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Optimal Design Towards High
Performance of Sandwich
Flexible Piezoelectric Energy
Harvesters
The flexible piezoelectric energy harvester (FPEH), as an effective strategy for long-term
power supply of implantable and wearable electronics, requires high areal output energy
density, low mechanical stiffness, and high energy efficiency, simultaneously. The widely
adopted sandwich FPEH, consisting of one relatively hard substrate sandwiched between
two piezoelectric films, can provide a high areal output energy density, but also high
mechanical stiffness and low energy efficiency due to its energy-wasting deformation of
the hard substrate. Here, we propose a novel optimal soft-substrate sandwich FPEH with
designs of sufficient length and optimized Young’s modulus of the substrate, which is
much smaller than that of the piezoelectric film. A sandwich beam model considering
both the bending and shearing of the soft substrate and the one-way coupling of the piezo-
electric effect was adopted for the theoretical analysis and optimal design. The optimal soft-
substrate sandwich FPEH exhibits greatly improved overall performance with a 33%
increase in areal output energy density, a 51% reduction in mechanical stiffness, and a
177% increase in energy efficiency, simultaneously. Systematic theoretical analysis is per-
formed to illustrate the mechanism and guide the optimal design. The novel optimal soft-
substrate sandwich FPEH is then applied to harvesting energy from various living subjects.
This optimal design can be extended to other types of mechanical energy harvesters with a
similar laminated structure. [DOI: 10.1115/1.4056818]
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1 Introduction
In recent years, wireless and low-power electronics have been

widely developed for implantation in human bodies to monitor
physiological parameters and intervene in diseases [1,2], and
installation on animals like fish and birds for sensing and tracking
[3,4] (Fig. 1(a)2). These electronics require not only a lightweight
but also an adequate long-term energy supply, which avoids addi-
tional replacement surgeries for implantable electronics [5] and

ensures a long life in nature for the electronics applied to
animals [6]. The flexible piezoelectric energy harvester (FPEH)
is a promising solution for these requirements [7–20], as it can
harvest electrical energy from the motions of various living sub-
jects [21] (Fig. 1(a)). For practical purposes, the FPEH requires
the following mechanical and electric performances simulta-
neously. (1) High areal output energy density: the deformable
area of various living subjects is very limited in practice; (2)
low mechanical stiffness: the FPEH should be flexible enough
not to impede the motion of the living subject; (3) high energy
efficiency: the motions of living subjects can only provide
limited mechanical energy.2Figure 1(a) is reproduced with permission from www.istockphoto.com
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Sandwich FPEHs [22,23] are widely adopted and usually formed
by laminating two piezoelectric films on either side of a relatively
hard substrate (Fig. 1(b)). Structural design is crucial for the
FPEH with the sandwich and other laminated structures to meet
the above performance requirements, which have been reported in
many previous works. For instance, Jung et al. [22] developed a
powerful curved sandwich FPEH, where the hard and thick sub-
strate enables a higher output voltage. Chen et al. [8] investigated
the effect of Young’s moduli of a soft piezoelectric film and rela-
tively hard substrate on the output voltage. The optimal Young’s
modulus ratio was then determined to maximize the energy
output. These works considered only the condition of hard substrate
and paid no attention to their negative effects on mechanical stiff-
ness and energy efficiency. Petritz et al. [24] analyzed the effect
of the thickness and Young’s modulus of the substrate on energy
efficiency and concluded that a thick and hard substrate can
greatly reduce energy efficiency. These works revealed that the
hard substrate can provide sufficient membrane strain of the piezo-
electric film and thus a high areal output energy density when
bending the FPEH, but it also results in high mechanical stiffness
and low energy efficiency due to its energy-wasting deformation.
On the other hand, the soft substrate, which is favorable for a flex-
ible design [25], is considered to be unsuitable for the sandwich
FPEH, because it may split the neutral mechanical plane (NMP),
reduce the membrane strain of the piezoelectric film, and thus
lead to a reduced areal output energy density [26]. There are
seldom reports on the simultaneous achievement of high areal
output energy density, low mechanical stiffness, and high energy
efficiency by the structural design of the sandwich FPEH.
In recent years, the soft-substrate sandwich structure, which has

been widely adopted in civil engineering and other fields [27], has
attracted much attention in the field of flexible electronics [26,28].
Many works have systematically analyzed its mechanical behavior
[29,30] and concluded that when the substrate is sufficiently soft, it
undergoes mainly shear deformation and the bending strain can be
neglected. This results in the split of NMP and the significantly
reduced membrane strain of hard films laminated on it [31].
However, our recent works [32] found that soft substrate with suffi-
cient length hardly caused the split of NMP for the sandwich structure.
This implies the possibility of adopting a long and soft substrate for the
sandwich FPEH to obtain a high output energy density, low mechan-
ical stiffness, and thus high energy efficiency, simultaneously.
In this study, a novel optimal soft-substrate sandwich FPEH is

proposed by the theoretical analysis and validated experimentally.

It is designed to have sufficient length and optimized substrate
Young’s modulus, which is much smaller than that of the piezoelec-
tric film, and has a highly improved overall performance compared
to the hard-substrate sandwich FPEH. In the following sections, a
systematic theoretical analysis of the influence of various parame-
ters including the length, Young’s modulus, and thickness of the
substrate on the mechanical and piezoelectric performance of the
sandwich FPEH are conducted first. We used a sandwich beam
model with plane-strain assumption and soft substrate considering
both bending and shearing deformations. Governing equations
and boundary conditions were obtained by the variation of the
total elastic energy. For the piezoelectric analysis, we considered
the one-way coupling between the mechanical and electrical beha-
vior to obtain concise and sufficiently accurate conclusions. The
optimal soft-substrate sandwich FPEH is then designed based on
the theoretical results, fabricated, and experimentally characterized.
Finally, the optimal soft-substrate sandwich FPEHs are applied to
harvest energy from the heart, diaphragm, swimming fish, and
flying birds to demonstrate practical scenarios and feasibilities.

2 Results and Discussion
2.1 Analytic Model for the Sandwich FPEH. Figure 2(a)

illustrates the configuration of the sandwich FPEH, with the
length 2L, width W, and thicknesses hsub and hp for the substrate
and the piezoelectric film, respectively. Young’s moduli and Pois-
son’s ratios are Esub and νsub for the substrate, and Ep and νp for
the piezoelectric films. Both piezoelectric films are coated with
ultrathin electrodes on the surfaces and have the polarization P
along the thickness direction. The three-point bending (Fig. 2(b))
is adopted to simulate the subjected conditions when the FPEHs
harvest energy from the living subject. The coordinate system
(x, y, z) is established with the origin located at the center of
FPEH. With the displacement w0 caused by the concentrated
force F at x= 0, the vertical displacement w and the horizontal
in-plane displacements u and −u at the central line of the top and
bottom piezoelectric film, according to the symmetricity, are
yielded, respectively. The soft substrate with Esub ranging from
much smaller to similar to Ep is considered here. To simplify the
complex coupling behavior of the piezoelectric films and the sub-
strate, the following assumptions are adopted in the analysis. (1)
The electrodes coated on the surface of the piezoelectric films are
so thin that are ignored in the analysis; (2) the piezoelectric films
are modeled as Euler–Bernoulli beams with the membrane strain

Fig. 1 Illustration of the FPEH: (a) electronics and FPEHs applied to various living subjects, including the heart,
diaphragm, swimming fish, and flying birds, (b) the conventional hard-substrate sandwich FPEH, (c) the soft-
substrate sandwich FPEH. The bending of the soft-substrate sandwich FPEH results in (d ) the membrane strain
and bending for the piezoelectric film, and (e) the shearing and bending for the soft substrate.
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εp =
du
dx

(1)

and −εp for the top and bottom films, respectively, and bending cur-
vature (Fig. 1(d ))

κp =
d2w
dx2

(2)

(3) the substrate involves not only the bending strain εsub but also
the non-negligible shear strain γsub [33,34] (Fig. 1(e)). The continu-
ity of the interface between the piezoelectric film and the substrate,
together with assumptions of the linear and constant distributions
along the thickness direction for the bending strain and shear
strain respectively, gives

εsub =
−2εp + κphp

hsub
z

γsub =
dw
dx

+
1

hsub
−2u + hp

dw
dx

( )
⎧⎪⎪⎨
⎪⎪⎩

(3)

(see Appendix A for more details), and (4) the plane-strain condi-
tion is applied to the entire analytic model.
To obtain a concise and accurate enough result and capture the

key factors of the structural optimization of the sandwich FPEH,
the one-way coupling between the mechanical and electric behav-
iors that neglects the effect of piezoelectric voltage on the
mechanical deformation is adopted. The one-way coupling is
applicable because: (1) the total electric output energy is usually
much smaller than the total elastic energy in practice and the sand-
wich FPEH has no additional electric energy input from outside;
(2) the deformation of sandwich FPEH is restricted by the living
subjects and can be hardly influenced by the piezoelectric
voltage. The total elastic energy of the FPEH Uelastic consists of
the bending and membrane energy of the two piezoelectric
films, and the energy yielded by the normal strain and shear
strain of the substrate, i.e.,

Uelastic = Up bending + Up membrane + Usub normal + Usub shear (4)

Fig. 2 The universal analytic model for the sandwich FPEH: (a) the geometry and boundary conditions for
sandwich FPEH, (b) the sandwich FPEH is deformed under the three-point bending load, and net charges
generate on the electrodes, (c) the relative reduction of u(x=L) caused by the decreasing substrate
Young’s modulus Ẽsub/ẼP when the length 2L/hp=120, 500, and 1200, (d ) dimensionless position of the
NMP along the length of the sandwich FPEH with the lengths 2L/hp=120, 500, and 1200. The distribution
of the vertical displacement w and membrane strain εp along the length of the FPEH with 2L/hp=1200
when, (e) Ẽsub/ẼP = 1 and ( f ) 10−2. When hsub/hP=20, the influence of dimensionless Young’s modulus
Ẽsub/ẼP ranges from 1 to 10−4 on the ( f ) theoretical force and output voltage, (g) areal output energy
density, (h) mechanical stiffness, (i) energy efficiency, as well as ( j) elastic energy of the substrate and
total output energy. When Ẽsub/ẼP = 1 and 10−2, the influence of the dimensionless thickness hsub/hP
ranging from 10 to 30 on the (k) areal output energy density, (l ) mechanical stiffness, (m) energy efficiency,
and (n) equivalent piezoelectric constant.
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Here,

Up bending = 1
6 ẼpWh3p

�L
0κ

2
pdx

Up membrane = 2WẼphp
�L
0ε

2
pdx

Usub normal =WẼsub
�L
0dx

�hsub/2
−hsub/2

ε2subdz

Usub shear = 1
2 ẼsubWhsub(1 − νsub)

�L
0γ

2
subdx

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(5)

in which Ẽp = Ep/(1 − ν2p) and Ẽsub = Esub/(1 − ν2sub) are the plane-
strain Young’s moduli of the piezoelectric film and substrate,
respectively. Substituting Eqs. (1)–(3), and (5) into Eq. (4), we
have the total elastic energy

Uelastic =
1
6
ẼpWh3p

∫L
0

d2w
dx2

( )2

dx + 2WẼphp

∫L
0

du
dx

( )2

dx

+WẼsub

∫L
0
dx
∫hsub/2
−hsub/2

−2εp + κphp
hsub

( )2

z2dz

+
1
2
ẼsubWhsub(1 − νsub)

∫L
0

1 +
−2u + hp

hsub

( )2 dw
dx

( )2

dx

(6)

The variation of Eq. (6), with the condition of the symmetry
along the z-axis, gives the governing equations for u and w of the
sandwich FPEH [34]

d4w
dx4

− a
d2w
dx2

− b
du
dx

+ e
d3u
dx3

= 0

d2u
dx2

−
ac

b

dw
dx

− cu +
ace

b2
dw3

dx3
= 0

⎧⎪⎪⎨
⎪⎪⎩

(7)

and the boundary conditions

u(0) = 0, w(0) = w0,
dw
dx

∣∣∣∣
x=0

= 0

du
dx

∣∣∣∣
x=L

= 0, w(L) = 0,
d2w
dx2

∣∣∣∣
x=L

= 0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(8)

where

a =
6(1 − νsub)(1 + hp/hsub)

2

h2p[2Ẽphp/(Ẽsubhsub) + 1]
, b =

−12(1 − νsub)(1 + hp/hsub)

hsubh2p[2Ẽphp/(Ẽsubhsub) + 1]

c =
6(1 − νsub)

h2sub[6Ẽphp/(Ẽsubhsub) + 1]
, e = −

2

hp[2Ẽphp/(Ẽsubhsub) + 1]

(9)

Solving the governing equations with the boundary conditions,
we have the displacements

w = [Hw0 + Hw1x + Hw2x2 + Hw3x3 + Hw4 sinh (sx − sL)]w0

u = [Hu0 + Hu1x + Hu2x2 + Hu3 cosh (sx − sL)]w0

{
(10)

for the right half of the sandwich FPEH (0≤ x≤L), where s and
H with subscript are the constants related to the sizes and mechan-
ical parameters of the sandwich FPEH and shown in Appendix B.
Furthermore, the distribution of the membrane strain of the piezo-
electric films εp, the curvature of the piezoelectric films κp, as
well as the normal and shear strain of the substrate εsub and γsub
along the length of the FPEH are obtained,

εp = [Hu1 + 2Hu2x + sHu3 sinh (sx − sL)]w0

κp = [2Hw2 + 6Hw3x + s2Hw4 sinh (sx − sL)]w0

εsub = [(2hpHw2 − 2Hu1) + (6hpHw3 − 4Hu2)x + (hps2Hw4 − 2sHu3) sinh (sx − sL)]z
w0

hsub

γsub =
1 +

hp
hsub

( )
Hw1 −

2Hu0

hsub

[ ]
+ 2Hw2 1 +

hp
hsub

( )
−
2Hu1

hsub

[ ]
x

+ 3Hw3 1 +
hp
hsub

( )
−
2Hu2

hsub

[ ]
x2 + sHw4 1 +

hp
hsub

( )
−
2Hu3

hsub

[ ]
cosh (sx − sL)

⎧⎪⎪⎨
⎪⎪⎩

⎫⎪⎪⎬
⎪⎪⎭
w0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

The dimensionless location of the NMP of the top and bottom piezoelectric film can be obtained as

�ztop = −�zbottom =
εp
κp

−
hp + hsub

2

( )/
2hp + hsub

2

( )
(12)

Substituting Eqs. (11) and (5) into Eq. (4), we then obtain the total elastic energy

Uelastic =

ẼpWh3p
6

∫L
0
[2Hw2 + 6Hw3x + s2Hw4 sinh (sx − sL)]

2
dx

+2WẼphp
�L
0[Hu1 + 2Hu2x + sHu3 sinh (sx − sL)]2dx

+WẼsub
�L
0dx

�hsub/2
−hsub/2

(2hpHw2 − 2Hu1) + (6hpHw3 − 4Hu2)x
+(hps2Hw4 − 2sHu3) sinh (sx − sL)

[ ]2 z

hsub

( )2

dx

+
1
2
ẼsubWhsub(1 − νsub)

∫L
0

1 +
hp
hsub

( )
Hw1 −

2Hu0

hsub

[ ]

+ 2Hw2 1 +
hp
hsub

( )
−
2Hu1

hsub

[ ]
x

+ 3Hw3 1 +
hp
hsub

( )
−
2Hu2

hsub

[ ]
x2

+ sHw4 1 +
hp
hsub

( )
−
2Hu3

hsub

[ ]
cosh (sx − sL)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

2

dx

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

w2
0 (13)
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and the theoretical force F= 2Uelastic/w0. With the D − ε type piezo-
electric constitutive equation

D3 = �eεp −
�kV

hp
(14)

the open-circuit condition 4W
�L
0D3dx = 0, and the total capacitance

Cp = 4�kWL/hp, the output voltage of the two piezoelectric films
connected in parallel is yielded as

V =
�e
�k

hp
L
(Hu0 + Hu1L + Hu2L

2)w0 (15)

Here, D3, �e = (d31 + νpd32)Ẽp, and �k = k33 − Ẽp(d31 + νpd32)2 −
Epd232 are the electric displacement, the equivalent piezoelectric
constant, and the equivalent permittivity; k33, d31, and d32 are the
permittivity and the piezoelectric constants, respectively (see
Appendix C for more details). Furthermore, total electric energy
output can be calculated by Utotal output = CpV2/2. Key parameters
for the overall performance of the sandwich FPEH, including the
areal output energy density Uareal output (the total electric energy
output divided by the area of the sandwich FPEH), the mechanical
stiffness K (the ratio between the force F and the vertical displace-
ment w0), and the energy efficiency η (the ratio between the total
electric output energy and the work of force Fw0/2) can be
expressed as

Uareal output = CpV
2/(4LW), K = F/w0, and η = CpV

2/(Fw0)

(16)

respectively.

2.2 Theoretical Analysis for the Sandwich FPEH. A group
of typical mechanical and piezoelectric parameters hp= 50 μm,
hsub= 1 mm (hsub/hp= 20), W= 3 cm, Ep= 2.45 GPa, νp= νsub=
0.35, d31=−17 pC N−1, d32=−5 pC N−1, k33= 84.08 pF m−1

with different lengths 2L and Young’s moduli of the substrate Esub

are considered here. The influences of the length on the mechanical
behavior of the sandwich FPEH with a soft substrate Ẽsub/Ẽp < 1
are studied first. To present the results concisely, we consider the
in-plane horizontal displacement at the end of the piezoelectric
film u(x= L)= (Hu0+Hu1L+Hu2L

2)w0, which is the integral of
the membrane strain from x= 0 to L and is directly related to the
output voltage (Eq. (15)). Figure 2(c) shows its relative reduction
produced by the decreasing of substrate Young’s modulus Ẽsub,
compared to the condition of a conventional hard substrate
(Ẽsub/Ẽp = 1) with different dimensionless lengths 2L/hp= 120,
500, and 1200, respectively. It can be seen that for the short sand-
wich FPEH with 2L/hp= 120, the u(x= L) decreases rapidly with
the decreasing substrate Young’s modulus Ẽsub, but remains
almost unchanged until Ẽsub/Ẽp is below 10−2 for the long sand-
wich FPEH with 2L/hp= 1200. Our previous findings suggest that
this may be caused by the splitting of the NMP [34]. According
to the plane section assumption of the Euler–Bernoulli beam
theory, the piezoelectric films and substrate of the hard-substrate
sandwich FPEH share one NMP, which is located in the central
plane of the entire FPEH due to symmetry. Deviation from the
NMP brings a large membrane strain of the piezoelectric film. As
the substrate softens, the top and bottom piezoelectric film tend to
bend independently, with their NMPs split and moving toward
them, respectively. This reduces the distance between the NMP
and the central plane of the piezoelectric film, resulting in
reduced membrane strain. We calculate the distribution of the
dimensionless position of the NMP along the length x/L for the soft-
substrate sandwich FPEH with Ẽsub/Ẽp = 10−2 and different
lengths, as shown in Fig. 2(d ). The NMP of the sandwich FPEH
with 2L/hp= 120 splits in two and deflects very close to the top
and bottom piezoelectric films. In contrast, the NMP of the longer
sandwich FPEH with 2L/hp= 1200 only split in a very small

section near the center of the FPEH. This ensures that the
distributions of both vertical displacement w and membrane strain
εp are almost the same at Ẽsub/Ẽp = 1 and 10−2, as shown in
Figs. 2(e) and 2( f ). The above results are validated by the finite
element analysis (FEA), whose details are shown in Appendix D.
The influence of Ẽsub on the areal output energy density

Uareal output, the mechanical stiffness K, and the energy efficiency η
of the long sandwich FPEH with 2L/hp= 1200 are studied further.
The results for Ẽsub/Ẽp ranging from 1 to 10−4, hsub/hp= 20, and
w0= 5 mm are shown in Figs. 2(g)–2(i). When Ẽsub/Ẽp reduces
from 1 to 10−2, the areal output energy density Uareal output only
dips by 4.9% (from 31.52 mJ m−2 to 29.98 mJ m−2), while mechan-
ical stiffness K slashes by 75% (from 2.06 N mm−1 to
0.52 N mm−1), and the energy efficiency η grows by 282% (from
0.22% to the maximum energy efficiency ηmax = 0.84%).
However, when Ẽsub/Ẽp drops below 10−2, both the areal output
energy density Uareal output and energy efficiency η decay signifi-
cantly, resulting in a great reduction in the performance of the
FPEH. The change of the substrate elastic energy Usub normal +
Usub shear and the total electric energy output Utotal output with
Ẽsub/Ẽp are shown in Figs. 2( j) and S1 available in the
Supplemental Materials on the ASME Digital Collection. When
Ẽsub/Ẽp drops from 1 to 10−2, the rapidly decreasing Usub normal +
Usub shear causes a reduction of the force F. The Usub normal >
Usub shear indicates that bending dominates the deformation of the
substrate; the shear strain, which can induce a reduction of the mem-
brane strain of the piezoelectric film, is quite small, resulting in an
almost unchanged Uelectric. However, the Usub shear becomes
greater than Usub normal when 10−2 > Ẽsub/Ẽp > 10−4. This indicates
that the substrate is dominated by the shear deformation and acted as
a “shear lag,” resulting in the reduction of Utotal output and η. Above
results reveal the existence of the optimal Ẽsub for a long enough soft-
substrate sandwich FPEH. It can be obtained at the transition
(Ẽsub/Ẽp = 10−2 for the length of 2L/hp= 1200) between the
bending- and shear-dominated deformation, reduces the mechanical
stiffness greatly, and maximizes the energy efficiency η, with a bare
reduction of the areal output energy density.
Furthermore, for the conventional hard-substrate (Ẽsub/Ẽp = 1)

and the optimal soft-substrate (Ẽsub/Ẽp = 10−2) sandwich FPEHs
with 2L/hp= 1200, the changes in the areal output energy density
Uareal output, the mechanical stiffness K, and energy efficiency η as
the dimensionless thickness hsub/hp ranging from 10 to 30 are
studied as well and shown in Figs. 2(k)–2(m). For the hard-substrate
sandwich FPEH with Ẽsub/Ẽp = 1, the mechanical stiffness K mul-
tiplies much faster than the Uareal output (18.9 and 7.9 times, respec-
tively) with the increasing hsub/hp (from 10 to 30), resulting in a
significant reduction in the energy efficiency η (by 58%). This sug-
gests that the increase of hsub is not an efficient way toward the
higher areal output energy density Uareal output for the conventional
hard-substrate sandwich FPEH. On the other hand, for the
optimal soft-substrate sandwich FPEH with Ẽsub/Ẽp = 10−2,
Uareal output has a similar increasing trend to that of the hard-
substrate sandwich FPEH; but K is keeping a low level, making
the energy efficiency η more insensitive to hsub (only decreased
by 5.5% from hsub/hp= 10 to 30). This means that adopting a
thicker optimal Ẽsub can yield a higher areal output energy
density, lower mechanical stiffness, and higher energy efficiency,
simultaneously. In addition, taking the effective piezoelectric cons-
tant �e as an example, the improvement of the piezoelectric proper-
ties results in a greater improvement of the energy efficiency η of the
optimal soft-substrate sandwich FPEH. (Figure 2(n)) This implies
that when developing high-performance piezoelectric materials
[10,12,18,19], adopting the optimal soft-substrate sandwich struc-
ture can utilize the material properties better and enlarge its positive
effect on the overall performance of the FPEH significantly.

2.3 Fabrication and Performance Characterization
of the Optimal Soft-Substrate Sandwich FPEH. A
1.0-mm-thick optimal soft-substrate sandwich FPEH (Figs. 3(a)
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and 3(b)) with 2L= 6 cm, W= 3 cm, hp= 55 μm, hsub= 1.018 mm,
and the optimal Ẽsub/Ẽp = 0.011 (Ep= 2.45 GPa, νp= 0.35, Esub=
24.91 MPa, and νsub= 0.4) was designed and fabricated according
to the theoretical results. The piezoelectric films were made from
commercial polyvinylidene fluoride (PVDF) film with thickness-
negligible aluminum coatings as electrodes on the surface. The
Cu/Polyimide (Cu/PI) narrow ribbons were pasted on the electrodes
with a conductive silver adhesive to connect the two piezoelectric
films in parallel and to the external circuit. After that, the two pie-
zoelectric films were pasted on both sides of an optimal soft sub-
strate made from polyurethane (PU) by the hard PU adhesive
with the thickness of the bonding layer hbond= 20 μm. d31, d32,
and k33 of the PVDF films are the same as in the last section,
with the resistivity ρp= 1 × 1013 Ωm. As a comparison, two conven-
tional hard-substrate sandwich FPEHs with hsub= 0.671 mm
(0.7-mm-thick hard-substrate sandwich FPEH) and hsub=
0.921 mm (0.9-mm-thick hard-substrate sandwich FPEH) were pre-
pared with the polyethylene terephthalate (PET) film as the hard
substrate (Ẽsub/Ẽp = 1.05). A mechanical test machine was used
to perform the three-point bending test with displacement loading
w0 max = 5mm at the rate 0.5 mm s−1, as shown in Fig. 3(d ). The
output voltage V, measured by a voltmeter (Keithley 6517B, with
inner resistance RV= 200 TΩ and capacitance CV= 360 pF), and
the force F of the three sandwich FPEHs are shown in Fig. 3(d ).

Details of the fabrication and experiments process were shown in
Appendix E. The maximum output voltages and forces obtained
when w0 = w0 max were (Vmax= 99.61 V, Fmax= 3.55 N) for the
0.7-mm-thick hard-substrate sandwich FPEH, (Vmax= 129.54 V,
Fmax= 8.75 N) for the 0.9-mm-thick hard-substrate sandwich
FPEH, and (Vmax= 149.53 V, Fmax= 4.28 N) for the 1.0-mm-thick
optimal soft-substrate sandwich FPEH, respectively.
In practice, the measured voltages depended on not only the

capacitance and resistance of the FPEH but also the capacitance
and resistance of the voltmeter. As shown in Fig. 3(c) [33], the sand-
wich FPEH, whose top and bottom piezoelectric films are con-
nected in parallel, can be regarded as the parallel connection of
two current sources, two capacitances, and two resistances

Ip = Ip t + Ip b = 4W�e(Hu0 + Hu1L + Hu2L2)
dw0

dt

Cp = Cp t + Cp t =
4�kWL

hp

Rp =
1

1/Rp t + 1/Rp b
=
ρphp
4LW

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(17)

where p t and p b indicate the top and bottom piezoelectric film,
respectively. The measurement circuit can be regarded as the

Fig. 3 Experimental characterization of the sandwich FPEHs. The photograph of (a) the fabricated 1.0-mm-thick optimal soft-
substrate sandwich FPEH, (b) the enlarged side view, (c) schematic illustration of the measurement circuit including the two
current sources, two capacitances, and two resistances of the sandwich FPEH, as well as the capacitance and resistance of the
voltmeter, (d ) the displacement load on the sandwich FPEH, (e) the measured and theoretical force and voltage of
the 0.7-mm-thick hard-substrate, 0.9-mm-thick hard-substrate, and 1.0-mm-thick optimal soft-substrate sandwich FPEH,
( f ) the areal output energy density, mechanical stiffness, (g) the energy efficiency of the three sandwich FPEHs obtained
from the experimental results, (h) the circuit model of the sandwich FPEH charging a capacitor through a rectifier bridge,
(i) the corresponding force of the 1.0-mm-thick optimal soft-substrate for the periodic loading. The voltage results Vstore of
the capacitor with ( j) Cstore=1 μF and (k) 22.5 μF charged by the 0.7-mm-thick hard-substrate and 1.0-mm-thick optimal soft-
substrate sandwich FPEH.
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parallel connection of the sandwich FPEH, and the capacitance CV

and resistance RV of the voltmeter. Thus, we have the total capaci-
tance and resistance of the circuit

C =
4�kWL

hp
+ CV

R =
1

4LW/(ρphp) + 1/RV

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(18)

According to Ohm’s law and the I–V relationship of the capaci-
tance, the current flow into the capacitance of the FPEH IC PEH =
(4�kWL/hp)dV/dt and the voltmeter IC V = CVdV/dt, and through
the resistance of the FPEH IR PEH = V/[ρphp/(4LW)] and the volt-
meter IR V = V/RV can be obtained. With the conservation of
current

Ip = IC PEH + IR PEH + IC V + IR V (19)

the differential equation of the output voltage

C
dV
dt

+
V

R
= 4W�e(Hu0 + Hu1L + Hu2L

2)
dw0

dt
(20)

can be obtained. With the initial condition V|t=0= 0, the output
voltage of the sandwich FPEH is yielded as

V =
4W�e(Hu0 + Hu1L + Hu2L2)

C
w0

−
4W�e(Hu0 + Hu1L + Hu2L2)

RC2
e−

t
RC

∫t
0
w0e

t
RCdt (21)

Details of the derivation are shown in Appendix F. In the theo-
retical model, the thin bonding layers of the hard-substrate sand-
wich FPEHs are ignored, while the bonding layers of the
1.0-mm-thick optimal soft-substrate sandwich FPEH are thick
and much harder than the soft substrate, and cannot be ignored
(Fig. S3 available in the Supplemental Materials on the ASME
Digital Collection). Assuming that the bonding layer has the
same plane-strain Young’s modulus as the piezoelectric film,
the theoretical results for 1.0-mm-thick optimal soft-substrate
sandwich FPEH are modified by replacing hp with hp+ hbond for
the mechanical results. Then, Eq. (9) is modified as

a =
6(1 − νsub)[1 + (hp + hbond)/hsub]

2

(hp + hbond)
2[2Ẽp(hp + hbond)/(Ẽsubhsub) + 1]

b =
−12(1 − νsub)[1 + (hp + hbond)/hsub]

hsub(hp + hbond)
2[2Ẽp(hp + hbond)/(Ẽsubhsub) + 1]

c =
6(1 − νsub)

h2sub[6Ẽp(hp + hbond)/(Ẽsubhsub) + 1]

e =
−2

(hp + hbond)[2Ẽp(hp + hbond)/(Ẽsubhsub) + 1]

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(22)

and the coefficients Hu0, Hu1, and Hu2 of the output voltage
(Eqs. (17)–(21)), are replaced by

Hm
u0=Hu0+

1
2
hbHw1,Hm

u1=Hu1+hbHw2, andHm
u2=Hu2+

3
2
hbHw3

(23)

respectively (see Appendix G for more details). The theoretical
output voltage and force of the three sandwich FPEHs were in
good agreement with the experiments, as shown in Fig. 3(e).
The experimental results of the areal output energy density

Uareal output = CV2
max/(4LW), the mechanical stiffness K = Fmax/

w0 max, and the energy efficiency η = CV2
max/(Fmaxw0 max) at

w0 max = 5mm of all three sandwich FPEHs were shown in Figs.
3( f ) and 3(g). Comparing the two hard-substrate sandwich
FPEHs, the increased hsub only promoted the Uareal output from
15.97 mJ m−2 to 27.01 mJ m−2, by 69%, while escalating the
mechanical stiffness K from 0.71 N mm−1 to 1.75 N mm−1, by

146%, resulting in a 31% reduction in the energy efficiency η. Fur-
thermore, comparing the 1.0-mm-thick optimal soft-substrate sand-
wich FPEH with the 0.9-mm-thick hard-substrate sandwich FPEH,
the optimal Ẽsub and the increased hsub ramped up the areal output
energy density Uareal output by 33% (to 35.99 mJ m−2), slashed the
mechanical stiffness K by 51% (to 0.86 N mm−1), and raised the
energy efficiency by 177% (from 0.22% to 0.61%), simultaneously.
Herein, the greatly increased energy efficiency was still not very
outstanding due to the low piezoelectric constant of the commercial
piezoelectric material we used. When using higher-performance
piezoelectric materials, according to Fig. 2(n), the optimal structure
can lead to a greater improvement in the performance of the sand-
wich FPEH. In practical applications, the sandwich FPEH is
usually used to charge an energy storage device like a capacitor
and battery, and electronics are powered by the energy storage
device. Herein, both the optimal soft-substrate sandwich FPEH
and the 0.7-mm-thick hard-substrate, with similar mechanical stiff-
ness, were used to charge capacitors with Cstore= 1 μF and 22.5 μF
through a rectifier bridge (Fig. 3(h)) under the same period displa-
cement loading (w0 max = 5mm at the rate of 5 mm s−1). With a
similar force response (Figs. 3(i) and S2 available in the
Supplemental Materials), the charging results in Figs. 3( j) and
3(k) showed that the optimal soft-substrate sandwich FPEH had
both a higher saturating voltage and a faster-charging speed com-
pared to the 0.7-mm-thick-hard-substrate sandwich FPEH.

2.4 Harvesting Energy From the Motion of Organs
and Organisms With the Optimal Soft-Substrate Sandwich
FPEH. When harvesting energy from living subjects in practice,
a suitable mechanical stiffness is very important for the optimal
soft-substrate sandwich FPEH. It can be realized by adjusting the
thickness of the substrate hsub without changing the energy effi-
ciency very much. Herein, another 0.6-mm-thick optimal soft-
substrate sandwich FPEH (hsub= 0.636 mm and K=
0.24 N mm−1) was designed and fabricated, together with the
1.0-mm-thick optimal soft-substrate sandwich FPEH mentioned in
the last section (hsub= 1.058 mm and K= 0.85 N mm−1), to
harvest energy from the movement of various organs, such as the
heart (Fig. 4(a)) and diaphragm (Fig. 4(d )), as well as various
organisms, such as the fish (Fig. 4( f )) and birds (Fig. 4( j)).
To demonstrate the ability of the optimal soft-substrate sand-

wich FPEH to harvest energy from the heartbeat, an artificial
soft heart (Fig. 4(a) and S4 available in the Supplemental
Materials) was 3D printed by the PolyJet process from a soft mate-
rial with a hardness of 30A [35]. The artificial soft heart consists of
a left ventricle, a right ventricle (RV), and an expansion chamber
(EC) between them. The heartbeat was simulated by inflating and
deflating the EC periodically by a pressurized air source (p=
0.2 kPa) under the control of a pulse signal. The fluid circulated
from the central vein, through the RV, and to the pulmonary
artery exhibits at this time. (Figure 4(b)) The 0.6-mm-thick
optimal soft-substrate sandwich FPEH was pasted on the outer
wall of the RV and deformed periodically driven by the heartbeat
with a rate of 60 bpm. The periodic output voltage with a peak
value of 8.8 V was measured by a 10-MΩ-resistance voltmeter
and shown in Fig. 4(c). To demonstrate the ability of the
optimal soft-substrate sandwich FPEH to harvest energy from
the diaphragm during breathing, an artificial diaphragm was fabri-
cated by attaching a patterned 1-mm-thick PU plate to a human
sternum model (Fig. 4(d )). The inhalation and exhalation were
simulated by inflating and deflating a balloon using pressurized
air (p= 0.2 kPa), leading to a periodical deformation of the artifi-
cial diaphragm. Two 1.0-mm-thick optimal soft-substrate sand-
wich FPEHs were symmetrically attached to the diaphragm
when breathing at the rate of ∼0.5 Hz. Measured by the
10-MΩ-resistance voltmeter, the left and right sandwich FPEH
output periodic voltages with peak values of ∼55 V and ∼45 V,
respectively (Fig. 4(e)).
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The wearable and implantable electronics for the animals, named
“electronic tags,” have a strict weight limit [36], allowing only very
small batteries. Harvesting energy directly from the animals, such as
swimming fish and flying birds, could power these devices and
extend their lifespan. A stretchable package made from polyure-
thane fabrics was used to install the 1.0-mm-thick optimal soft-
substrate sandwich FPEH to the tail of a grass fish, as shown in
Fig. 4( f ). The output voltages as the fish rested, swam, struggled,
and escaped were measured by the 10-MΩ-resistance voltmeter
and shown in Figs. 4(g)–4(i), respectively. The animal experiments
were approved by the Animal Care & Welfare Committee of the
Institute of Mechanics, Chinese Academy of Sciences (No.

202203). In addition, the 0.6-mm-thick optimal soft-substrate sand-
wich FPEH was attached to an artificial flapping-wing bird to illus-
trate the ability to harvest energy from the flying bird, as shown in
Fig. 4( f ). The output voltages of the 0.6-mm-thick optimal soft-
substrate sandwich FPEH, measured by the 10-MΩ-resistance volt-
meter, as the bird took off, climbed, cruised, and landed were shown
in Fig. 4(k).
In addition to the optimal structural design, we believe that to

realize the above practical applications, the energy harvesting
system requires the following performances as well: (1) high-
performance piezoelectric materials with low mechanical stiffness,
high piezoelectric constant, and high fatigue properties: this helps to

Fig. 4 Applications of the optimal soft-substrate sandwich FPEHs: (a) the photograph of a 0.6-mm-thick optimal soft-substrate
sandwich FPEH installed on the artificial heart, (b) the driving systems to simulate the heartbeat, (c) output voltages of the
0.6-mm-thick optimal soft-substrate sandwich FPEH with a heartbeat of 60 bpm, (d ) the photograph of two 1.0-mm-thick optimal
soft-substrate sandwich FPEHs attached to the artificial diaphragm, symmetrically, (e) output voltages of the two FPEHs with the
breath of ∼0.5 Hz, (f ) the photograph of the 1.0-mm-thick optimal soft-substrate sandwich FPEH installed on the tail of a grass
fish. The output voltages as the fish (g) rested, (h) swam, and (i) struggled and escaped, ( j) the 0.6-mm-thick optimal soft-substrate
sandwich FPEH pasted on the artificial bird, and (k) the output voltages when the bird took off, climbed, cruised, and landed. All of
the FPEHs in the figure are in the size of 3 cm×6 cm.
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generate sufficient electrical energy with a long operating time of
several years; (2) high-efficient energy harvesting circuit: this
helps to store and utilize as much of the electrical energy produced
by the FPEH as possible; (3) design for robust and comfortable
wearing: FPEH needs to be worn stably on the living subject for
a long period and must not cause any discomfort or illness; (4) bio-
compatibility and environmental friendliness: Long-term contact
with living subjects requires all parts of the FPEH to be biocompa-
tible or have robust biocompatible packaging. These needs are
being addressed by our ongoing research to advance the practical
application of FPEH.

3 Conclusion
In summary, a novel optimal soft-substrate sandwich FPEH is

proposed with the design of sufficient length and optimized sub-
strate Young’s modulus. The systematic theoretical analysis based
on the sandwich beam model with plane-strain assumption and
soft substrate considering both bending and shear deformations
and the one-way coupling of piezoelectric effect was conducted.
It is found that length is a crucial parameter for the sandwich
FPEH, which has been ignored in previous works. The results
reveal the existence of the optimal Young’s modulus of the soft sub-
strate with sufficient length, which can decrease the mechanical
stiffness greatly, maximize the energy efficiency, and remain the
high areal output energy density. In addition, the insensitivity of
the energy efficiency to the thickness of the optimal soft substrates
allows adopting a thicker substrate for the higher areal output
energy density. The optimal soft-substrate sandwich FPEH with
(Ẽsub/Ẽp = 0.011, hsub= 1.018 mm) is then designed and fabri-
cated. Compared to a specific conventional hard-substrate FPEH
(Ẽsub/Ẽp = 1.05 and hsub= 0.671 mm), the optimal soft-substrate
sandwich FPEH exhibits greatly improved performance with the
areal output energy density increasing by 33%, the mechanical stiff-
ness reducing by 51%, and the energy efficiency increasing by
177%, simultaneously. Our optimal design avoids the trade-off
between these three parameters that would significantly limit the
practicality of sandwich FPEH and have not been well addressed
in previous works.
Finally, demonstrated applications of the optimal soft-substrate

sandwich FPEHs to the heart, the diaphragm, the swimming fish,
and the flying bird are then conducted to show the practical scenar-
ios and feasibilities. Our optimal structural design of the sandwich
FPEH is also expected for other types of mechanical energy harvest-
ers with a similar laminated structure, such as triboelectric and mag-
netostrictive energy harvesters.
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Appendix A: The Bending and Shear Strain of the
Substrate
The displacement ux(x, z) and normal strain εxx(x, z) along the x

direction of the top and bottom piezoelectric films can be expressed
by the horizontal displacement u, curvature κp, and membrane strain
εp as

utopx (x, z) = u −
dw
dx

z +
hp + hsub

2

( )

ubottomx (x, z) = −u −
dw
dx

z −
hp + hsub

2

( )
⎧⎪⎪⎨
⎪⎪⎩

(A1)

and

εtopxx (x, z) = εp − κp z +
hp + hsub

2

( )

εbottomxx (x, z) = −εp − κp z −
hp + hsub

2

( )
⎧⎪⎪⎨
⎪⎪⎩

(A2)

With the continuity at the interface between the substrate and the
piezoelectric film, the displacement and normal strain of the top and
bottom surface can be expressed as

utopsub = usub|z=−hsub/2 = u −
dw
dx

hp
2

ubottomsub = usub|z=hsub/2 = −u +
dw
dx

hp
2

⎧⎪⎨
⎪⎩ (A3)

and

εtopsub = εsub|z=−hsub/2 = εp −
κphp
2

εbottomsub = εsub|z=hsub/2 = −εp +
κphp
2

⎧⎪⎨
⎪⎩ . (A4)

with assumptions of the linear and constant distributions along the
thickness direction for the bending strain and shear strain respec-
tively, the bending and shear strain

εsub(x, z) =
εbottomsub − εtopsub

hsub
z =

(−2εp + κphp)z
hsub

γsub(x, z) =
dw
dx

+
du
dz

=
dw
dx

+ −2u + hp
dw
dx

( )
1

hsub

⎧⎪⎪⎨
⎪⎪⎩

(A5)
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Appendix B: Expressions of Coefficients of the Mechanical Results
The expressions of coefficients of Eq. (10) are as follows:

Hw0 =
rsL

−3a(b − ce)2 tanh (sL) + rsL
, Hw1 =

3as(b − ce)2

3a(b − ce)2 tanh (sL) − rsL
,

Hw2 =
3csLb(ba + bc − 2ace)

6a(b − ce)2 tanh (sL) − 2rsL
, Hw3 =

csb(ba + bc − 2ace)

−6a(b − ce)2 tanh (sL) + 2rsL

Hw4 =
3a(b − ce)2

−3a(b − ce)2 sinh (sL) + rsL cosh (sL)

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(B1)

Hu0 = −
3sac(b − ce)(b − ae)

b[rsL − 3a tanh (sL)(b − ce)2]
, Hu1 =

3sacL(ba + bc − 2ace)

rsL − 3a tanh (sL)(b − ce)2
,

Hu2 =
−3sac(ba + bc − 2ace)

2[rsL − 3a tanh (sL)(b − ce)2]
, Hu3 =

3sac(b − ce)(b − ae)

b[rsL cosh (sL) − 3a sinh (sL)(b − ce)2]

⎧⎪⎪⎨
⎪⎪⎩

(B2)

and

r = [(L2c + 3)(b2 − 2bce) + 3c2e2]a + (Lbc)2

s =

��
b

√ �����������������
(a + c)b − 2ace

√
�����������
b2 − ace2

√

⎧⎨
⎩ (B3)

Appendix C: Piezoelectric Performance of the Sandwich FPEH
For the piezoelectric film with in-plane isotropic mechanical properties, the piezoelectric governing equations are

ε11
ε22
ε33
2ε23
2ε31
2ε12

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

=

1
Ep

−
νp
Ep

−
νp3
Ep3

0 0 0

−
νp
Ep

1
Ep

−
νp3
Ep3

0 0 0

−
νp3
Ep

−
νp3
Ep

1
Ep3

0 0 0

0 0 0
1
Gp3

0 0

0 0 0 0
1
Gp3

0

0 0 0 0 0
2(1 + νp)

Ep

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

σ11
σ22
σ33
σ12
σ23
σ31

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

+

0 0 d31
0 0 d32
0 0 d33
0 d15 0
d15 0 0
0 0 0

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦

E1

E2

E3

⎧⎨
⎩

⎫⎬
⎭ (C1)

and

D1

D2

D3

⎧⎨
⎩

⎫⎬
⎭ =

0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d32 d33 0 0 0

⎡
⎣

⎤
⎦

σ11
σ22
σ33
σ23
σ31
σ12

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

+
k33 0 0
0 k33 0
0 0 k33

⎡
⎣

⎤
⎦ E1

E2

E3

⎧⎨
⎩

⎫⎬
⎭ (C2)

Considering the plane-strain condition ε22 = 0 and the traction-free condition on the surface of the FPEH σ33= 0, Eq. (C1) can be sim-
plified as

ε11 =
1
Ep

σ11 −
νp
Ep

σ22 + d31E3

0 = −
νp
Ep

σ11 +
1
Ep

σ22 + d32E3

⎧⎪⎪⎨
⎪⎪⎩

(C3)

and rewrite into

ε11 =
1 − ν2p
Ep

σ11 + (d31 + νpd32)E3

σ22 = νpσ11 − Ep(d32E3)

⎧⎨
⎩ (C4)

Substitute (C4) into (C2), we have

D3 = �eε11 + �kE3 (C5)

where �e = (d31 + νpd32)Ẽp and �k = k33 − Ẽp(d31 + νpd32)2 − Epd232. Substitute the normal strain of the piezoelectric film Eq. (A2) into (C5),
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we have

Dtop
3 = �e εp − κp z +

hp + hsub
2

( )[ ]
+ �kEtop

3

Dbottom
3 = �e −εp − κp z −

hp + hsub
2

( )[ ]
+ �kEbottom

3

⎧⎪⎪⎨
⎪⎪⎩

(C6)

for the top and bottom piezoelectric film, respectively. There are no
free charges in the piezoelectric film and the voltage on the elec-
trode is equal everywhere

∂D3

∂z
= 0,

∂V
∂x

= 0 (C7)

Integrated Eq. (C6) in the z-direction with Eq. (C7), we have

Dtop
3 = �eεp −

�k

hp
Vtop

Dbottom
3 = �e(−εp) −

�k

hp
Vbottom

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(C8)

where Vtop = −
�−hsub/2
−hp−hsub/2

Etop
3 dz and Vbottom = −

�hp+hsub/2
hsub/2

Ebottom
3 dz.

Integrate Eq. (C8) over the surface area, we have

2W�eu|x=L = 2W
�L
0D

top
3
dx + �k

2WL

hp
Vtop

2W�eu|x=L = − 2W
�L
0D

bottom
3

dx + �k
2WL

hp
Vbottom

( )
⎧⎪⎪⎨
⎪⎪⎩

(C9)

where u|x=L= (Hu0+Hu1L+Hu2L
2)w0, and, for both equations, the

first term presents the charges generated by the piezoelectric effect,
the second term presents the free charges on the electrode and
equals zero under the ideal open-circuit condition, and the third
term presents the net charges on the electrode. By connecting the
two inner electrodes of the FPEH as a pair and the two outer elec-
trodes as a pair, the two piezoelectric films are electrically con-
nected in parallel, and a total expression is expressed as

4W�e(Hu0 + Hu1L + Hu2L
2)w0 = �k

4WL

hp
V + 4W

∫L
0
D3dx (C10)

where Cp = Cp t + Cp b = 4�kWL/hp is the total capacitance of the

two piezoelectric films in parallel. Substituting 4W
�L
0D3dx = 0 for

the open-circuit condition in Eq. (C10), the open-circuit output
voltage Eq. (15) and the output electric energy, which is stored in
the capacitance of the FPEH, Utotal output = CpV2/2 can be obtained.

Appendix D: Theoretical and Finite Element Analysis
Results of the Deformation of the Sandwich FPEH
The governing equations for u andw of the FPEH (Eq. (7)) and the

boundary conditions (Eq. (8)) were obtained by the variation of
the total elastic energy (Eq. (6)), which was conducted by hand.
The coefficients of the governing equation Eq. (7) are carefully
sorted to obtain a general solution of the simplest possible form.
Equation (7) was then solved with the boundary conditions Eq. (8)
using the commercial software Maple (Maplesoft, Waterloo,
Canada). Particular solutions were obtained by the command
“dsolve”. All results of calculations with specific parameters were
carried out using the commercial software MATLAB (MathWorks,
Natick, MA). All of the original files can be requested by contacting
the corresponding author.
The deformation of the sandwich FPEH with various substrate

moduli was performed employing the commercial software
ABAQUS (SIMULIA, Yvelines, France). Similar to our previous
works [32,33], 2L, hp, hsub, Ep, Esub, νp, and νsub were consistent
with the theoretical results, but the width W was set to 0.05 mm.
The displacement along the y-axis was set to zero to meet the plane-

strain condition. The simply supported boundary conditions were
set at both ends of the lower surface of the sandwich FPEH, with
a displacement load of 5 mm set at the middle (x= 0) of the
upper surface of the sandwich FPEH. Without any assumption of
the plane section or shear lag, the 20-node quadratic brick
element C3D20R was utilized for both the substrate and the piezo-
electric film. The numbers of meshes for two piezoelectric layers
and the substrate layer were all 300 in the length direction, nine
in the thickness direction, and one in the width direction.

Appendix E: Fabrication and Experimental Process
of the FPEH
All of the piezoelectric films were made by the 55 μm thick and

surface aluminized PVDF films purchased from the Jinzhou Kexin
Dianzi Cailiao Co., Ltd., Jinzhou, China. PU and PET sheets of differ-
ent thicknesses were purchased for the soft and hard substrates, respec-
tively. A pair of three-point bending fixtures was 3D printed with
acrylonitrile butadiene styrene. The programmable mechanical
testing machine (ZQ-990A, ZHIQU, Dongguan, China),
200-TΩ-resistance voltmeter (Keithley 6517B, Tektronix, Beaverton,
OR) with 360 pF capacitance, and 10-MΩ-resistance voltmeter (Key-
sight DAQ970A, Santa Rosa, CA) were used for the experiments.

Appendix F: Output Voltages of the Sandwich FPEH
Measured by the Voltmeter With the Finite Resistance
and Capacitance
When connected the FPEH to an external circuit with resistance

and capacitance, as shown in Fig. 3(c), the term 4W
�L
0D3dx is not

equal to zero anymore but represents the free charges flow in
from and flow out to the external circuit. Take the derivative of
Eq. (C10) with time t, the flow of charges, i.e., the current, can
be obtained

4W�e(Hu0 +Hu1L+Hu2L
2)

d
dt
w0 =CP

dV
dt

+ (IR CPEH + IC V + IR V)

(F1)

Based on Ohm’s law and the I–V relationship of the capacitance,
the external current can be expressed as

IR CPEH + IR V + IC V =
1

RP t
+

1
Rp b

( )
V +

V

RV
+ CV

dV
dt

(F2)

Substitute Eq. (F2) into Eq. (F1), we have the differential equa-
tion for the output voltage

C
dV
dt

+
V

R
= 4W�e(Hu0 + Hu1L + Hu2L

2)
d
dt
w0 (F3)

where C and R are the total capacitance and resistance of the circuit.
Equation (21) can be obtained by solving Eq. (F3) with the initial
condition V(t= 0)= 0.

Appendix G: Modified Results for the 1.0-mm-Thick
Optimal Soft-Substrate Sandwich FPEH With Bonding
Layers
With the thickness non-negligible bonding layer, the piezo-

electric films are not located at the central plane of the top and
bottom surface hard layer but are off by a distance of hbond/2,
as shown in Fig. S3 available in the Supplemental Materials.
Assume that the bonding layer has the same plane-strain
Young’s modulus as the piezoelectric film, within the mechanical
equations, the bilayer of the bonding layer and the piezoelectric
film can be considered as one hard surface layer with thickness
hp+ hbond. The horizontal displacement u is defined at the
central line of the hard surface layer, with the results of membrane
strain εc = du/dx and curvature κc= d2w/dx2. And then, the
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mechanical results can be yielded by replacing the term hp with
the total thickness of the hard surface layer hp+ hbond when cal-
culating the displacement w and u Eq. (10), the membrane strain
and curvature εc and κc, the normal and shear strain of the

substrate εsub and γsub (Eq. (A5)), and the elastic energy Uelastic

(Eq. (13)). Specifically, the coefficients a, b, c, and e, as well
as the normal and shear strain of the substrate should be modi-
fied as

a = 6(1 − νsub)[1 + (hp + hbond)/hsub]
2/{(hp + hbond)

2[2Ẽp(hp + hbond)/(Ẽsubhsub) + 1]}
b = −12(1 − νsub)[1 + (hp + hbond)/hsub]/{hsub(hp + hbond)

2[2Ẽp(hp + hbond)/(Ẽsubhsub) + 1]}
c = 6(1 − νsub)/{h2sub[6Ẽp(hp + hbond)/(Ẽsubhsub) + 1]}
e = −2/{(hp + hbond)[2Ẽp(hp + hbond)/(Ẽsubhsub) + 1]}

⎧⎪⎪⎨
⎪⎪⎩

(G1)

and

εsub = [−2εp + κp(hp + hbond)]z/hsub
γsub = dw/dx + [−2u + (hp + hbond)dw/dx]/hsub

(G2)

Due to the deviation of the piezoelectric film from the central line
of the hard surface layer, the membrane strain and displacement of
the piezoelectric film are

εp = εc + κc
hbond
2

up = u +
dw
dx

hbond
2

⎧⎪⎨
⎪⎩ (G3)

Substitute Eq. (10) into Eq. (G3), and let x= L, we have

up|x=L= Hu0+
1
2
hbHw1

( )
+ (Hu1+hbHw2)L+ Hu2+

3
2
hbHw3

( )
L2

[ ]
w0

(G4)

Thus, the modified coefficients of the displacement of the piezo-
electric films can be obtained

Hm
u0=Hu0+

1
2
hbHw1,Hm

u1=Hu1+hbHw2, andHm
u2=Hu2+

3
2
hbHw3

(G5)

The coefficientsHu0,Hu1, andHu2, substituted into the piezoelec-
tric and electric equations Eqs. (17)–(21), should be modified as
Eq. (G5). The bonding layers have no piezoelectric effect, so the
thickness of piezoelectric film hp remains unchanged in the piezo-
electric and electric equations.
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