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Abstract: The low stretchability of plain membranes restricts the sensitivity of conventional diaphragm-
based pressure and inflatable piezoelectric sensors. Using theoretical and computational tools, we
characterized current limitations and explored metamaterial-inspired membranes (MetaMems) to
resolve these issues. This paper develops two MetaMem pressure sensors (MPSs) to enrich the
sensitivity and stretchability of the conventional sensors. Two auxetic hexagonal and kirigami
honeycombs are proposed to create a negative Poisson’s ratio (NPR) in the MetaMems which enables
them to expand the piezo-element of sensors in both longitudinal and transverse directions much
better, and consequently provides the MPSs’ diaphragm a higher capability for flexural deformation.
Polyvinylidene fluoride (PVDF) and polycarbonate (PC) are considered as the preferable materials for
the piezo-element and MetaMem, respectively. A finite element analysis was conducted to investigate
the stretchability behavior of the MetaMems and study its effect on the PVDF’s polarization and sensor
sensitivity. The results obtained from theoretical analysis and numerical simulations demonstrate
that the proposed MetaMems enhance the sensitivity of pressure sensors up to 3.8 times more than an
equivalent conventional sensor with a plain membrane. This paper introduces a new class of flexible
MetaMems to advance wearable piezoelectric metasensor technologies.

Keywords: MetaMem; metamembrane; piezoelectric pressure sensor; metamaterial; wearable
metasensor; auxetic; kirigami

1. Introduction

Sometimes, conventional piezoelectric sensors have sensitivity limitations, owing to
their intrinsic lack of stretchability [1–4]. In order to enhance stretchability and mechanical
compliance, metamaterial-inspired substrates for piezoelectric devices are rapidly growing
and becoming widespread [5,6]. Metamaterials are artificial structures which provide
unusual mechanical properties with regard to energy absorption, mass, density, deforma-
tion, static modulus, smart functionality, and negative Poisson’s ratio (NPR) [6]. During
the past decade, there has been a tremendous interest in the use of metamaterial in 1D,
2D, and 3D structures such as: lenses, photonic crystals for light, phononic crystals for
sound, and soft acoustic metamaterials [7–9]. Poisson’s ratio defines the ratio between two
characteristics of the transverse and longitudinal strain of a structure, and NPR behavior
has been discovered in auxetic materials that expand (contract) in the transverse direction
when stretched (compressed), instead of usual materials (Figure 1) [10–14]. Such an auxetic
behavior is found in some hexagonal [15–20] and kirigami honeycombs [21–27]. Auxetic-
inspired designs for flexible membranes and substrates are attracting growing attention in
developing the next generation of highly efficient piezoelectric sensors and harvesters.

Uniaxial kirigami patterns have been experimentally studied by Hu et al. to improve
piezoelectric material stretchability and compliance [28]. A three-dimensional hexagonal
honeycomb was studied by Khan and Khan [29] for hydrophone piezoelectric applica-
tions. Fey et al. [30] fabricated a two-dimensional auxetic hexagonal lattice from a PZT
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piezo-ceramic, exhibiting a strain amplification by a factor of 30–70 compared to PZT bulk
material. Farhangdoust [31] performed a finite element analysis to investigate the power
enhancement of a piezoelectric cantilever energy harvester in which the cantilever beam
uses a re-entrant hexagonal auxetic structure. His simulation result showed that the auxetic
cantilever beam excited by a harmonic acceleration at a low frequency was able to produce
an electric power 2.5 times that of the power produced by the equivalent plain cantilever
beam energy harvester. Khan et al. [32] investigated the elastic, dielectric, and piezoelectric
properties of hexagonal honeycomb for light-weight piezoelectric sensors and actuators.
Very recently, metamaterial-based substrate (MetaSub) was introduced by Farhangdoust
et al. [4] for the power enhancement of piezoelectric energy harvesters in which the Meta-
Sub design was made by a combination of uniaxial kirigami and hexagonal patterns to
increase the planar stretchability of the substrate. In a myriad of biomedical and wearable
health monitoring applications, metamaterial-inspired membranes for implantable strain
sensors have gained great attention, as they display great potential for continuous health
monitoring. A biaxial pattern of kirigami honeycomb has been used as a substrate for a
biomorph piezoelectric harvester by Li et al. [33]. This could enhance the power output
by 2.76 times in comparison with an equivalent plain substrate. A hexagonal honeycomb
pattern was also developed by Farhangdoust et al. [10] for a stretchable sensor used for the
continuous monitoring of structures. Sun et al. [34] used a uniaxial kirigami honeycomb
to increase piezoelectricity. It was experimentally found that the kirigami-based sensor
improved the voltage output 2.6 times more than a conventional strain sensor. It has been
reported that a uniaxial kirigami graphene electrode exhibits a controllable stretchability
and strain-insensitive electrical performance up to 240% stretching [35,36]. Sun et al. [37]
increased the flexibility performance of wearable sensors by using a uniaxial kirigami
honeycomb. A motion artifact-free sensing platform using a kirigami-patterned mesh
structure has been carried out by Lee et al. [38] to make a multi-axially stretchable sensor.
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Figure 1. Schematic of deformed and undeformed states of both usual (left) and metamaterials
(right).

Although most of the substantial features of metamaterials have recently been studied
for the strain-type of piezoelectric sensors and harvesters, the application of metamaterial-
inspired membranes (MetaMem) for inflatable and pressure sensors is still in the early
research stage [39]. In a low-pressure regime, the low sensitivity output is an important
challenge of conventional pressure sensors (CPSs) using capacitive and piezoresistive mea-
surement principles [39]. In this research, to address this challenge, a MetaMem pressure
sensor (MPS) was developed as a highly sensitive alternative to the CPS. Two honeycombs
of auxetic hexagonal and biaxial kirigami were exploited to develop a next generation of
highly stretchable MetaMems for the sensitivity enhancement of diaphragm-based pres-
sure sensors. To achieve this goal, two MetaMems, as well as a plain membrane, were
employed to analyze three pressure sensors by both theoretical and simulation techniques.
We first used a CPS comprised of a PVDF layer bonded to a plain membrane to simulate
a computational model to characterize the useable frequency range as a function of the
natural frequency of the pressure sensor. Accordingly, the two MetaMems were utilized
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to demonstrate the sensitivity enhancement of the MPSs which depended on the desired
stretchability caused by the negative Poisson’s ratio behavior of the proposed MetaMems.

2. Design

Piezoelectric materials transform mechanical energy into electrical signals when used
as a sensor. This is called the direct piezoelectric effect and is expressed using the constitu-
tive equations of Equation (1) [6]:

Sij = kE
ijklσkl + dkijEkDi = diklσkl + εT

ikEk (1)

where D, kE, σ, and εT denote the electrical charge density, compliance under a constant
electrical field, applied stress vector, and the dielectric permittivity, respectively. S, d, E and
dt, also represent the strain, direct piezoelectric effect matrix, electric field, and converse
piezoelectric effect, respectively. Figure 2 shows the design for three piezoelectric sensors.
The CPS consists of three main components: substrate, membrane, and piezo-element. The
substrate has a hole punched from the backside, and is attached to the membrane and
piezo-element from the front side, respectively. As the cross section of the CPS is shown in
Figure 2, the thin layer of substrate bonded to the membrane acts as a diaphragm film to
prevent any direct pressure penetration to the piezo-element from the backside of the sensor.
As a result, the strain response of the membrane, and accordingly the stress response of
the piezo-element, were analyzed by applying a harmonic pressure to the backside of the
substrates. As stated earlier, polyvinylidene fluoride (PVDF) was selected as a preferable
piezo-element to use due to its natural flexibility and compatibility. Polycarbonate (PC)
was also selected as the material for the substrate and membrane.
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Figure 2. Scheme of the CPS model.

As shown in Figure 2, to evaluate the stretchability investigation of MetaMems, two
distinctive auxetic hexagonal and biaxial kirigami honeycombs were also modeled as the
same size as the plain membrane used in the CPS. The dimension and geometric parameters
of the CPS model are listed in Table 1. Figure 3 shows the details of the two proposed
auxetic hexagonal and biaxial kirigami honeycombs.
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Table 1. Parameter values used in the pressure sensor models.

Part Parameter Value Unit

Substrate

Width, Ws 14 mm
Length, Ls 13.5 mm

Thickness, ts 500 µm
Diaphragm’s Thickness, td 125 µm

Membrane
Width, Wm 12.125 mm
Length, Lm 11.5 mm

Thickness, tm 250 µm

Piezo-element
Width, Wp 11.625 mm
Length, Lp 11 mm

Thickness, tp 250 µm
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For the computational analysis, the material properties of different components of the
pressure sensors are listed in Table 2.

In Table 2, polycarbonate’s Poisson’s ratio (a), elastic modulus (b), and density (c) as
functions of temperature were taken from the material library of the COMSOL Multiphysics
3.5a software (Figure 4) [40].

Table 2. Material properties for models.

Material Property Value

Piezo-Element:
Polyvinylidene
fluoride (PVDF)

Density, kg/m3 ρPVDF 1780
Load Resistance, k Ω R 2000

Compliance Matrix, p/Pa sE
11 378

sE
33 109

Coupling Matrix, 10−12 C/N
d31 13
d32 14
d33 −33

Relative Permittivity, – ∈33 7.6

Substrate and
Membrane:

Polycarbonate (PC)

Density, kg/m3 ρPC ρ(T)
Poisson’s Ratio νPC ν(T)

Young’s Modulus, GPa EPC E(T)
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3. Finite Element Analysis

The finite element analysis (FEA) was employed to investigate the sensitivity enhance-
ment of the two proposed MPSs. To this end, three designs of pressure sensors proposed in
the previous section (Figures 2 and 3) were simulated in the three-dimensional geometrics
module of the COMSOL Multiphysics 3.5a software. Table 2 was used for material and
mechanical properties. In the electrical circuit module of the software, the piezoelectric
sensors were modeled as a charge source (Q) in parallel with a capacitor (CS) (Figure 5).
In addition, the piezoelectric terminals were determined in the electrostatics module of
the software. These modules were coupled together to develop and evaluate the three
proposed sensors using the frequency domain study of the COMSOL Multiphysics 3.5a
software. Accordingly, with regard to the stretchability capacity of the membrane and
MetaMems, the voltage output of the three pressure sensors was studied for different
sensors and fabrication parameters including resonance frequency, load resistance of the
piezo-element, amplitude and frequency of the applied pressure, and the thickness of the
membrane/MetaMems.

The first five natural frequencies and mode shapes of three sensors were carried out
using the eigenfrequency study of the COMSOL Multiphysics 3.5a software. Figure 6 shows
the FEM results for three models of CPS with a plain membrane, MPS with a kirigami
MetaMem, and hexagonal MPS with a hexagonal MetaMem. As shown in this Figure, the
first bending natural frequency of CPS, kirigami MPS, and hexagonal MPS take place at
8240 (Hz), 8388 (Hz), and 8458 (Hz).
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As a general rule in pressure sensors, the frequency response of a recessed diaphragm
system will be useable from 20% to 30% of the resonance frequency fn [41]. There is a
point at 20% of the resonance frequency fn where the sensor’s sensitivity rises about 0.5 dB
(5%). Similarly, the sensor’s sensitivity increases about 1dB (10%) at 30% of the resonance
frequency fn. Hence, as an indicator for frequency analysis in computational study, the
preferable frequency range of the models can be defined between those two points of 0.2fn
and 0.3fn which are, respectively, 1648 (Hz) and 2472 (Hz). Figure 7 illustrates the log
voltage against frequency for the CPS.
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As a preliminary electrical characterization, the voltage output generated by the three
simulated sensor models is shown in Figure 8 for when the sensors were subjected to a
harmonic pressure. In this Figure, it is clearly identifiable that the resonance frequency is
dependent upon membrane design, and ranges from 8240 (Hz) to 8458 (Hz). According to
those resonance frequencies, the hexagonal and kirigami MPS models generated voltage
outputs of 16.2 (V) and 15.3 (V), respectively, showing a remarkable voltage enhancement
in comparison with the CPS that generated 15.0 (V).
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To investigate the performance of sensor simulation models, a voltage index (VI) was
defined to calculate a normalized voltage output of the proposed auxetic hexagonal MPS
and kirigami MPS, with respect to the voltage output of the CPS (Equation (2)):

VI :
V MPS − V CPS

V CPS
× 100 (2)

Table 3 shows normalized voltage outputs for the proposed MPS models at their
resonance frequency and 10 kPa pressure amplitude of excitation. It was demonstrated
that the auxetic hexagonal honeycomb enabled the pressure sensor to generate the highest
voltage with a VI of 9.64%.

Table 3. Normalized voltage output of the two proposed auxetic MPS models: kirigami and hexago-
nal.

Type fn (Hz) VI (%)

Kirigami 8388 1.33
Hexagonal 8458 9.64

As a figure of merit (FoM) for resonance behavior, a bandpass filter was applied to
the sensors. The bandwidth (BW) of the bandpass filter is usually calculated by ω2− ω1

2ωn
to show the maximum data transfer rate of sensors. For 3 dB BW calculations, the signal
amplitude of An reduces by 3 dB, i.e., becomes An/

√
2 (Figure 9) [42].

Figure 10 illustrates the lower cut-off frequency (ω1) as well as the upper cut-off
frequency (ω2) of the 3 dB BW for all sensors. The corresponding 3 dB BW of three sensors
was tabulated in Table 4. As this table shows, the BW of the proposed auxetic hexagonal
MPS and the kirigami MPS were almost two times more than that of the CPS.

Table 4. 3 dB bandwidth of the proposed sensors.

Type Amplitude (v) ωn (Hz) ω1 (Hz) ω2 (Hz) BWMPS/BWCPS

Plain 15.076 8240 8238 8242 1
Hexagonal 16.184 8458 8454 8463 2.19
Kirigami 15.277 8388 8384 8392 1.96

To investigate the effect of pressure on the sensors’ performances, the voltage output
of the three models was determined when the applied pressure doubled. Figure 11 clearly
shows that the voltage output increases when the pressure amplitude increases. Further-
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more, the auxetic hexagonal MPS provided the best performance at different pressures of
excitation.
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As shown in Figure 5, piezoelectric sensors were modeled in parallel with a capacitor
and resistor that effectively formed the voltage output. Figure 12 compares the voltage
results of three sensors for different load resistances. The voltage first increases with the
load resistor and then gradually stabilizes at the voltage output.
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Using Kirchoff’s law, the voltage output for the electrical circuit generated across the
electrodes of a thin piezo-layer under dynamic bending is [6]:

VS=
tpD3

ε0ε33
(3)

where ε0 and tp denote the permittivity of free space and the thickness of the PVDF,
respectively. Assuming an isotropic and planar behavior for the piezoelectric sensors, the
electrical charge density of the sensors can be calculated by the scalar Equation (4):

D3 =
Q

Ap
= d31(σ11 + σ22) (4)

where A, σ11, σ22 and d31 denote PVDF area, longitudinal stress, transverse stress, and
the piezoelectric constant, respectively. For piezoelectric sensors, the maximum electric
power is proportional to the square of the RMS of the voltage output, and takes place at the
optimum load resistance (RL) (Equation (5)) [6,43].

PMax=
VRMS

2

RL
=

fAptpd2
31

ε0ε33
(σ11 + σ22) (5)

Theoretically, the optimal load resistance (RL) matches the internal impedance of the
piezo-element and can be calculated by Equation (6) [6].

RL=
1

2πfCs
=

tp

2πfε0ε33Ap
(6)

To find the maximum power output and corresponding load resistance of the sensors,
FEA was carried out when a pressure amplitude of 10 kPa was applied to the simulation
models. As shown in Figure 13, the maximum power output for the three models took
place at the load resistance of 2760 kΩ, which is very close to the theoretical optimum load
resistance of 2756 kΩ calculated by Equation (6).
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Finite element modelling was used to investigate the benefits of the MetaMems on per-
formance enhancement. It is generally acceptable to use pressure sensors over a frequency
range between 0.2fn and 0.3fn. As mentioned earlier, 0.2fn and 0.3fn of CPS are 1648 (Hz)
and 2472 (Hz), respectively. Furthermore, most micro-electromechanical systems (MEMS)
require an appropriate sensitivity in a low-pressure regime, less than 10 kPa [44]. Therefore,
the simulation models were developed in pressure range of 0 to 10 kPa at 1648 (Hz).

The strain performance and power output of sensors for a wide range of pressure
amplitudes are presented in Figure 14. Figure 14 left shows the impact of the MetaMems’
mechanism on the power increase is positive, specifically for the hexagonal MPS. In general,
the membrane/MetaMem transfers deformation energy of the applied bending over the
PVDF, and accordingly polarizes the PVDF to generate electric power output. Since the
power output depends on the sum of the axial and lateral stress tensors across the PVDF, a
strain index (SI) was studied for all sensors in Figure 14 right. The SI was defined based on
a longitudinal and transverse strain of the membrane/MetaMem, (ε11 + ε22)

2. Thus, the
better strain performance a sensor has, the more power output its PVDF generates. Figure 14
right clearly shows the hexagonal MetaMem had the best deformation performance in
different pressure amplitudes, causing a higher stress concentration across the PVDF in
bending pressure, and accordingly greater power output (Figure 14 right).
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As a further design investigation, simulations were performed to study the effect of
the thickness of the plain membrane and two MetaMems on the voltage output when the
pressure sensors were actuated at 10 kPa, 2760 kΩ, and 1648 (Hz). The results showed that
as the thickness of the membrane and MetaMems increased, the voltage output of all three
sensor models decreased (Figure 15). This is because the deformation from the substrate
was transferred to the piezo-element by the membrane/MetaMem, and therefore, when
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the thickness of the membrane/MetaMem increased, more strain energy was dissipated in
the membrane/MetaMem, with a reduced strain energy transferred to the piezo-element.

Sensors 2022, 22, x FOR PEER REVIEW 11 of 18 
 

 

bending over the PVDF, and accordingly polarizes the PVDF to generate electric power 
output. Since the power output depends on the sum of the axial and lateral stress tensors 
across the PVDF, a strain index (SI) was studied for all sensors in Figure 14 right. The SI 
was defined based on a longitudinal and transverse strain of the membrane/MetaMem, (𝜀 + 𝜀 ) . Thus, the better strain performance a sensor has, the more power output its 
PVDF generates. Figure 14 right clearly shows the hexagonal MetaMem had the best 
deformation performance in different pressure amplitudes, causing a higher stress con-
centration across the PVDF in bending pressure, and accordingly greater power output 
(Figure 14 right). 

  
Figure 14. Average power output (left) and strain performance (right) against pressure all sensors. 

As a further design investigation, simulations were performed to study the effect of 
the thickness of the plain membrane and two MetaMems on the voltage output when 
the pressure sensors were actuated at 10 kPa, 2760 kΩ, and 1648 (Hz). The results 
showed that as the thickness of the membrane and MetaMems increased, the voltage 
output of all three sensor models decreased (Figure 15). This is because the deformation 
from the substrate was transferred to the piezo-element by the membrane/MetaMem, 
and therefore, when the thickness of the membrane/MetaMem increased, more strain 
energy was dissipated in the membrane/MetaMem, with a reduced strain energy trans-
ferred to the piezo-element. 

 
Figure 15. Simulated voltage output against the thickness of the membrane and MetaMems. 

4. Results and Discussions 
The voltage output over strain input is defined as the sensitivity of sensors [45]. To 

clarify, the membrane/MetaMem transfers strain energy to the piezo-element, and caus-

Figure 15. Simulated voltage output against the thickness of the membrane and MetaMems.

4. Results and Discussions

The voltage output over strain input is defined as the sensitivity of sensors [45].
To clarify, the membrane/MetaMem transfers strain energy to the piezo-element, and
causes polarization across the piezo-element to generate voltage. Equation (7) was used to
investigate the effect of the membrane design on the sensor sensitivity, S .

S = V/(ε11 + ε22)
2 (7)

In this simulation, the sensitivity of the three models were studied at the usable range
of pressure amplitudes and frequencies. The optimum values calculated in the previous
sections were used as the load resistance and membrane/MetaMem thickness. To predict a
magnification factor for the proposed MPSs, their sensitivity was investigated for different
excitation frequencies and amplitudes in which the thin diaphragm film of the substrate
was subjected to a bending movement caused by a harmonic pressure of 1 to 10 kPa at a
frequency range of 1648 (Hz) to 2472 (Hz).

The effects of the pressure amplitude and frequency on the performance of the simu-
lated sensors are illustrated in Figures 16 and 17. As is shown in Figure 16, the sensitivity
of the three models decreases with the pressure amplitude. The applied frequency was
kept constant at 1648 (Hz) when the pressure amplitude was varied (Figure 16).

Furthermore, as shown in Figure 17, the sensitivity remains constant when the fre-
quency changes between 0.2fn and 0.3fn. When the frequency varied, the pressure ampli-
tude was kept constant at 10 kPa (Figure 17).

In Figure 18, the sensitivity of the two proposed MPSs—the auxetic hexagonal and
kirigami MetaMems—was compared to an equivalent CPS using a plain membrane. A
comparison ratio of ζ is defined as the sensitivity gain factor in order to evaluate the
sensitivity performance of the MPSs against the CPS (Equation (8)).

ζ =
SMPS
SCPS

(8)



Sensors 2022, 22, 1909 12 of 18

Sensors 2022, 22, x FOR PEER REVIEW 12 of 18 
 

 

es polarization across the piezo-element to generate voltage. Equation (7) was used to 
investigate the effect of the membrane design on the sensor sensitivity, 𝒮. 𝒮 = V/(𝜺𝟏𝟏 +  𝜺𝟐𝟐)2 (7)

In this simulation, the sensitivity of the three models were studied at the usable 
range of pressure amplitudes and frequencies. The optimum values calculated in the 
previous sections were used as the load resistance and membrane/MetaMem thickness. 
To predict a magnification factor for the proposed MPSs, their sensitivity was investi-
gated for different excitation frequencies and amplitudes in which the thin diaphragm 
film of the substrate was subjected to a bending movement caused by a harmonic pres-
sure of 1 to 10 kPa at a frequency range of 1648 (Hz) to 2472 (Hz). 

The effects of the pressure amplitude and frequency on the performance of the sim-
ulated sensors are illustrated in Figures 16 and 17. As is shown in Figure 16, the sensitiv-
ity of the three models decreases with the pressure amplitude. The applied frequency 
was kept constant at 1648 (Hz) when the pressure amplitude was varied (Figure 16). 

 
Figure 16. Sensitivity performance of the three simulated models in different pressure amplitudes. 

Furthermore, as shown in Figure 17, the sensitivity remains constant when the fre-
quency changes between 0.2fn and 0.3fn. When the frequency varied, the pressure am-
plitude was kept constant at 10 kPa (Figure 17). 

 

Figure 16. Sensitivity performance of the three simulated models in different pressure amplitudes.

Sensors 2022, 22, x FOR PEER REVIEW 12 of 18 
 

 

es polarization across the piezo-element to generate voltage. Equation (7) was used to 
investigate the effect of the membrane design on the sensor sensitivity, 𝒮. 𝒮 = V/(𝜺𝟏𝟏 +  𝜺𝟐𝟐)2 (7)

In this simulation, the sensitivity of the three models were studied at the usable 
range of pressure amplitudes and frequencies. The optimum values calculated in the 
previous sections were used as the load resistance and membrane/MetaMem thickness. 
To predict a magnification factor for the proposed MPSs, their sensitivity was investi-
gated for different excitation frequencies and amplitudes in which the thin diaphragm 
film of the substrate was subjected to a bending movement caused by a harmonic pres-
sure of 1 to 10 kPa at a frequency range of 1648 (Hz) to 2472 (Hz). 

The effects of the pressure amplitude and frequency on the performance of the sim-
ulated sensors are illustrated in Figures 16 and 17. As is shown in Figure 16, the sensitiv-
ity of the three models decreases with the pressure amplitude. The applied frequency 
was kept constant at 1648 (Hz) when the pressure amplitude was varied (Figure 16). 

 
Figure 16. Sensitivity performance of the three simulated models in different pressure amplitudes. 

Furthermore, as shown in Figure 17, the sensitivity remains constant when the fre-
quency changes between 0.2fn and 0.3fn. When the frequency varied, the pressure am-
plitude was kept constant at 10 kPa (Figure 17). 

 

Figure 17. Sensitivity performance against frequency of the three sensor models.

Sensors 2022, 22, x FOR PEER REVIEW 13 of 18 
 

 

Figure 17. Sensitivity performance against frequency of the three sensor models. 

In Figure 18, the sensitivity of the two proposed MPSs—the auxetic hexagonal and 
kirigami MetaMems—was compared to an equivalent CPS using a plain membrane. A 
comparison ratio of 𝜁 is defined as the sensitivity gain factor in order to evaluate the 
sensitivity performance of the MPSs against the CPS (Equation (8)). 𝜁 =  𝒮𝒮  (8)

Figure 18 illustrates the distribution of the sensitivity gain factor for the auxetic 
hexagonal and kirigami MPSs with varying applied pressure amplitudes and frequen-
cies. 

  
Figure 18. Distribution of the sensitivity gain factor for the hexagonal (left) and kirigami (right) 
MPSs. 

The two contours shown in Figure 18 prove that the sensitivity amplification re-
mains constant across different pressure amplitudes, which means the magnification 
factor is a function of the membrane/MetaMems geometry of the sensors, and is not de-
pendent on the excitation conditions. As a further evaluation, the sensitivity amplifica-
tion for both the auxetic hexagonal and kirigami MPSs was investigated at a wide range 
of frequency. As demonstrated in Figure 19, the sensitivity gain factor for the auxetic 
hexagonal and kirigami MPSs can reach up to 3.8 and 1.3, respectively. 

 
Figure 19. Sensitivity amplification of auxetic hexagonal and kirigami MPSs at different frequen-
cies. 

In order to explore reasons of such remarkable sensitivity enhancement and differ-
ent reactions to an identical excitation, first the stress distribution across the pie-

Figure 18. Distribution of the sensitivity gain factor for the hexagonal (left) and kirigami (right)
MPSs.

Figure 18 illustrates the distribution of the sensitivity gain factor for the auxetic
hexagonal and kirigami MPSs with varying applied pressure amplitudes and frequencies.

The two contours shown in Figure 18 prove that the sensitivity amplification remains
constant across different pressure amplitudes, which means the magnification factor is a
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function of the membrane/MetaMems geometry of the sensors, and is not dependent on
the excitation conditions. As a further evaluation, the sensitivity amplification for both
the auxetic hexagonal and kirigami MPSs was investigated at a wide range of frequency.
As demonstrated in Figure 19, the sensitivity gain factor for the auxetic hexagonal and
kirigami MPSs can reach up to 3.8 and 1.3, respectively.
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In order to explore reasons of such remarkable sensitivity enhancement and dif-
ferent reactions to an identical excitation, first the stress distribution across the piezo-
elements layer was obtained, and then the strain response of the plain membrane and two
metamembranes was investigated and compared. According to our sensitivity definition
(Equation (7)), the sensitivity of a pressure sensor depends on the stretchability of its mem-
brane and the voltage generated by its piezo-element. Hence, a simulation was developed
using COMSOL Multiphysics 3.5a software to investigate the sensitivity performance of
the three sensors when a sinusoidal pressure was applied on the surface of their substrate’s
diaphragm (Figure 2) along the Z-axis at 10 kPa and a frequency of 1648 (Hz). The thickness
of plain membrane and two MetaMems was also considered to be 0.25 mm.

For the pressure sensors, the voltage output was made by the piezo-element polariza-
tion along the Z-axis, and was proportional to the square root of optimal power output
(Equation (9)) [3].

VRMS =
√

RL Popt (9)

The RMS of the voltage output could be then obtained by substituting Equations (2)
and (4) into Equation (10) [4]:

VRMS =
tpd31

εT (σ11 + σ22) (10)

Table 5 summarizes the voltage output for all simulated sensors. The results showed
that the MPSs with the MetaMem generated more voltage compared to the CPS with the
plain membrane. Since the voltage output is related to the sum of the axial and lateral
stress tensors for the sensor’s piezo-element (Equation (8)), the stress distribution across the
piezo-element layer was also examined for the sensors in Table 4. This table demonstrates
that the mean value of stress across the PVDF of auxetic hexagonal and kirigami MetaMems
was greater than the plain CPS. The stress distribution across the PVDF of the three sensors
is shown in Figure 20g–i. The black lines were considered to show the original shape,
and the deformation in these figures is scaled up by 500 times for a better evaluation. As
observed in this figure, most of the area of the PVDF’s surface for the two MPSs experiences
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a higher level of stress compared to the CPS. The peak stress of 6.64 MPa, 4.98 MPa, and
4.56 MPa were observed in the hexagonal MPS, kirigami MPS, and CPS, respectively. It is
worth mentioning that these stress values are sufficiently below the yield strength of both
PVDF and PC (30–80 MPa) [46–48].

Table 5. Voltage output and longitudinal as well as transverse stresses for all simulated models.

Design —
σ11, MPa

—
σ22, MPa VRMS, V

Hexagonal 0.5 0.5 13.74
Kirigami 0.3 0.4 11.33

Plain 0.3 0.3 10.61

The membrane/MetaMem transfers the stress of the applied bending over the PVDF.
Therefore, we need to examine the strain performance of the membrane/MetaMem to
understand the stretchability of the MetaMem mechanism and its impact on the PVDF
stress distribution and voltage increase.

Furthermore, Figure 20a–c illustrate that the MPSs presents greater displacement along
the Z-axis compared to the CPS. The deformations are scaled up by 200 times for clarity.
From a structural standpoint, the displacement of the pressure sensors in the Z-axis are
caused by the membrane’s expansion in other directions (ε11 and ε22).

Since an auxetic design inherently enables structures to stretch more, we expect that
the two auxetic hexagonal and kirigami honeycombs provide a stretchability greater than
the plain membrane. The maximum longitudinal and transverse strains for the three
simulated models are tabulated in Table 6. As a result, the auxetic hexagonal and kirigami
meta-materials demonstrated remarkable longitudinal and transverse strain values. The
two proposed honeycombs help the flexible MetaMems to enrich the sensor stretchability
and transfer more strain energy to the piezo-element.

Table 6. Longitudinal and transverse strains for all simulated models.

Design ε11, µε ε22, µε

Hexagonal 468 475
Kirigami 228 236

Plain 188 194

In Figure 20d–f it can be also observed that the displacement fields of the metamaterials
are severely distorted by the auxetic hexagonal and kirigami honeycombs. In this Figure,
the deformation is scaled up by 1000 times for clarity, and the black lines were considered
to show the original shape.

There are many techniques to fabricate such pressure sensors. Usually, the fabrication
process includes iterations of film depositions, micro-patterning features, and etching to
create the desired layers of a sensor. Transfer printing is one of the fabrication methods
which enables a combination of materials with different properties onto flexible membranes.
Moreover, 3D printing and 4D printing are other techniques that can be achieved through
various additive manufacturing processes such as micro-stereolithography, multiphoton
lithography, laser chemical vapor deposition (LCVD), laser-induced forward transfer (LIFT),
and UV lithography [39,49–52].
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5. Conclusions

FEA was performed to determine the sensitivity enhancement of two proposed aux-
etic hexagonal and kirigami MPSs by using COMSOL Multiphysics 3.5a software. The
computational results demonstrated that the 3 dB bandwidth of the MPSs was two times
greater than the CPS, and the sensitivity gain factor for the auxetic hexagonal and kirigami
MPSs also reached up to 3.8 and 1.3, respectively, when their substrates were subjected
to a bending movement. In order to explore reasons of such a remarkable sensitivity
enhancement, the stress distribution across the PVDF layer as well as the strain response
of the MetaMems were investigated for the two proposed MPSs and, accordingly, their
results were compared to the CPS’s output. Since the two auxetic hexagonal and kirigami
honeycombs inherently enable MetaMems to stretch better, it was found that the MPSs
indicated a higher flexural deformation capability compared to the plain membrane. The
elastic energy from the substrate transfers to the PVDF layer by the diaphragm film. There-
fore, the stress across the PVDF layer will be increased as much as the strain response
of the diaphragm film increases. Numerical results showed that the auxetic hexagonal
MetaMem with 0.4 mε enhanced the strain capability of the sensor up to 4 times, compared
to plain membrane with 0.1 mε, when they were subjected to a harmonic pressure at a
frequency of 1648 (Hz) and 10 kPa. Accordingly, the average stresses of 0.5 MPa and
0.3 MPa were measured across the PVDF of the MPSs and CPS, respectively, enabling the
pressure sensor to generate the highest possible voltage output with a normalized voltage
index of 9.64%. The finite element modelling also showed that the magnification factor
remains approximately constant across different pressure amplitudes, which means it is
a function of the MetaMems geometry and does not depend on the excitation conditions.
This paper opens up great potential for using MetaMem applications for different flexible
sensor systems in wearable technologies.

Author Contributions: Conceptualization, S.F.; methodology, S.F.; software, S.F.; validation, S.F., G.G.
and J.-B.I.; formal analysis, S.F., G.G. and J.-B.I.; investigation, S.F.; resources, S.F., G.G. and J.-B.I.;
data curation, S.F., G.G. and J.-B.I.; writing—original draft preparation, S.F.; writing—review and
editing, S.F., G.G., J.-B.I.; visualization, S.F.; supervision, S.F., G.G. and J.-B.I.; project administration,
S.F., G.G. and J.-B.I. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Requests for access to the data of this research should be made to
Saman Farhangdoust.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Duan, S.; Wu, J.; Xia, J.; Lei, W. Innovation strategy selection facilitates high-performance flexible piezoelectric sensors. Sensors

2020, 20, 2820. [CrossRef]
2. Saman, F.; Georgeson, G.E.; Ihn, J.-B. Self-Powered Sensor Nodes for Structural Health Monitoring. U.S. Patent 17/334,845,

23 December 2021.
3. Yuxin, P.; Zhou, J.; Song, X.; Pang, K.; Samy, A.; Hao, Z.; Wang, J. A Flexible Pressure Sensor with Ink Printed Porous Graphene

for Continuous Cardiovascular Status Monitoring. Sensors 2021, 21, 485. [CrossRef]
4. Farhangdoust, S.; Georgeson, G.; Ihn, J.B.; Mehrabi, A. Embedded Metamaterial Subframe Patch for Increased Power Output of

Piezoelectric Energy Harvesters. J. Nondestruct. Eval. Diagn. Progn. Eng. Syst. 2021, 5, 1–9. [CrossRef]
5. Mazloomi, M.S.; Ranjbar, M.; Boldrin, L.; Scarpa, F.; Patsias, S.; Ozada, N. Vibroacoustics of 2D gradient auxetic hexagonal

honeycomb sandwich panels. Compos. Struct. 2018, 187, 593–603. [CrossRef]
6. Farhangdoust, S.; Georgeson, G.; Ihn, J.B.; Chang, F.K. Kirigami auxetic structure for high efficiency power harvesting in

self-powered and wireless structural health monitoring systems. Smart Mater. Struct. 2020, 1, 015037. [CrossRef]
7. Brunet, T.; Merlin, A.; Mascaro, B.; Zimny, K.; Leng, J.; Poncelet, O.; Aristégui, C.; Mondain-Monval, O. Soft 3D acoustic

metamaterial with negative index. Nat. Mater. 2015, 14, 384–388. [CrossRef]

http://doi.org/10.3390/s20102820
http://doi.org/10.3390/s21020485
http://doi.org/10.1115/1.4051492
http://doi.org/10.1016/j.compstruct.2017.10.077
http://doi.org/10.1088/1361-665X/abcaaf
http://doi.org/10.1038/nmat4164


Sensors 2022, 22, 1909 17 of 18

8. Walker, E.L.; Jin, Y.; Reyes, D.; Neogi, A. Sub-wavelength lateral detection of tis-sue-approximating masses using an ultrasonic
metamaterial lens. Nat. Commun. 2020, 11, 1–13. [CrossRef]

9. Zubov, Y.; Djafari-Rouhani, B.; Jin, Y.; Sofield, M.; Walker, E.; Neogi, A.; Krokhin, A. Long-range nonspreading propagation of
sound beam through periodic layered structure. Commun. Phys. 2020, 3, 1–8. [CrossRef]

10. Farhangdoust, S.; Georgeson, G.E.; Ihn, J.-E. Metamaterial-Based Substrate for Piezoelectric Energy Harvesters. U.S. Patent
16/907,192, 23 December 2021.

11. Farhangdoust, S.; Georgeson, G.; Ihn, J.B. MetaSub Piezoelectric Energy Harvesting. In Smart Structures and NDE for Industry 4.0,
Smart Cities, and Energy Systems; International Society for Optics and Photonics: Bellingham, WA, USA, 2020. [CrossRef]

12. Krushynska, A.O.; Kouznetsova, V.G.; Geers, M.G. Towards optimal design of locally resonant acoustic metamaterials. J. Mech.
Phys. Solids 2014, 71, 179–196. [CrossRef]

13. Jin, L.; Forte, A.E.; Deng, B.; Rafsanjani, A.; Bertoldi, K. Kirigami-Inspired Inflatables with Programmable Shapes. Adv. Mater.
2020, 32, 2001863. [CrossRef]

14. Babaee, S.; Pajovic, S.; Rafsanjani, A.; Shi, Y.; Bertoldi, K.; Traverso, G. Bioinspired kirigami metasurfaces as assistive shoe grips.
Nat. Biomed. Eng. 2020, 4, 778–786. [CrossRef] [PubMed]

15. Kelkar, P.U.; Kim, H.S.; Cho, K.H.; Kwak, J.Y.; Kang, C.Y.; Song, H.C. Cellular auxetic structures for mechanical metamaterials: A
review. Sensors 2020, 20, 3132. [CrossRef] [PubMed]

16. Ranjbar, M.; Boldrin, L.; Scarpa, F.; Neild, S.; Patsias, S. Vibroacoustic optimization of anti-tetrachiral and auxetic hexagonal
sandwich panels with gradient geometry. Smart Mater. Struct. 2016, 25, 054012. [CrossRef]

17. Easey, N.; Chuprynyuk, D.; Musa, W.W.; Banks, A.; Dobah, Y.; Shterenlikht, A.; Scarpa, F. Dome-shape auxetic cellular
metamaterials: Manufacturing, modelling and testing. Front. Mater. 2019, 6, 86. [CrossRef]

18. Li, F.; Hu, R. Metamaterials-enabled sensing for human-machine interfacing. Sensors 2021, 21, 161. [CrossRef]
19. Paxton, N.C.; Daley, R.; Forrestal, D.P.; Allenby, M.C.; Woodruff, M.A. Auxetic tubular scaffolds via melt electrowriting. Mater.

Des. 2020, 193, 108787. [CrossRef]
20. Taherkhani, B.; Azizkhani, M.B.; Kadkhodapour, J.; Anaraki, A.P.; Rastgordani, S. Highly sensitive, piezoresistive, silicone/carbon

fiber-based auxetic sensor for low strain values. Sens. Actuators A Phys. 2020, 305, 111939. [CrossRef]
21. Brooks, A.K.; Chakravarty, S.; Ali, M.; Yadavalli, V.K. Kirigami-inspired Biodesign for Applications in Healthcare. Adv. Mater.

2020, 2109550. [CrossRef]
22. Tang, Y.; Yin, J. Design of cut unit geometry in hierarchical kirigami-based auxetic metamaterials for high stretchability and

compressibility. Extrem. Mech. Lett. 2017, 12, 77–85. [CrossRef]
23. Chen, Y.W.; Wang, K.; Ho, C.C.; Kao, C.T.; Ng, H.Y.; Shie, M.Y. Cyclic Tensile Stimulation Enrichment of Schwann cell-laden

auxetic hydrogel scaffolds towards peripheral nerve tissue engineering. Mater. Des. 2021, 108982. [CrossRef]
24. Farhangdoust, S.; Georgeson, G.; Ihn, J.B.; Aghaei, S.M.; Laflamme, S. Bio-Inspired Metasurface Skin to Enhance the Performance

of Blue Energy Harvesting. In Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems; International
Society for Optics and Photonics: Bellingham, WA, USA, 2021; Volume 11591, p. 115911D.

25. Francesconi, L.; Baldi, A.; Dominguez, G.; Taylor, M. An investigation of the enhanced fatigue performance of low-porosity
auxetic metamaterials. Exp. Mech. 2020, 60, 93–107. [CrossRef]

26. Choi, G.P.; Dudte, L.H.; Mahadevan, L. Programming shape using kirigami tessellations. Nat. Mater. 2019, 18, 999–1004.
[CrossRef] [PubMed]

27. Le, D.H.; Xu, Y.; Tentzeris, M.M.; Lim, S. Transformation from 2D meta-pixel to 3D meta-pixel using auxetic kirigami for
programmable multifunctional electromagnetic response. Extrem. Mech. Lett. 2020, 36, 100670. [CrossRef]

28. Hu, N.; Chen, D.; Wang, D.; Huang, S.; Trase, I.; Grover, H.M.; Yu, X.; Zhang, J.X.; Chen, Z. Stretchable kirigami polyvinylidene
difluoride thin films for energy harvesting: Design, analysis, and performance. Phys. Rev. Appl. 2018, 9, 021002. [CrossRef]

29. Khan, K.A.; Muhammad, A.K. 3-3 piezoelectric metamaterial with negative and zero Poisson’s ratio for hydrophones applications.
Mater. Res. Bull. 2019, 112, 194–204. [CrossRef]

30. Fey, T.; Eichhorn, F.; Han, G.; Ebert, K.; Wegener, M.; Roosen, A.; Kakimoto, K.I.; Greil, P. Mechanical and electrical strain response
of a piezoelectric auxetic PZT lattice structure. Smart Mater. Struct. 2015, 25, 015017. [CrossRef]

31. Farhangdoust, S. Auxetic Cantilever Beam Energy Harvester. In Smart Structures and NDE for Industry 4.0, Smart Cities, and Energy
Systems; International Society for Optics and Photonics: Bellingham, WA, USA, 2020. [CrossRef]

32. Khan, K.A.; Al-Mansoor, S.; Khan, S.Z.; Khan, M.A. Piezoelectric Metamaterial with Negative and Zero Poisson’s Ratios. J. Eng.
Mech. 2019, 145, 04019101. [CrossRef]

33. Li, Q.; Kuang, Y.; Zhu, M. Auxetic piezoelectric energy harvesters for increased electric power output. AIP Adv. 2017, 7, 015104.
[CrossRef]

34. Sun, R.; Zhang, B.; Yang, L.; Zhang, W.; Farrow, I.; Scarpa, F.; Rossiter, J. Kirigami stretchable strain sensors with enhanced
piezoelectricity induced by topological electrodes. Appl. Phys. Lett. 2018, 112, 251904. [CrossRef]

35. Yong, K.; De, S.; Hsieh, E.Y.; Leem, J.; Aluru, N.R.; Nam, S. Kirigami-inspired strain-insensitive sensors based on atomically-thin
materials. Mater. Today 2019, 34, 58–65. [CrossRef]

36. Kim, J.M.; Cho, C.; Hsieh, E.Y.; Nam, S. Heterogeneous deformation of two-dimensional materials for emerging functionalities. J.
Mater. Res. 2020, 35, 1369–1385. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-020-19591-2
http://doi.org/10.1038/s42005-020-00422-1
http://doi.org/10.1117/12.2559331
http://doi.org/10.1016/j.jmps.2014.07.004
http://doi.org/10.1002/adma.202001863
http://doi.org/10.1038/s41551-020-0564-3
http://www.ncbi.nlm.nih.gov/pubmed/32483298
http://doi.org/10.3390/s20113132
http://www.ncbi.nlm.nih.gov/pubmed/32492946
http://doi.org/10.1088/0964-1726/25/5/054012
http://doi.org/10.3389/fmats.2019.00086
http://doi.org/10.3390/s21010161
http://doi.org/10.1016/j.matdes.2020.108787
http://doi.org/10.1016/j.sna.2020.111939
http://doi.org/10.1002/adma.202109550
http://doi.org/10.1016/j.eml.2016.07.005
http://doi.org/10.1016/j.matdes.2020.108982
http://doi.org/10.1007/s11340-019-00539-7
http://doi.org/10.1038/s41563-019-0452-y
http://www.ncbi.nlm.nih.gov/pubmed/31435070
http://doi.org/10.1016/j.eml.2020.100670
http://doi.org/10.1103/PhysRevApplied.9.021002
http://doi.org/10.1016/j.materresbull.2018.12.016
http://doi.org/10.1088/0964-1726/25/1/015017
http://doi.org/10.1117/12.2559327
http://doi.org/10.1061/(ASCE)EM.1943-7889.0001674
http://doi.org/10.1063/1.4974310
http://doi.org/10.1063/1.5025025
http://doi.org/10.1016/j.mattod.2019.08.013
http://doi.org/10.1557/jmr.2020.34
http://www.ncbi.nlm.nih.gov/pubmed/32572304


Sensors 2022, 22, 1909 18 of 18

37. Sun, R.; Carreira, S.C.; Chen, Y.; Xiang, C.; Xu, L.; Zhang, B.; Chen, M.; Farrow, I.; Scarpa, F.; Rossiter, J. Stretchable Piezoelectric
Sensing Systems for Self-Powered and Wireless Health Monitoring. Adv. Mater. Technol. 2019, 4, 1900100. [CrossRef]

38. Lee, H.C.; Hsieh, E.Y.; Yong, K.; Nam, S. Multiaxially-stretchable kirigami-patterned mesh design for graphene sensor devices.
Nano Res. 2020, 13, 1406–1412. [CrossRef]

39. Fernandez, S.V.; Cai, F.; Chen, S.; Suh, E.; Tiepelt, J.; McIntosh, R.; Marcus, C.; Acosta, D.; Mejorado, D.; Dagdeviren, C. On-
Body Piezoelectric Energy Harvesters through Innovative Designs and Conformable Structures. ACS Biomater. Sci. Eng. 2021.
[CrossRef]
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