) defines this
power, and is governed by the equation that relates the
stress (σij), strain (εij), electrical field (Ei), and electrical
displacement (Di). For a film of PZTwith the polarization in
the thickness direction (x3), the plane-strain deformation
(ε22 = 0) and the associated stress (σ33 = 0) from
the traction free boundary condition on the top surface,
the electrical displacement along x3 is defined as D3 =

ēε11 + k̄E3, where ē = e31 − (c13/c33) e33 and k̄ =

k33 +

e233/c33


are the effective piezoelectric constants,

and eij, cij and kij are the piezoelectric, elastic and dielectric
parameters of PZT, respectively [2]. An analytical model
for coupling between the piezoelectricity and the buckling
deformation defines the role of membrane strain and also
the importance of internal resistance of the voltmeter used
for measurement, as shown in Fig. 1(b). The electrical
displacement of the system can be rewritten asD3 = ēεm+
k̄V

NhPZT
, where V is total voltage between the two ends of

the N groups of PZT ribbons connected in series, hPZT is
the thickness, and εm is the membrane strain of the PZT
ribbon. The current is I = −APZT Ḋ3, where APZT is the
total area of the PZT ribbons in a group. With Ohm’s Law,
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V/R = −APZT Ḋ3, i.e.,

dV
dt

+
NhPZT

APZTRk̄
V = −

NēhPZT

k̄
dεm
dt

. (5)

For a representative strain εm =

1 − cos


2π t̄


/2, the

dimensionless voltage is

V̄ =
π R̄

1 + 4π2R̄2
sin

2π t̄ − arctan


2π R̄


+

2π2R̄2

1 + 4π2R̄2
e−t̄/R̄, (6)

where the first part of the equation is a periodic
function that alternates between positive and negative,
and the second part is an exponential decay [44]. This
equation indicates clearly that the measured voltage
output depends on the internal resistance of the voltmeter
as well as the membrane strain. This point is often
overlooked in literature reports of flexible piezoelectric
devices.

For energy harvesting, the efficiency of conversion of
mechanical to electrical energy is a vital parameter [7]. One
approach defines the efficiency as

η =
Wstored

Wstrain
× 100%, (7)

where Wstored is the energy stored and Wstrain is the
total strain energy the piezoelectric material. A more
realistic treatment considers all components of the overall
system (i.e., both active materials and the supporting
substrate) [20,45] as

η =
Wstored

Wtotal
× 100%, (8)

where Wtotal is the total mechanical work during the
device bending. Here, the mechanical work on the system
includes the effects of the piezoelectric layer together
with the associated electrodes and device substrate. In
this formulation, the efficiency depends on not only the
properties of the piezoelectric material, but also the
other elements of the devices as well as the overall
architecture [20].

As an example of the utility of the mechanics the-
ory reviewed here, published reports on flexible PZT har-
vesters designed to capture electrical power frommotions
of the heart, diaphragm and lung [20] show that it is pos-
sible to optimize the device construction to simultane-
ously achieve (1) low bending stiffness (0.22 N·mm and
0.10 N·mm for areas with and away from the PZT struc-
tures) to avoid unwanted mechanical load on the body, (2)
high degrees of bendability (2.5 cm of bending radius) to
conform to the targeted regions of the anatomy and (3) ef-
ficiencies sufficiently high (∼2%) to generate power for op-
erating a pacemaker (several microWatts).

Related devices exploit both the direct and indirect
piezoelectric mechanisms to yield flexible sensors and ac-
tuators capable of measuring the moduli of soft mate-
rials [2]. Here, a sinusoidal voltage applied to an actua-
tor induces mechanical motions in the piezoelectric layer
(i.e., indirect piezoelectric effect), the substrate materials
and a contacting surface (i.e., the object under test). Neigh-
boring sensors detect thesemotions, via the amplitude and
the phase of their induced voltages (i.e., direct piezoelectric
effect).

The indirect piezoelectric effect in an actuator under a
constant voltage (UA) induces an expansion,1u, that can be
determined by considering the plane-strain deformation
(ε22 = ε12 = ε23 = 0), the electric field boundary condi-
tion (E1 = E2 = 0), and the traction free condition (σ33 =

0) according to

1u = β1
e33
c33

UA, (9)

where β1 is dimensionless parameter that depends on
the materials properties and the geometries of the device
layers.

The direct piezoelectric effect in adjacent sensors
induces voltages with magnitudes and temporal behaviors
determined by mechanical coupling to the actuator,
through the device structure itself and the material under
test. The output voltage of the ith sensor can be written

US,i = β2
pS,i · hPZT

e33
, (10)

where hPZT is the thickness of PZT ribbon, β2 is dimension-
less parameter that depends on thematerial properties and
geometries of the device layers, pS,i is the average stress in-
duced by the actuator on each of the other elements in the
array [2,46]. The relationship between the sensor voltage
output and the applied actuation voltage can be obtained
by rewriting of Eq. (10), to give

US,i = α
hPZT

2a
EP.S.

c33
UA, (11)

where α = β1 · β2 · ηi, 2a is the width of sensor, EP.S. is the
storage (elastic) modulus of the substrate under test, and
ηi is a dimensionless parameter. When other parameters
are known or measured, Eq. (11) can be used to determine
the modulus of a sample (EP.S.) under test.

Considering the stratified structure of human skin,
Yuan et al. [47] extended this method of measuring [2]
the Young’s modulus. Here, a similar device contains
only one pair of piezoelectric actuator and sensor for
simultaneously determining the Young’s moduli of the
epidermis and dermis layers as well as the epidermis
thickness. The ratio of the output voltage Uoutput of the
sensor and input voltage Uinput applied on the actuator
equals to a function of effective piezoelectric constants (ē,
k̄), geometry parameter of the sensor (b), and themoduli of
encapsulation layer (Eencap) and epidermis layer (Eepidermis),
as

Uoutput

Uinput
= −

π2

6
ē2hPZT/k̄

Ks


Eencap + Eepidermis


b

Ks
C s
1, (12)

where, the C s
1 is a dimensionless coefficient that depends

on the Young’s moduli of the epidermis and dermis and
the thickness of epidermis [47]. The elastic and geometry
properties of the layered structure of human skin can be
determined by Eq. (12).
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Fig. 2. Possible sources of energy for harvesting (left) and opportunities use of this energy in sensing and actuation (right) that can be considered for
flexible/bendable piezoelectric devices.
Source: The figure is adapted from [49].
These and other modes of operation in unusual
piezoelectric devices offer the basis for diverse applications
in biomedicine, defense technology, nano-devices, micro-
electromechanical systems (MEMS), personal electronics
and mechanical energy harvesters (MEHs) [48,49]. Fig. 2
summarizes a range of examples, achieved in some cases
by using nanoscale inorganics and in others with emerging
classes of organic piezoelectrics [49]. The following section
highlights some examples of the material choices.

2.2. Inorganic piezoelectric materials

The devices used to introduce the key considerations
outlined in the preceding section have, as a key feature,
small thicknesses in both the active materials and the sub-
strates. As previously noted, fabrication of PZT nanorib-
bons follows from lithographic patterning and lift-off of
thin film material precursors cast and cured at high tem-
peratures on rigid substrates, often silicon wafers. The lift-
off process typically involves a buried sacrificial layer of sil-
icon dioxide (SiO2) or magnesium oxide (MgO) [19,20,50]
such that chemical etching processes can initiate release
for delivery to a target substrate by transfer printing [51].
Other approaches use high power laser exposures through
transparent substrates such as sapphire [21], where ab-
sorption of nanosecond pulses of light induces transient
heating and resulting interface failure between the piezo-
electric layer and the substrate. As with chemical lift-off,
transfer printing provides a means for manipulating the
released films and integrating them into functional sys-
tems [52,53] with exceptional performance. Films of bar-
ium titanate (BaTiO3), of interest for their high piezoelec-
tric constant (d33 of 105 pm/V) [17,54], can also be manip-
ulated using similar strategies.

Other synthetic methods to form piezoelectric materi-
als with nanoscale thicknesses rely on evaporation, as in
the case of zinc powder to yield zinc oxide nanowires (ZnO
NWs) [55] or on solution phase synthesis methods based
on microemulsion and hydrothermal growth, for the case
of ZnO NWs [56], nanodiscs or nanorings [22]. In many
examples, these strategies can be applied at low temper-
atures directly on substrates of interest or delivered to
them via printing processes [7]. The morphologies and re-
sulting properties of piezoelectric nanostructures depend
on the synthesis conditions [22]. In some cases, such as
those with ZnO, finite size effects enhance the effective
piezoelectric constants compared to their bulk counter-
parts [57–59]. For instance, films of ZnO formed by sput-
ter deposition (d33 = 14 pm/V) [45], and ZnO nanobelts
(d33 = 14.3–26.7 pm/V) formed by growth have larger
piezoelectric constants than those of bulk ZnO (d33 =

9.93 pm/V) [58]. Likewise, the hydrothermal method can
yield BaTiO3 nanotubes (diameter of 11.8 ± 2.3 nm, and
length of 4.1 ± 1.2 µm) with grain sizes of ∼1 µm and
piezoelectric constants (d33) up to 460 pm/V [60,61], which
is approximately four times higher than that of poled thin
films of BaTiO3 [17].

Another example of low temperature deposition is re-
active sputtering, for use with piezoelectrics such as alu-
minum nitride (AlN) [62]. The resulting films tend to form
with a high degree of (0001) orientation at room temper-
ature, thereby enabling direct deposition and device fab-
rication on desired target substrates, such as polymers.
Such AlN layers can exhibit piezoelectric constants (d33)
of 0.7 pm/V [62]. Other routes to piezoelectric materials,
particularly nanowires/fibers, exploit electrostatically in-
duced ejection of liquid precursors through fine nozzles,
in an approach known as electrospinning. Here, the result-
ingmaterials exhibit enhanced piezoelectric properties as-
sociated with highly oriented dipole construction that fol-
lows from the spinning process, along with high flexibility
and associated mechanical strength [63]. PZT nanofibers
formed in this way exhibit a piezoelectric constant (d33) of
83.4 pm/V, which is higher than that of PZT films with the
same composition (d33 < 55 pm/V) [64].

In all cases, such materials can be incorporated onto
compliant substrates by processes of transfer printing to
form flexible and/or stretchable devices. Advanced embod-
iments involve forming the materials into wavy/buckled
geometries (Fig. 3(c), (d)), bonded to elastomer substrates
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such as polydimethylsiloxane (PDMS). The result is a struc-
ture that can be stretched to large levels of strain without
fracture [19,65]. Here, the wavy/buckled formats allow the
system to adapt to applied strain through changes in the
structure geometries, while the substrate provides an elas-
tic restoring force. In this configuration, the wavy PZT ex-
hibits enhanced piezoelectric constant (d33 = 130 pm/V)
compared to that in its flat geometry (d33 = 75pm/V) [19].
In one example, thin ribbons of PZT bonded to a pre-
strained slab of PDMS [19] transform into wavy configu-
rations upon release of the prestrain. The buckling param-
eters (e.g., wavelength (L) and amplitude (A) of sinusoid
buckled region) can be estimated by determining the to-
tal energy in the system (i.e., the sum of energy from the
uniaxial strain in the ribbon, as a result of bending, and the
adhesion energy between piezoelectric material and poly-
mer substrate). An analytical treatment [19] gives

L =
πhPZT

εpre
1+εpre

−


εpre

1+εpre

2
−

6wad
EhPZT

0.5 , (13)

A =
2Lo
π


εpre

1 + εpre
−

π2h2
PZT

3L2o
, (14)

where hPZT is the thickness of the PZT ribbon, wad is the
adhesion energy (per unit area) between PZT and PDMS, E
is the Young’smodulus of PZT, εpre is the prestrain of PDMS,
and Lo is the length of original flat ribbon.

Not only can this geometry enhance the mechanics,
but it also provides a unique opportunity in actuation.
Specifically, when implemented with a capacitor-type
structure of Pt/Cr/PZT/Pt/Ti layers [65], the application of
a voltage, V to the top and bottom electrodes induces a
buckling at V = Vcrit and even further modulates the
existing buckling displacement at V ≥ Vcrit , characterized
by u3 = A cos (2πx1/λ) with

λ = 2πhPZT


Ē
Ēs


1 +

ē2

Ēk̄

1/3
, (15)

A = h

1 +

ē2

Ēk̄

1/2


V
Vcrit − 1

for V ≥ Vcrit , (16)

where ē and k̄ are the effective piezoelectric constants,
hPZT is the thickness of PZT (piezoelectric) ribbon, Ē is
the plane-strain modulus, ĒS is the strain modulus of
PDMS, V is the electrical potential voltage, and Vcrit is the
critical voltage for the thin film to buckle. The amplitude
of displacement realized in this fashion can significantly
exceed that possible for an otherwise similar PZT stack on
a rigid substrate, obtained from (e33/c33)V , where e33 and
c33 are piezoelectric and elastic constants, respectively.

Even in flat non-buckled geometries, the piezo response
on deformable substrates can exhibit enhancements. As
an example, piezoelectric (PZT) devices built on PDMS
exhibit more than two orders ofmagnitude greater voltage
output than otherwise identical devices on silicon [50].
The improvement arises from differences in mechanics.
In particular, deformation of PZT on Si mainly involves
simple, uniaxial compression along the thickness direction.
By comparison, PZT on PDMS includes complex and three-
dimensional deformations. The relationship between the
deformation and the voltage can be defined as

VPZT = αAcontactP, (17)

where P is the applied pressure, Acontact is the contact
area between the PZT and an applied weight, and α is
a parameter that depends on the material constants for
PZT and the deformation mechanics of the substrate. The
value of α for PZT on Si is α = e33hPZT/


A

k33c33 + e233


,

where hPZT is the thickness of PZT ribbon, A is the total
area of PZT, e33 is piezoelectric constant, c33 is elastic
constant, and k33 is the dielectric constant. Here,α is 5.77×
10−4 V/N. By comparison, the α for PZT on PDMS obtained
through analysis with the Finite Element Method (FEM)
is 0.068 V/N [50]. In this manner, soft substrates enhance
not only the mechanics but also the voltage response in
piezoelectric systems [66,67].

2.3. Organic and composite piezoelectric materials

Other routes to flexible and/or stretchable devices
rely on unusual piezoelectric materials, rather than un-
usual geometries. In particular, recent developments al-
low high performance devices to be constructed from flex-
ible organic and composite piezoelectric materials [3,5,6,
8–10]. Fig. 4(a)–(h) show scanning electron microscope
(SEM) images of examples in nanostructured, thin film,
and textile formats. A popular example in flexible or-
ganic piezoelectrics is polyvinylidene fluoride (PVDF) and
its copolymer, poly(vinylidene fluoride–trifluoroethylene)
(PVDF–TrFE), particularly when processed into aligned
fibers by electrospinning as shown in Fig. 4(a) or cast in
anodic porous alumina (APA) templates as in Fig. 4(b). The
fibers can be efficiently crystallized in the β-phase whose
parallel alignment of dipoles leads to surface charge sepa-
ration for enhanced piezo response [68]. These fibers have
piezoelectric constants (d33 ∼ −57.6 pm/V) that are typi-
cally higher than those of corresponding thin films (d33 ∼

15 pm/V). In device examples, these materials can yield
sensors with the capacity to measure pressures as low as
0.1 Pa, for applications in robotics, high sensitivity touch
interfaces [3] and nanoscale actuators [6].

Thin films of PVDF–TrFE are nevertheless valuable
due to the ease with which they can be spin cast over
large areas with minimal surface roughness and excellent
uniformity, as shown in Fig. 4(c). In this format, the high
level of β-phase content leads to strong piezoelectric
behavior. In one study, thin films of PVDF–TrFE (1 µm)
exhibit higher β-phase content than thick films (6 µm)
under untreated conditions (without any mechanical
stretching or electrical poling) [9]. Thin films experience
increased surface tension during spin coating, which
results in improved crystallinity. In device examples, the
PVDF–TrFE thin films can serve as active elements in
pressure sensors with fast recovery times (0.17 ms) and
an operating pressure range of 0–30 mmHg, suggesting
potential applications in flow sensing for implantable
biomedical applications [9].
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Fig. 3. Mechanics of flexible/stretchable piezoelectric devices. Illustrations of the location of the neutral mechanical plane relative to the piezoelectric
materials for (a) a flexibleMEH [20] and (b) a stretchable sensor [2]. (c) SEM imageofwavyPZTnanoribbons on a PDMS substrate [19]. (d)Opticalmicroscope
image of wavy PZT nanoribbons with electrodes on a PDMS [65].
Piezoelectric fibers can even be integrated into woven
textiles to yield an attractive platform for wearable appli-
cations. For instance, PVDF monofilaments serve as spac-
ers that connect the top and bottom electrodes of silver
coated polyamide 66 (PA 66)multifilament yarns as shown
in Fig. 4(d). For this example, a high content (∼80%) of β-
phase results from melt spinning and fiber drawing. In-
tegration of these PVDF monofilaments with electrodes
via a knitting technique yields a textile based piezoelec-
tric that has comparable flexibility to conventional fab-
rics [69]. Other types of platforms rely on gold coated tex-
tile substrates of polyester as top and bottom electrodes
integrated with ZnO NWs and polyethylene (PE). In this
platform, electrostatic energy is generated from the inter-
action between the PE film and gold coated textile. En-
ergy from the piezoelectric effect results from mechani-
cal deformation of the ZnO NWs. The coupling between
these twomechanisms provides a hybrid system (Fig. 4(h))
that improves overall systemperformance, particularly the
output voltage, for wearable applications [70].

Inorganic/organic composites are also of interest, owing
to the ability to adjust the ratio of the componentmaterials
to achieve desired properties. For example, incorporating
high performance PZT fibers (d33 = 127 pm/V) [71] into a
polymer matrix produces a composite with a good balance
between electrical performance and mechanical proper-
ties. Electrospinning of an aged sol–gel PZT solution and
polyvinyl-pyrrolidone (PVP) yields fibers with controlled
diameters. The PVP defines the viscosity, such that increas-
ing the concentration of PVP increases the diameter of the
fibers. Nanofibers formed from PZT/22 weight% PVP solu-
tion (Fig. 4(e)) have diameters of∼300 nm [5]. The fiber di-
ameter associated with ceramic/polymer weight ratio can
be engineered to obtain the desired mechanical flexibility
in addition to optimum piezo response.

Inorganic piezoelectric nanostructures based on other
materials such as PMN-PT ((1-x) Pb(Mg1/3Nb2/3)O3-
xPbTiO3) can also be formulated into polymer matrices
to take advantage of features of both piezoelectric nanos-
tructures and polymers. PMN-PT NWs have a piezoelectric
constant (d33 = 371 pm/V) that is approximately three
times higher than that of PZT fibers [72]. The formation of
PMN-PTNWsvia hydrothermal synthesis can yield a three-
dimensional branched structure, as shown in Fig. 4(f). In-
tegration of such structures into a matrix of PDMS allows
an efficient transfer of stress from the polymer to the NWs
(along the polarized direction of piezoelectrics) that en-
hances the output power performance. Our finite element
analysis (FEA) confirms this conclusion for a hierarchical
(branch) structure consisting of three nanowires embed-
ded in a polymeric (PDMS) matrix, each with the dimen-
sion 10µm (L)× 0.5µm (W)× 0.5µm (T). Each nanowire
is oriented 120° with respect to the other two, and all
are 45° to the electrode surface. The matrix is 100 µm (L)
× 50 µm (W) × 15 µm (T) and is coated with a (0.2 µm
thickness) polyimide (PI) encapsulation layer on the top
and bottom surfaces, where the compression is applied.
The results show that the hierarchical (branch) structure
increases the strain (along the polarized direction of piezo-
electrics) transferred to the nanowires by 30% (than the
design of three separated NWs with same geometry and
orientations). The efficiency of mechanical impact transfer
is particularly enhanced when the hierarchical structure
PMN-PT NWs is perpendicularly aligned between top and
bottom electrodes. This structure, therefore, offers promis-
ing applications especially in energy harvesters and sen-
sors.

Alternative types of composites use inorganic piezo-
electric particles, formed in one case by surface modifi-
cations and a sequential layer formation to achieve up to
95 weight% loading of PZT particles in thin films of epoxy
based polymers (Fig. 4(g)). Surface modification of the
PZT involves isophorone diisocyanate and polyoxyalkyle-
neamine, to yield molecular entanglement with the epoxy
molecules and covalent bonding to the epoxide groups. The
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Fig. 4. SEM images of organic materials and composite systems with
various structures. Image of (a) PVDF–TrFE fiber array generated from
electrospinning [3], (b) PVDF–TrFE nanowires cast in APA template [6],
(c) PVDF–TrFE thin film with a magnified view in the top inset [9], (d)
woven PVDF fibers with conductive yarns as a piezoelectric fabric [69],
(e) PZT–PVP fibers with 22 weight% PVP [5], (f) hierarchical structure of
a PMN-PT nanowire bundle [72], (g) PZT/epoxy composite in thin film
format [10], and (h) grown ZnO nanowires on textile fabric with an inset
of grown ZnO NWs [70].

result enables uniform dispersion and with strong parti-
cle/matrix interfaces. The resultant PZT composite offers
advantages, such as shorter poling time, lower poling volt-
age (up to 75%), and higher piezoelectric constant (d33 =

12 pm/V) than the corresponding unmodified piezocom-
posite [10].

2.4. Inorganic piezoelectric devices in biomedicine

Among the many applications for piezoelectric tech-
nologies, those that involve interfaces with the human
body represent an area of rapid development. Inorganic
piezoelectric materials, appropriately configured into flex-
ible/stretchable formats using concepts outlined in the
previous sections, are preferred due to their high piezo-
electric coefficients. For example, recent work demon-
strates a range of different types of devices capable of
harnessing electrical energy from mechanical energy re-
sources, each with potential applications in biomedicine,
as in Fig. 5.

Some of the most intensively studied classes of bio-
integrated, flexible mechanical energy harvesters involve
ZnO. Images associated with a device that incorporates
horizontally aligned ZnO NWs appears in Fig. 5(a). As
described in the Section 2.2, nanoscale effect on ZnO NWs
enhances the effective piezoelectric constant compared to
that of bulk forms and provides flexibility to the MEH
structure. Under alternating bending/unbending motions
with peak strains of 0.1% and strain rates of 5% s−1, devices
with active areas of 1 cm2 generate peak voltages of
∼2.0 V (Fig. 5(b)) and currents of ∼100 nA, sufficient to
operate a commercial LED [7]. ZnO is particularly unique
because it dissolves in biofluids, with biocompatible end
products. As a result, the devices based on ZnO film built
with other bioresorbable materials such as magnesium
for the electrodes and interconnects, and silk fibroin
for the substrates yield completely bioresorbable devices
(Fig. 5(c)). Examples include devices with areas of 1 ×

2.5 cm2 that are capable of generating voltages and
currents of 1.14 V (Fig. 5(d)) and 0.55 nA, respectively,
under a peak strain of 0.056% [45]. Envisioned uses are in
biodegradable electronic implants for internal wound care,
pain management, temporary cardiac pacing and others.

By comparison to ZnO, perovskite piezoelectric materi-
als such as BaTiO3 are appealing due to their higher piezo-
electric constants [17,54]. As discussed in Section 2.2, the
use of soft lithography and transfer printing techniques fa-
cilitate the integration of BaTiO3 MEHs into thin film for-
mats on substrates of interest, as shown in Fig. 5(e) [17]. In
this configuration, the MEHs (areas of 1 cm2) are flexible
while maintaining their high piezoelectric properties and
are capable of generating peak output voltages and cur-
rents of 0.4 V (Fig. 5(f)) and 12 nA, respectively, under peak
strains of 0.55% and strain rates of 1.6% s−1. Another exam-
ple involves the incorporation of BaTiO3 NWs synthesized
via hydrothermal methods into PDMS (Fig. 5(g)). Here, in-
creasing the NW composition (greater than 20 weight%)
degrades the electromechanical coupling and leads to
low output voltages [73]. With an optimum amount (20
weight%) of NWs and an area of 3 × 4 cm2, this type of
MEH can achieve peak output voltages of 7.0 V (Fig. 5(h))
and currents of 360 nA under peak strains of 0.33%.

PZT is another perovskite material, of interest due to
its high piezoelectric constant. As described previously,
flexible devices that use arrays of PZT nanoribbons in
optimized architectures for deployment on large-scale
animalmodels (e.g. cow, sheep, and pig) provide sources of
electrical power for implants such as cardiac pacemakers.
MEHs with areas of 2 × 2.5 cm2 mounted onto epicardial
sites of the beating heart of a bovine (cow) model
are shown in Fig. 5(i). Here, the value of h and the
plane-strain bending stiffness parameters are arranged
in such a way to achieve high system flexibility while
producing optimal amounts of electrical power (see the
Section 2.1). For instance, under peak strains of 0.35%,
output voltages can reach ∼3.7 V. Different power outputs
are also observed as a result of affixing the MEH onto
different locations of heart, such as the free wall, right
and left ventricles, consistent with the anatomy and the
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Fig. 5. Flexible and stretchable MEHs with various piezoelectric materials. (a) SEM image of horizontally aligned ZnO NWs on a plastic substrate with an
inset of the resultant device [7]. (b) Output voltage from a ZnO NWMEH during bending/unbending [7]. (c) Photograph of a biocompatible ZnOMEH under
compression [45]. (d) Output voltage from a ZnO MEH during bending/unbending [45]. (e) MEH based on a thin film of BaTiO3 [17]. (f) Output voltage
from a BaTiO3 MEH during bending/unbending [17]. (g) MEH based on nanowires of BaTiO3 [73]. (h) Output voltage from a BaTiO3 nanowire MEH during
bending/unbending [73]. (i) MEH based on nanoribbons of PZT [20]. (j) Output voltage from a PZT nanowire MEHs during motions while mounted on a
bovine right ventricle [20]. (k) MEH based on a large-area, thin film of PZT released by LLO, an inset showing the resultant device manually bent [21]. (l)
Output voltage from a LLO transferred thin-film PZTMEH during bending/unbending [21]. (m)MEH formed using textile-based PZT [34]. (n) Output voltage
from a textile-based PZT MEH under the stretching and releasing motions [34]. (o) SEM image (top) and schematic diagram (bottom) of a stretchable MEH
based on wavy PZT nanoribbons [19]. (p) Output current of a stretchable, PZT based MEH under stretching motions [19].
nature of motions associated with beating. The open
circuit voltage for the case of the right ventricle reaches
∼4 V (Fig. 5(j)) [20]. A mechanically stacked collection
of five such MEHs yields an average power density of
1.2 µW/cm2, which is sufficient to operate a cardiac
pacemaker. A key design consideration is that these MEHs
have minimal bending stiffnesses, as discussed in the
Section 2.1, to minimize mechanical loads on the heart,
thereby avoiding arrhythmic behaviors associated with
device-induced physical constraints. Similar devices can
harness mechanical energy from the natural motions of
other organs, such as lung and diaphragm [20]. Other
similar in vivo experiments have also been demonstrated
to capture the mechanical energy from diaphragm and
heart of small animals (i.e., rats) with ZnO NW [26] and
PMN-PT based MEHs [28].

Further improvements in performance are possible via
the use of uniform, large-area films of PZT (Fig. 5(k))
released by laser lift-off (LLO) [21]. The LLO process
minimizes the structural damage on the PZT thin film, as
a result of immediate recrystallization after vaporization
by laser irradiation. This device in Fig. 5 demonstrates the
capability of the LLO process, which allows large area PZT
device fabrication without any electrical and mechanical
degradation in the piezoelectric film (see the Section 2.2).
With device areas of 1.5×1.5 cm2, the output voltages can
reach ∼200 V under bending deformations (peak strain of
0.386% and strain rate of 2.32% s−1), as shown in Fig. 5(l).
Slight human finger motions, in fact, can light as many as
100 blue LEDs simultaneously.

Compared to flexible platforms, stretchable mechanics
can increase the breadth of options for applications,
particularly in wearable devices that cover large areas
of internal organs. One stretchable example employs a
textile composed of PZT fibers formed by electrospinning
in Fig. 5(m) [34]. By virtue of the electrospinning process
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Fig. 6. Various piezoelectric sensors and actuators in flexible and stretchable formats. (a) A flexible active sensor made of ZnO NW arrays grown on
ultrathin aluminum foil [74]. Output voltage from this device, driven by the blinking of the eye [74]. (c) Touch sensor based on ZnONWs and BaTiO3 capping
layers [54]. (d) Voltage response of the touch sensor [54]. (e) A flexible PZT nanoribbon designed tomonitor cellular deformations [76]. (f) The corresponding
voltage response of PZT nanoribbons under cellular deformation [76]. (g) AlN pressure sensor and sphygmomanometer to measure blood pressure pulse
waves from the wrist [62]. (h) Pulse waveform signals generated using this AlN pressure sensor and sphygmomanometer [62]. (i) Piezoelectric membrane
sensor based on PZT [77]. (j) Voltage response of the sensor attached to the wrist, measuring pressure pulse waves [77]. (k) Flexible piezoelectric tactile
sensor [78]. (l) Diverse pulse amplitude and waveforms detected by this flexible tactile sensor at various regions of the human body [78]. (m) Photograph
of a PZT pressure sensor wrapped on a cylindrical glass support with an inset image of stretchable conducting traces [50]. (n) Current responses measured
from the carotid artery and epicondyle vessel [50]. (o) Array of stretchable PZT actuators and sensors on a polymer substrate wrapped on a cylindrical glass
support [2]. (p) Output voltage as a function of the substrate modulus recorded at four actuation voltages [2].
described in the Section 2.2, PZT fibers have enhanced
piezoelectric properties and high flexibility. In a device
examplewith an area of 1.5×0.8mm2 stretching/releasing
motions create output voltages of ∼0.24 V (Fig. 5(n)) and
currents of 2.5 nA. An enhanced output can be achieved
by optimizing the thickness and the hardness of the PDMS,
which is the interface layer that bonds the PZT textiles and
the fabrics. A different stretchable platform based on PZT
involves transfer printing of PZT nanoribbons-onto pre-
strained PDMS substrates to create wavy structures as in
Fig. 5(o) [19]. Periodic stretching/releasingmotions to peak
strains of 8% yield currents of ∼50 pA from a system that
consists of ten PZT nanoribbons (Fig. 5(p)). Here, the wavy
structures not only enhance the piezoelectric constant as
discussed in Section 2.2, but they also can accommodate
tensile strains that are several orders of magnitude larger
than those that induce fracture in otherwise similar
ribbons in flat geometries. Such systems provide promising
platforms forwearable energy harvestingwhere reversible
stretchability is essential to operation.

Piezoelectric sensors and actuators integrated on soft
tissues represent additional classes of systems of growing
interest. The flexibility and/or stretchability of these
devices afford new measurement capabilities on various
curvilinear and soft surfaces. Fig. 6(a)–(p) show recent
examples of piezoelectric sensors and actuators design
for the skin and other tissues. In sensing modes based
on the direct piezoelectric effect, such devices can detect
and measure various physical deformations, ranging from
those associated with touch to those induced by pulsatile
blood flow. Lee et al. [74] reported a flexible sensor built
using arrays of ZnO NWs on ultrathin aluminum foil
substrate (18 µm; Fig. 6(a)) to detect human eye blinking.
Although the skin deformations are small, sensors (5 ×
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13 mm2) generate easily measurable voltages of 0.2 V and
currents of 2 nA as seen in Fig. 6(b). Piezoelectric materials
can also be used in touch sensors, as demonstrated by
devices based on ZnO NWs and a capping layer of BaTiO3
(Fig. 6(c)). In this example, a single touch point-cell has an
active area of 1×1 cm2. The combination of thesematerials
balances the high flexibility, modest piezoelectric constant
in the ZnO NWs [75] with the comparatively brittle, high
piezoelectric performance of the BaTiO3 [54]. As shown in
Fig. 6(d), the addition of BaTiO3 capping layer enhances the
sensitivity by increasing the signal response from 50 mV
to ∼3.3 V under a normal force of 17 N applied via a
linear motor. In this configuration, the sensor can also
differentiate forces applied by a human finger, as a flexible
touch sensor. Even the small deflections of single cells
can be detected, where PZT nanomaterials can capture
nanoscale deflections (∼1 nm) induced by forces imparted
at the cellular scale [76]. Fig. 6(e) shows PZT nanoribbons
printed onto a silicone substrate (an area of ∼1 ×

2.5 cm2) via transfer printing. Here, a standard whole-cell
patch-clamp method induced mechanical deformations in
individual PC12 cells. The voltage response (∼10 mV) of
a PZT sensor shown in Fig. 6(f) demonstrates the device
capability in detecting cellular deformations (∼1 nm).

Additional sensing modalities involve measurements
of pressure pulse waveforms due to blood flow. Exam-
ples with the sensors composed of AlN film, formed via
low temperature reactive sputtering, as described in Sec-
tion 2.2, offer ability to detect pressures of ∼0.9 kPa, well
within the sensitivity of the human finger to sense texture
and shape (10–40 kPa). AlN is well suited for this appli-
cation because it has high thermal and chemical stabili-
ties [62]. A recent study compared AlN to a commercial
sphygmomanometer as shown in Fig. 6(g). The pulsewave-
forms generated from the sensor at the fingertips, between
the thumb and middle finger, are comparable to those col-
lected at the wrist using a sphygmomanometer at a stress
level of 10 kPa (Fig. 6(h)). This sensor can also detect tidal
and pre-ejection waves that are critical for monitoring
health and wellness. Another example uses stainless steel
(SS) foil with thickness of 38 µm as the bottom electrode
and substrate, with a layer of PZT (thickness of 70µm) [77]
encapsulated with polyimide (Fig. 6(i)). The PZT film,
which exhibits a piezoelectric constant (d33) of 37 pm/V at
10 kHz, allows detection of the mechanical displacements
of the skin due to blood flow to generate pulsewave signals
as shown in Fig. 6(j). In a similar example, PZT deposited
onto a SS substrate by sol–gel processes with high tem-
perature sintering (650 °C) and poling at high electric field
(∼0.71 MV/m) yields a sensor with useful levels of perfor-
mance (Fig. 6(k)) [78]. Mounting this type of PZT sensor
on a plastic element allows sensing of bio-motions of var-
ious regions of the human body, such as carotid, brachial,
radical artery, finger, and ankle artery. Fig. 6(l) shows the
associated pressure waveforms. The collective results sug-
gest a way to characterize the pulse wave velocity (PWV)
as well as to diagnose hypertension and cardiac failure.
The use of correct sets of materials, the engineering of de-
vice layouts, the integration of required electrical compo-
nents and associated serpentine conducting traces allow
construction of stretchable sensors. An example is shown
in Fig. 6(m). This device consists of PZT nanoribbons with
a total area of ∼22 mm2 and serpentine connections pro-
vides system stretchability up to 30%. Dagdeviren et al. [50]
studied the fundamental properties of this type of sensor,
which has fast response time (∼0.1 ms) and high sensi-
tivity (∼0.005 Pa), and applied it in various ways on hu-
man subjects. In this configuration, the NMP was engi-
neered to be closer to the middle of PZT nanoribbons to
minimize the bending induced in-plane strain (see the Sec-
tion 2.1). As a result, the sensor canmeasure pressure accu-
rately on any body parts that have curvatures larger than
a few millimeters. In this study [50], the device captured
changes in arterial pressure on a healthy female wrist. As
previously discussed in the Section 2.2, the use of soft sub-
strates enhances themechanics due to complex and three-
dimensional deformations, and result approximately in a
hundred fold enhancement in the sensitivity. This high
sensitivity allows use in determining PWV for arterial stiff-
ness measurement by placing the sensors at two different
locations of human body. Fig. 6(n) presents some relevant
data on two different sites, such as the carotid artery and
epicondyle vessel, with 2-min intervals and on three dif-
ferent human bodies. The resulting PWV of ∼5.4 ms−1 is
similar to that measured using conventional tonometry.

In addition to sensing, mechanical actuation can be an
important feature in biomedical devices. An example of a
unique device platform includes ultrathin architectures of
piezoelectric sensors and actuators, exploiting both direct
and indirect piezoelectric mechanisms (see Section 2.1),
combined with serpentine configurations of metal traces
for electrical connections tomeasure themechanical prop-
erties (e.g. elastic modulus) of soft tissues and organ sys-
tems [2]. Fig. 6(o) shows seven actuators (lateral dimen-
sions of 200 × 1000 µm2) and six sensors (lateral dimen-
sions of 100×500µm2) that are made of PZT nanoribbons
in capacitor type geometries sandwiched between two lay-
ers of electrodes. Here, bending onto curvy body parts has
little effect on device operation since the NMP lies close to
the middle of PZT nanoribbon, as discussed in Section 2.1.
In this conformal modulus sensor (CMS) system, applying
a sinusoidal voltage to an actuator mounted on the skin in-
duces mechanical motions in the device structures and the
underlying skin, which can then be detected by adjacent
sensors. The voltage responses of these sensors provide in-
formation about the electromechanical coupling between
the actuators and sensors, presenting ways to determine
the mechanical modulus of the near surface region of the
skin. The relationships between the sensor voltage output
and modulus at 1 kHz can be seen in Fig. 6(p). The results
show consistent linear proportionality between the mod-
ulus values of the substrates, for values between 30 and
1800 kPa, and associated sensor output voltages under var-
ious actuation voltages. The modulus can be determined
from the actuator voltage, the sensor output voltage, the
material properties and geometries of the device layers
(see Section 2.1). In addition to in vitro and theoretical re-
sults, in vivo application of CMS on 30 patient volunteers
demonstrate the system capabilities to detect changes in
the elasticmodulus of skin across the body due to dermato-
logicmalignancies, which generally are stiffer than healthy
tissues. The same system can also be used to measure the
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modulus values of various biological tissues, such as the
heart and the lung. As existing methodologies (e.g. torsion,
traction and nanoindentation) to measure the mechanical
properties of soft biological tissues are invasive and lack of
microscale spatial resolution [2], the dual features to actu-
ate and sense in a thin, conformal platform offer promis-
ing capabilities for fast, accurate, non-invasive diagnostics
based on stiffness (i.e., human skin or other organs).

3. Conclusion and outlook

This review summarizes recent progress in piezoelec-
tric technologies that rely onmechanics andmaterials con-
cepts for functions that lie beyond those accessible with
traditional approaches. Of the many enabled applications,
those in biomedicine, for both clinical and research do-
mains, appear particularly attractive. These advances fol-
low directly from the dual operational mechanisms in
piezoelectrics together with unusual mechanics strategies
in device design, to allow physical properties that are com-
patible with intimately integration with the soft tissues
of body. Other opportunities are in smart robotics and
metrology tools. Parallel arrays of soft micromanipulators
can be used to assemble micro- and nano-scale functional
devices on a broad range of target substrates [79]. Re-
lated piezoelectric micro-robotic tools can perform com-
plex tasks with nanometer precision [80], with potential
in microbiology, micromachining and materials assembly.
Piezoelectric micro-actuation provides a vacuum compat-
ible, compact means for indentation, with high resolution
for testing of fracture and plastic deformation in materials,
even under electron microscope observation [81]. Collec-
tively, the advancement in piezoelectric materials, fabrica-
tion techniques and device designmechanics will continue
to afford new opportunities in wide ranging areas.
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