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Abstract

Objective: Accurately capturing signals from healthcare devices worn on the body is 
vital for health monitoring, a field of growing interest. A flexible polyvinylidene fluoride 
(PVDF)-based piezoelectric sensor has been chosen for wearable applications. This study 
aims to optimize PVDF sensor performance by focusing on structural design. Methods: 
According to piezoelectric theory, this paper presents a mathematical expression system 
centered on the first-order piezoelectric equation, which describes the relationship 
between the electric displacement, the quantity of charge, and the output voltage of 
the PVDF film under strain. The study focuses on the features of weak physiological 
signals in the human body to establish a multi-layer shell structure finite element model 
using COMSOL Multiphysics. The analysis covers the electric displacement field mode, 
output charge, electric potential, and uniformity of stress distribution. We systematically 
investigated the impact of PVDF piezoelectric layer area, shape, thickness, and 
encapsulation materials on sensor performance using the controlled variable method. 
Results: As the area increases, the sensitivity and stress uniformity improve. Rectangular 
shapes exhibit more uniform stress distribution than circular shapes, and raising the 
aspect ratio within a certain range further enhances stress uniformity while maintaining 
comparable sensitivity. Increasing the thickness of the piezoelectric layer raises the 
electrical potential. Flexible encapsulation materials can provide higher sensitivity than 
rigid materials but are more susceptible to stress concentration. Conclusion: This paper 
finds the best structural form and parameter adjustment range of the PVDF sensor, which 
can provide a theoretical basis and numerical references for designing high-performance 
wearable sensors.

Keywords: Polyvinylidene fluoride flexible sensor, Wearable sensing technology, COM-
SOL simulation, Piezoelectric effect

Highlights

● Established potential displacement-charge-voltage relation for polyvinylidene fluoride by means of the first-order piezoelectric 
equation.

● Applied COMSOL multilayer shell model and multiphysics coupling for calculating the interlayer stress and electric displacement 
field.

● Structurally explored how changes to structural parameters impacted sensor performance through the control variable method.
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1 INTRODUCTION

Due to the increasing social demand for daily health monitor-
ing, wearable sensing technology is widely recognized and is 
gradually becoming a major direction of development in medi-
cal diagnosis. Among the different types of wearable sensors, 
piezoelectric, piezoresistive, capacitive, and triboelectric sen-
sors have the best application prospects [1, 2]. Piezoelectric 
materials have obvious self-powered characteristics and low 
energy consumption, which can meet the needs of long-term 
health monitoring, exercise physiology parameter monitoring, 
and non-invasive monitoring for chronic disease patients [3-5]. 
Sensors made with piezoelectric material, as shown in Figure 
1A, can convert mechanical energy into electrical energy via 
the piezoelectric effect when subjected to mechanical force [6, 
7]. Traditional piezoelectric materials mostly use rigid ceram-
ics such as lead zirconate titanate and lead titanate. Though 
highly sensitive, these devices are fragile, and there is a bio-
compatibility problem that affects comfort; results can also be 
inaccurate if they do not adhere properly [8, 9]. To tackle these 
shortcomings, flexible sensors have become an important 
direction for development. In 1969, Kawai discovered the 
piezoelectricity of polyvinylidene fluoride (PVDF), whose 
polarized film has a piezoelectric coefficient as high as 6-7 
pC/N—ten times that of any other polymer [10]. As can be seen 
from Figure 1B, PVDF is becoming a popular material for 
flexible wearable sensors because of its good piezoelectric 
property, flexibility, biocompatibility, and cost-effectiveness 
[11-13].

In recent years, a lot of research has proved that PVDF can 
be used for wearable applications. Ghosh et al. developed a 
Pt-PVDF piezoelectric nanogenerator that served as a static 
strain-sensitive wearable tactile sensor [14]. Yang et al. created 
a self-powered, breathable, high-performance flexible wearable 
sensor using an electrospun polarized PVDF-barium titanate 
membrane and a Ni fabric electrode [15]. The physiological sig-
nals of the human body are mostly weak and easily interfered 
with, so high sensor sensitivity is required. To improve the 
piezoelectric properties of PVDF, most studies aim at increas-
ing the β-phase content [16]. Electrospinning is a commonly 
used method. He et al. found that by controlling process, solu-
tion, and environmental parameters, PVDF molecular dipoles 
can be oriented to significantly increase the β-phase fraction 
and crystallinity [17]. Adding nanofillers can also significantly 
increase the proportion of β-phase. Parangusan et al. noticed 
that increasing the amount of Co-ZnO nanofillers in the PVDF-
hexafluoropropylene matrix raised the quantity of crystalline 
β-phase, leading to a dramatic increase in the output voltage of 
the flexible nanogenerator [18]. Islam et al. used 3D printing to 
fabricate PVDF-MoS2 composites and achieved in-situ dipole 
alignment through shear stress, which increased the piezoelec-
tric coefficient eightfold relative to pure PVDF, correlating with 
an increased β-phase volume fraction [19]. Structural optimi-
zation has also been studied. Liu et al. built a multiscale porous 

structure, as shown in Figure 1C, and combined it with corona 
polarization to produce an electret effect and improve sensor 
performance [20]. Xue et al. designed a cylindrical arch struc-
ture to optimize PVDF film deformation and enhance the sen-
sor’s signal acquisition capacity [21]. Kim et al. developed an 
air-expansion approach to create dome-shaped PVDF films 
(Figure 1D) and fabricated a dome-shaped 4×4 array tactile 
sensor, finding that dome-shaped sensors are more sensitive 
than planar ones [22]. Yan et al. built a basic PVDF simulation 
model and changed the length, width, and height of the PVDF 
structure to study the effect of structural parameters on sensor 
sensitivity, as shown in the stress distribution results in Figure 
1E [23]. Wang et al. proposed external strategies like electrode 
design and stress modification, offering new ways to improve 
PVDF sensor performance [24]. These studies provide practi-
cal technical pathways for developing the next generation of 
comfortable and efficient wearable health monitoring devices.

However, despite some achievements in material composites 
and structural design in current research, systematic studies on 
structural optimization bottleneck issues in the wearable field 
remain insufficient. Therefore, based on the demands of wear-
able health monitoring, and in accordance with the structural 
characteristics of PVDF piezoelectric properties, this paper 
proposes an innovative method: by establishing a multilayer 
shell finite element model in COMSOL Multiphysics, the 
impact of sensor area, shape, thickness, and encapsulation 
material on stress distribution and electric displacement output 
is investigated. This method explores an optimized sensor 
structure suitable for wearable applications. Compared with 
traditional trial-and-error experimentation, it greatly reduces 
research and development costs and cycle time, and more effi-
ciently identifies the optimal structural configuration. More- 
over, it reveals the coupling relationship between piezoelectric 
effects and structure parameters, providing a theoretical refer-
ence for designing high-performance wearable sensors.

2 MATERIALS AND METHODS

2.1 Piezoelectric effect of PVDF film sensors

The finding of the piezoelectric effect is traced back to when 
the Curie brothers first found an unusual electromechanical 
phenomenon while working with a quartz crystal. When an 
electric field is applied to the crystal, it deforms; conversely, 
when a mechanical load is applied, surface charges are gener-
ated. As for the features of PVDF thin-film sensors, their gen-
eral structure is a layered thin film. The thickness direction 
(usually the 3-axis direction) is the polarization direction, with 
electrodes deposited on the top and bottom surfaces. When 
subjected to a load, charge separation along the polarization 
direction generates equal but opposite charges on the upper and 
lower surfaces. This is known as the direct piezoelectric effect. 
As shown in Figure 2, polarization occurs along the thickness 
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Figure 1. Schematic diagram related to the development of PVDF sensors. (A) Schematic of the piezoelectric sensor principle; (B) Flexural 
characteristics of PVDF piezoelectric film; (C) Preparation of multi-scale porous P(VDF-TrFE) film; (D) Structure of a 4×4 array tactile sen-
sor; (E) Stress distribution along the length, width, and height of the PVDF film. PVDF, polyvinylidene fluoride; P(VDF-TrFE), poly(vinylidene 
fluoride‑trifluoroethylene).

Figure 2. Schematic of the positive piezoelectric effect in PVDF 
film. PVDF, polyvinylidene fluoride.

direction; applying a load results in positive charge accumula-
tion on the upper surface and negative charge on the lower 
surface.

To quantitatively characterize this electromechanical conver-
sion mechanism, a comprehensive mathematical framework 
must be established. Under the assumption of linear material 
response, this can be expressed via matrix equations, typically 
employing the first-order piezoelectric equation [25-27]:
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Where D (C/m2) is the electric displacement vector, x is the 
strain tensor; E (V/m) is the electric field intensity vector, X 
(Pa) is the stress tensor; εX represents the dielectric constant 
matrix under constant stress, sE represents the elastic modulus 
matrix under constant electric field, d denotes the piezoelectric 
strain coefficient matrix, and dT is the transpose of d. This equa-
tion describes the bidirectional energy conversion mechanism 
of piezoelectric materials.

When PVDF is applied to thin-film sensors, no external elec-
tric field is present. Under such conditions, the general equation 
(1) reduces to the following form [26]:
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Expanding equation (2) using Voigt notation yields [27]:
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In the equation, D1, D2, D3 denote the components of the elec-
tric displacement vector, describing the charge density distri-
bution along the corresponding axes; X1, X2, X3 denote the nor-
mal stress components, characterizing tensile or compressive 
stress along each principal direction; X4, X5, X6 denote the shear 
stress components, describing the in-plane shear deformation 
forces acting on the material.

The thickness of PVDF film sensors is far smaller than their 
in-plane dimensions, making direct measurement of in-plane 
displacement components D1 and D2 challenging. Conversely, 
D3 can be directly acquired via the upper and lower electrodes, 
representing an effective physical quantity directly correlated 
with the sensor’s output signal. Considering measurement fea-
sibility and practical application requirements, we focus on D3 
and simplify it as [23]:

D3 = d31X1 + d32X2 + d33X3                                                                                                     (4)

The surface charge density σ=D3 on the electrode plane, and 
the total accumulated surface charge Q can be expressed as:

Q dA D A38= =v                                                                       (5)

From a circuit standpoint, the PVDF film structure can be seen 
as a parallel-plate capacitor, whose capacitance C is a function 
of the dielectric properties and dimensions of the material:

C h
A0 r= f f                                                                              (6)

Where ε0 is the vacuum permittivity, εr is the relative permit-
tivity of PVDF, A is the film area, and h is the film thickness. 
This yields an expression for the output voltage U across the 
electrodes:

U C
Q D h

0
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r

= =
f f

                                                                         (7)

According to the piezoelectric mechanism, structural configu-
ration, and mathematical modeling of the PVDF film sensor, a 
clear relationship among the electrical displacement, accumu-
lated charge, and output voltage has been established.

2.2 COMSOL simulation preparation

2.2.1 Constitutive equation simulation implementation

To convert the above theoretical model into a practical simula-
tion method in COMSOL Multiphysics, we need to specify the 
form of the governing equations to be implemented. For appli-
cations dominated by the direct piezoelectric effect, like PVDF 
thin-film sensor, the “strain-charge” formulation should be 
chosen. The fundamental governing system consists of three 
physical equations [28, 29].

Dynamic equilibrium equation:

t
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Where ρ is the density of PVDF, t
u
2

2

2

2  is the acceleration vector, 
∇●S is the divergence of the stress tensor S, and Fv is the volume 
force vector. This equation describes the mechanical vibration 
response of the film and serves as the foundation for analyzing 
deformation due to load.

Electrostatic Gauss’s law:

D v$d = t                                                                                  (9)

Where ∇●D is the divergence of the electric displacement vector 
D and ρv is the free charge density. This equation governs how 
the electric displacement field distributes in space with respect 
to free charges.

Electromechanical coupling constitutive relations:
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Where c is the elastic stiffness tensor, e is the piezoelectric 
stress constant tensor, and ε is the total strain tensor. This is the 
basic system of equations for electromagnetic coupling. The 
former refers to the mechanical response “strain → stress”, 
whereas the latter one is the piezoelectric effect “strain → elec-
tric displacement”. This creates a direct correlation between 
PVDF film deformation and electrical signal output, thereby 
transforming mechanical load into an electrical quantity.

According to the derivation and theory of the above piezoelec-
tric equation, the material parameters of PVDF must be defined 
to establish a successful simulation model in COMSOL. These 
parameters include density, elastic modulus matrix, piezoelec-
tric strain constant matrix, and free relative permittivity. They 
govern PVDF’s electromechanical response characteristics, 
and must satisfy the complete tensor description for an ortho-
tropic anisotropic material [28]. The selected parameter values 
are shown in Table 1.

2.2.2 Construction of the multilayer shell model

PVDF sensors typically feature a multilayer planar structure. 
As shown in Figure 3, the configuration comprises five layers: 
upper and lower encapsulation layers, a PVDF piezoelectric 
layer, and two intermediate electrode layers. The electrode lay-
ers serve to conduct charge [11, 30]. Given that this study focus-
es on the influence of piezoelectric-layer structural parameters 
and encapsulation-material selection on sensor performance, 
and considering that the electrode-layer thickness is extremely 
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Table 1. Key PVDF material parameters used in the simulation
Density ρ (kg/m3) Piezoelectric constant d31 (C/N) Piezoelectric constant d32 (C/N) Piezoelectric constant d33 (C/N) Relative permittivity εᵣ
1,780 1.358×10-11 1.476×10-12 -3.380×10-11 7.74
Note: PVDF, polyvinylidene fluoride.

Figure 3. Multilayer structure of the PVDF sensor. PVDF, polyvinylidene fluoride.

thin (typically 6 μm), its effect on the overall stress distribution 
can be neglected. The simulation model can thus be simplified 
to a three-layer structure consisting of the upper and lower 
encapsulation layers with the PVDF piezoelectric layer in 
between.

To construct this configuration in the COMSOL environment, 
a multilayer shell model is employed. The theoretical basis for 
such modeling primarily includes layered theory and equiva-
lent single-layer theory. Since this study requires accurate cal-
culation of stress and electric displacement in each layer, lay-
ered theory is adopted as basic modeling way. Layered theory 
solves equations in the direction of thickness, making it suit-
able for the analysis of composite shell structures of medium 
thickness and above. It uses a solid-like formulation that dis-
tributes the degrees of freedom over three displacement com-
ponents along the thickness direction [31]. This feature allows 
it to fully assess stress and strain distributions within each 
layer, correctly forecasting interlaminar stresses and delamina-
tion phenomena. For the present study, this approach enables a 

detailed examination of stress transfer and inter-
actions between the PVDF piezoelectric layer 
and the encapsulation layers, as well as within 
the PVDF layer itself. It also provides insight 
into how each material deforms under loading. 
Such comprehensive data support the analysis 
of how the electric displacement field correlates 
with interlayer stress.

2.2.3 Sensor design parameters and boundary 
condition settings

In this study, it is found that area, shape, thick-
ness and encapsulation material of the sensor’s 
piezoelectric layer are the most important pa- 
rameters. Area is chosen between 1 and 25 cm2. 
An excessively small area hampers the capture 
of broad-range signals like breathing and body 
motion, while an overly large area could cause 
non-uniform strain because of insufficient bon- 
ding space and increase wearing discomfort. 
Common sensor shapes include circular and 
rectangular geometries. Several standard PVDF 
thicknesses are available: 28 μm, 52 μm, and 110 
μm, among others. Thinner films (e.g., 28 μm) 
offer greater comfort, whereas thicker ones (e.g., 
110 μm) tend to provide higher sensitivity. 
Common encapsulation materials are polyethyl-
ene terephthalate (PET), polydimethylsiloxane 

(PDMS), nylon, polyimide (PI), and polyvinyl alcohol (PVA) 
[1]. Different encapsulation materials can significantly affect 
sensor performance. The material parameters used for the five 
encapsulation materials in this study are listed in Table 2.

After determining the sensors’ parameters and selecting the 
encapsulation materials, the simulation boundary conditions 
are established to simulate real-world conditions. A fixed con-
straint is applied to the bottom surface to simulate skin contact, 
restricting both translational and rotational movement. A con-
stant pressure of 1,000 Pa is applied on the top surface, corre-
sponding approximately to the minimum pressure detectable 
by human fingers [32].

2.3 COMSOL simulation workflow

After the above preparations are completed, the model can be 
built. First, select “Geometry” and draw rectangles or circles 
to make up a composite structure. Under “Materials”, add 
multilayer material. Assign PVDF to the middle layer and the 

Table 2. Fundamental parameters of different encapsulation materials
Material Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio
PET 1,400 3,100 0.34
PDMS 970 7.50 0.49
Nylon 1,150 2,000 0.40
PI 1,400 3,100 0.34
PVA 1,300 3,000 0.35
Note: PET, polyethylene terephthalate; PDMS, polydimethylsiloxane; PI, polyimide; 
PVA, polyvinyl alcohol.
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Figure 4. Multilayer shell structure preview. (A) Layer cross-section; (B) Layer stacking. PET, polyethylene terephthalate.

Figure 5. Mesh partitioning of multilayer shell model. (A) Rectangular; (B) Circular.

chosen encapsulation material to the top and bottom layers. 
Parameters for each layer like its thickness, elastic modulus, 
Poisson’s ratio, and piezoelectric constant are then set. Finally, 
the “Layer Cross-Section Preview” and “Layer Stacking Pre- 
view” functions can be used to visualize the multilayer shell 
structure, as shown in Figure 4.

The model setup is completed and boundary conditions are 
applied. First, the “Multilayer Shell” and “Current in Multilayer 
Shell” physics interfaces are added to form the basis for multi-
physics coupling. Under the “Multilayer Shell” node, the fol-
lowing features are added: “Piezoelectric Material”, “Fixed 
Constraint”, and “Surface Load”. For “Piezoelectric Material”, 
“Layer 2” is selected with the constitutive relationship set to 
“Strain-Charge”. The option “Maintain out-of-plane material 
orientation unchanged” is enabled to keep polarization aligned 
along the Z-axis. A “Fixed Constraint” is applied to “Layer 3” 
(upward direction). For “Surface Load”, “Downward on Layer 
1” is chosen and a value of 1,000 Pa is entered. Under the 
“Current in Multilayer Shell” node, “Insulating Layer” and 
“Piezoelectric Layer” are added. “Layer 1” and “Layer 3” are 
assigned as “Insulating Layer”, while “Layer 2” is defined as 
the “Piezoelectric Layer”. If required, a “Ground” condition 
can be added under the “Piezoelectric Layer” node. When cal-
culating surface potential and stress, “Layer 2-Layer 3” is set as 

grounded. The surface displacement field modulus and output 
charge are then computed. For charge-related outputs, both 
“Layer 1-Layer 2” and “Layer 2-Layer 3” interfaces are 
grounded.

After applying the boundary conditions, the mesh is generated. 
Mesh quality is directly related to the accuracy of the simula-
tion. In this study, a mapped mesh is used, as shown in Figure 
5. Mapped meshing allows precise control of element size and 
distribution, resulting in high-quality, uniformly distributed 
elements [33].

After completing the mesh generation, a steady-state study is 
selected to perform the simulation and obtain the required 
performance metrics. Under the “Dataset” node, “Multilayer 
Material” is added, and the calculation location is set to 
“Interface”. After completing the interface selection, the 
“Multilayer Material” dataset is chosen under the “Derived 
Values” node. By inputting the calculation expressions shown 
in Table 3, the average, maximum, and minimum values of 
the electric displacement field modulus, electric potential, and 
stress for each layer can be precisely computed, along with the 
output charge—i.e., the integral value of the electric displace-
ment field modulus.
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Table 3. Computational expressions for performance metrics
Performance metric Expression Unit
Electric displacement field modulus ecis.normD C/m2

Electric potential V2 mV
Normal stress X1 lshell.sp1 N/m2

Normal stress X2 lshell.sp2 N/m2

Normal stress X3 lshell.sp3 N/m2

3 RESULTS

3.1 Simulation results of the basic model

To prove the rationality of the simulation model and methodol-
ogy, a basic sensor model is set up using 9 cm2 area, a 28 μm 
thickness and 60 μm thick PET encapsulating material. 
According to the “COMSOL simulation workflow” described 
above, the electric displacement field distribution (Figure 6A), 
electric potential distribution (Figure 6B), and stress distribu-
tion on the upper surface of the multilayer shell piezoelectric 
layer (Figure 6C) under static condition are obtained through 
COMSOL simulation. As shown in Figure 6A, under stress the 
piezoelectric layer has identical electric displacement field 
modulus on both the upper and lower surfaces. The arrow 
direction indicates the direction of the electric displacement 
field on the surface of the piezoelectric layer, which is generally 
downward. Near the edges, however, affected by the boundary 
of the multilayer shell and the material interface, the direction 
of the electric displacement field is not parallel to the electric 
field direction but has a certain deflection angle. As can be seen 
in Figure 6B, the potential of the top and bottom insulating 
layers remains constant. The lower surface of the piezoelectric 
layer is grounded, so its potential is almost 0 mV. On the upper 
side, polarization charges accumulate, creating a potential dif-
ference relative to the lower side, reaching up to 9.54 millivolts. 
Figure 6C shows a non-uniform stress distribution in the 
piezoelectric layer. Stress components in different directions 
exhibit distinct color gradients in the plane, with a pronounced 
difference between the edge and center regions. The average 
values of the surface electric displacement field modulus, out-
put charge, electric potential, and stress components X1, X2, and 
X3 are summarized in Table 4.

Substituting the simulated stress values X1, X2, X3 and piezo-
electric constants into equation (4), the electric displacement 
field modulus is calculated as:

D3 = d31X1 + d32X2 + d33X3 = 2.283×10-8 C/m2                                                 (11)

Compared with the simulated electric displacement field mo- 
dulus of 2.253×10-8 C/m2, the calculation error rate is:

2.283 10

2.283 10 2.253 10
100% 1.31%error rate 8

8 8-
#

# #
#= =-

- -

   (12)

Using equations (5), (6), and (7), the calculated charge output is 
20.547 pC and the potential is 9.335 mV, with relative errors of 
1.29% and 0.45%, respectively—both below 5%. These results 
indicate that the simulation model accurately captures the cou-
pling between the piezoelectric effect and the stress field, vali-
dating the model and analysis methodology. 

To analyze the linearity of the sensor under varying loads, the 
load was successively set to 0, 100, 200, 300, 400, 500, 600, 
700, 800, 900, and 1,000 Pa. The surface potential of the piezo-
electric layer was measured at each load step, yielding the 
results shown in Figure 7. A linear fit of upper surface poten-
tial versus load gives the relationship y=0.0095x, with R2=0.99. 
Indicating a very high degree of linear correlation between the 
sensor output and the applied external load.

3.2 Parameter optimization of multilayer shell structures

Based on the simulation results of the baseline model, sensitiv-
ity, stress distribution uniformity, and linearity are key metrics 
for evaluating sensor performance. Sensitivity is characterized 
by three indicators: the electric displacement field magnitude 
on the upper surface of the piezoelectric layer, the output charge 
quantity, and the electric potential. The electric displacement 
field pattern represents the charge generation capacity per unit 
stressed area, the output charge quantity represents the total 
charge output, and the electric potential represents the voltage 
signal strength formed by the accumulated charges [34, 35]. 
Stress distribution uniformity refers to the uniformity of the 
stress distribution on the upper surface of the piezoelectric 
layer under external load. Uniform stress distribution can 
ensure consistent piezoelectric conversion efficiency and help 
avoid the problems such as signal distortion, sensitivity change, 
and structural fatigue failure caused by concentrated stress. 
Maintaining uniform stress is therefore critical for sensor accu-
racy, stability and durability [36, 37]. Since the piezoelectric 
effect of this sensor is primarily determined by X1, X2, and X3, 
the uniformity of stress distribution can be quantified by calcu-
lating the standard deviation of these three components. A 
smaller standard deviation indicates more uniform distribution 
of stress in that direction and better overall sensor performance. 
Linearity shows the proportional connection between the out-
put signal and the input load, which is important for ensuring 
measurement accuracy [34]. 

Based on the parameters outlined in Section 2.2.3 “Sensor 
design parameters and boundary condition settings”—namely 
piezoelectric-layer area, shape, thickness, and encapsulation 
material—an optimization strategy can be formulated. To eval-
uate the individual effect of each structural parameter on sen-
sor performance, a controlled‑variable approach is adopted. 
This involves keeping all variables constant except the one 
under investigation. Simulations are conducted sequentially by 
varying the area, shape, thickness, and encapsulation material, 
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while recording the corresponding changes in performance 
metrics. A comparative analysis of these results identifies the 
optimal range for each parameter, providing a quantitative 
basis for structural optimization of the sensor. Furthermore, 
subsequent simulations reveal that adjusting these structural 
parameters does not significantly alter the sensor’s linear char-
acteristic, which remains consistently high. This confirms the 
stability of linearity within the current structural framework 

and establishes a reliable benchmark for subsequently optimiz-
ing sensitivity and evenness of the stress distribution.

3.2.1 Analysis of piezoelectric layer structure impact on 
sensor performance

To investigate the influence of area on sensor performance, the 
thin film area is changed according to the model in the Section 

Figure 6. Simulation results for the base model. (A) Electric displacement field distribution of the multilayer shell piezoelectric layer: (i) Front 
view; (ii) Upper surface; (iii) Lower surface; (iv) Side view. (B) Electric potential distribution of the multilayer shell piezoelectric layer: (i) Upper 
surface; (ii) Lower surface. (C) Stress distribution on the upper surface of the multilayer shell piezoelectric layer: (i) Stress X1; (ii) Stress X2; (iii) 
Stress X3.
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sitivity of the piezoelectric conversion. In terms of stress distri-
bution uniformity, the standard deviations of stress in all three 
directions are smaller for the rectangular sensor than for the 
circular sensor, by factors ranging from 1 to 8. This shows that 
under external loading, the circular sensor exhibits much poor-
er directional consistency in stress distribution and is more 
prone to issues such as local stress concentration.

Building upon the rectangular shape, the aspect ratio is varied 
to investigate its influence on sensitivity and stress distribution; 
the results are presented in Table 7. Concerning sensitivity, the 
modulus of the electric displacement field is constant across 
different aspect ratios. Both the output charge and the electric 
potential have a slight decreasing trend as the aspect ratio 
increases, although the numerical differences are minor. This 
means that changes in aspect ratio do not significantly affect the 
piezoelectric conversion sensitivity of the sensor. For the stress 
distribution uniformity, the standard deviations of stresses in 
three directions reduce continuously with increasing aspect 
ratios, with the most pronounced decrease found in X1. These 
results suggest that properly enhancing the aspect ratio 
improves the evenness of the stress distribution and helps miti-
gate local stress concentration.

To investigate the effect of thickness on sensor performance, 
simulations are carried out under fixed conditions while vary-
ing the thickness of piezoelectric layer. Table 8 shows the data 
result on the effect of thickness on sensitivity and stress distri-
bution. In terms of sensitivity, the electric displacement field 
modulus remains consistent across different thicknesses. The 
output charge quantity increases slightly but not significantly 
with thickness. Electric potential shows an obvious increase as 
the thickness increases, which is consistent with the theoretical 
derivation in equation (7). As for the stress distribution unifor-
mity, it is found that the standard deviations of stress in all 
three directions have an obvious increasing trend with greater 
thickness. This shows that the thickening of piezoelectric layer 
brings a less uniform distribution of stress, which enlarges the 
possibility of local stress concentration and adversely affects 
the stability of the output signal.

3.2.2 Analysis of encapsulation material effects on sensor 
performance

To examine the influence of Encapsulation materials on sensor 
performance, multilayer shells using different materials are 
simulated under the same conditions. The results in Table 9 
show the effect of encapsulation material on sensitivity and 
stress distribution.

3.1 “Simulation results of basic model”, while keeping all other 
simulation conditions unchanged. Effects of different areas on 
sensor sensitivity and stress distribution are summarized in 
Table 5. As for the sensitivity, the electric displacement field 
modulus and the electric potential decrease only slightly as the 
area increased, while the output charge increase linearly with 
the area, as seen in the theoretical derivation in equation (5). 
For the stress distribution uniformity aspect, increasing the 
area greatly improves uniformity: the standard deviations of 
stress in the three directions decrease significantly with incre- 
asing area. This shows that a larger area distributes the load 
more broadly and reduces stress concentration. Overall, in- 
creasing the area benefits both sensitivity and stress distribu-
tion uniformity.

To explore the impact of sensor shape, a circular model and an 
equilateral rectangular model—each with an area of approxi-
mately 9 cm2 (radius =1.693 cm)—are simulated under identi-
cal conditions. The stress distribution of the circular piezoelec-
tric layer is depicted in Figure 8, and the sensitivity and stress 
distribution results for both shapes are displayed in Table 6. A 
comparison of the stress distribution in Figure 8 with that of 
the rectangular layer in Figure 6C reveals stress concentration 
at the edges of both shapes. According to the color legend data, 
it can be known that the stress values in all three directions are 
higher for the circular layer and are more dispersed, indicating 
poorer stress uniformity in the circular geometry. Regarding 
sensitivity, Table 6 shows that the electric displacement field 
modulus and electric potential are nearly identical for both 
shapes, while the rectangular sensor has a slightly higher out-
put charge. The overall differences are negligible, suggesting 
that shape change does not have a significant effect on the sen-

Table 4. Surface-related data of the piezoelectric layer
Electric displacement field modulus (C/m2) Output charge (pC) Potential (mV) Stress X1 (N/m2) Stress X2 (N/m2) Stress X3 (N/m2)

2.253×10-8 20.281 9.293 732.120 741.430 1001.900

Figure 7. Sensor linear characteristic curve.
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In terms of sensitivity, sensors encapsulated with PET, PI, PVA, 
and nylon exhibit the identical values for the electric displace-
ment field modulus, output charge, and electric potential. In 
contrast, PDMS encapsulation yields significantly higher val-
ues for these metrics. This difference is probably due to differ-
ent Young’s moduli of the encapsulation materials. The data 
suggest that a lower Young’s modulus corresponds to higher 
sensitivity. Rigid materials such as PET, PI, PVA, and nylon 
impose more constraints on the mechanical deformation of the 
piezoelectric layer, restricting its strain response to external 
excitation and decreasing piezoelectric conversion efficiency. 
On the contrary, flexible PDMS exerts less constraint, maxi-
mizing the mechanical deformation of the piezoelectric layer. 
Under the same external excitation, a piezoelectric layer em- 
bedded in PDMS therefore produces a larger effective strain 
output.

As to the degree of stress distribution uniformity, the standard 
deviations of stresses in the three directions are in creasing suc-
cessively for PET, PI, PVA and nylon encapsulation. This shows 
that among these materials, PET has the best stress distribution 
uniformity, and nylon gives the worst. However, for the PDMS 
encapsulation case, the standard deviations of stress in the X1 
and X2 directions increase sharply, while only the X3 direction 
is comparable to other materials. This shows that the PDMS 
seriously degrades the uniformity of the stress distribution and 
is prone to the formation of local stress concentration. Rigid 
encapsulation materials undergo only limited deformation and 
can transmit external stress more uniformly to the piezoelectric 
layer. Their stiffness helps prevent large localized deformation 
in the piezoelectric layer, thereby lowering the risk of stress 
concentration. In contrast, flexible PDMS deforms non-uni-
formly. Under external loading, it not only transmits stress 
unevenly, but its own deformation can also induce uneven 

stress distribution among various parts of the piezoelectric 
layer, leading to pronounced localized stress concentration and 
an increase in stress standard deviation.

4 DISCUSSION

4.1 Reliability and rationality of the simulation model

This study uses a multi-layer shell structure finite element 
model built by COMSOL, and the experiment shows good vali-
dation accuracy. Theoretical calculations on the electric dis-
placement field, output charge quantity, and electric potential 
all show less than 5% error during simulation, showing that the 
model is correct in simulating the piezoelectric effect and 
charge generation of PVDF film under stress. A strict con-
trolled variable approach is used to build the simulation frame-
work. All the simulations use the same boundary conditions, 
such as the size of the external load and the method of restrict-
ing sensors. This minimizes interference from confounding 
factors, allowing clear attribution of performance variations 
to the specific parameter being studied. Consequently, the 
approach provides a reliable basis for subsequent parameter 
optimization. Trends observed in the simulation data closely 
align with key aspects of mechanical transmission and piezo-
electric theory. For instance, the variation in sensitivity with 
piezoelectric-layer thickness follows the theoretical piezoelec-
tric equations. Concerning the encapsulation material, flexible 
PDMS has far more permissive deformations of the piezoelec-
tric layer, leading to a larger effective strain release and signifi-
cantly higher sensitivity metrics compared to rigid PET materi-
als. But because it is prone to non-uniform deformation, the 
stress standard deviation in the X1 and X2 directions increases, 
which is in line with the stress-transmission characteristics of 
flexible materials [38]. The data show no logical contradictions 

Table 5. Effects of different areas on sensor sensitivity and stress distribution

Area (cm2) Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

1 2.265×10-8 2.265 9.341 55.526 21.004 42.964
4 2.256×10-8 9.024 9.303 29.211 10.178 24.755
9 2.253×10-8 20.281 9.293 16.561 5.772 14.874
16 2.252×10-8 36.039 9.288 10.133 4.134 9.620
25 2.252×10-8 56.298 9.286 6.605 3.304 6.636

Figure 8. Stress distribution in circular piezoelectric layer. (A) Stress X1; (B) Stress X2; (C) Stress X3.
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or anomalous fluctuations, further verifying the reliability of 
the simulation results.

4.2 Influence of structural parameters on sensor 
performance

The influence of structural parameters on the performance of 
wearable sensors involves a compromise between “optimal per-
formance” and “diversity of wearable applications”, achieved by 
adjusting stress transfer efficiency, material usage adaptability, 
and piezoelectric conversion. Wearable applications include 
motion posture monitoring, physiological signal collection, and 
human-computer interaction, which all have different require-
ments for sensor sensitivity, portability, and fit. Therefore, 
structural parameters must be tuned to balance general appli-
cability with scenario-specific demands.

Increasing the sensor area distributes external loads more 
widely and reduces stress concentration, significantly lowering 
the standard deviations of stresses in all three directions. The 

output charge is proportional to the area, allowing simultane-
ous optimization of output uniformity and total charge output. 
This feature might have unique benefits in motion monitoring 
situations, like joint activity watching, where it allows for more 
complete capture of big-range deformation signals. However, 
in applications close to the body surface—such as wrist pulse 
or chest auscultation monitoring—or in miniaturized wearable 
devices such as smart bracelet, an excessively large area creates 
non-functional regions outside the effective signal range. These 
regions cannot bear sufficient load to generate useful charge, 
thereby reducing the charge output density per unit area and 
impairing the response to weak physiological signals. Moreover, 
a larger area consumes more piezoelectric and encapsulation 
material, which increases production costs. And it also increas-
es the sensor’s overall size, reducing portability and compro-
mising conformity to curved body surfaces. For example, on 
small areas like fingertips, an oversized sensor cannot conform 
to the surface curvature, leading to displacement and prevent-
ing stable long-term monitoring.

Table 6. Effects of different shapes on sensor sensitivity and stress distribution

Shape Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

Rectangular 2.253×10-8 20.281 9.293 16.561 5.772 14.874
Circular 2.254×10-8 20.256 9.294 94.868 42.031 25.088

Table 7. Effects of different aspect ratios on sensor sensitivity and stress distribution

Aspect ratio Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

30:30 2.253×10-8 20.281 9.293 16.561 5.772 14.874
36:25 2.253×10-8 20.277 9.291 11.995 5.125 11.357
45:20 2.253×10-8 20.274 9.290 9.354 5.025 9.681
50:18 2.253×10-8 20.273 9.289 7.642 4.656 8.430
60:15 2.253×10-8 20.272 9.289 5.595 4.360 6.942

Table 8. Effects of different thicknesses on sensor sensitivity and stress distribution

Thickness (μm) Electric displacement 
field modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

28 2.253×10-8 20.281 9.293 16.561 5.772 14.874
52 2.255×10-8 20.294 17.268 24.937 8.739 22.339
110 2.259×10-8 20.333 36.598 45.999 17.199 41.982

Table 9. Effects of different encapsulation materials on sensor sensitivity and stress distribution
Encapsulation 
material

Electric displacement 
dield modulus (C/m2)

Output charge 
(pC) Potential (mV) Stress X1 standard 

deviation (N/m2)
Stress X2 standard 
deviation (N/m2)

Stress X3 standard 
deviation (N/m2)

PET 2.253×10-8 20.281 9.293 16.561 5.772 14.874
PI 2.256×10-8 20.305 9.303 27.638 11.719 17.879
PVA 2.256×10-8 20.307 9.305 29.323 12.406 18.690
Nylon 2.260×10-8 20.340 9.319 44.322 20.577 22.636
PDMS 2.988×10-8 26.896 12.303 1235.419 628.479 15.409
Note: PET, polyethylene terephthalate; PI, polyimide; PVA, polyvinyl alcohol; PDMS, polydimethylsiloxane.
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Likewise, the shape and aspect ratio of sensors must align with 
the effective signal range and the form factor of the wearable 
carrier. Circular sensors not only exhibit poorer stress unifor-
mity but also offer limited spatial adaptability for elongated 
wearables such as smart belts. Therefore, excluding circular 
shapes, exploring different rectangular aspect ratios is more 
significant. The increasing of the aspect ratio can progressively 
reduce stress standard deviation by optimizing stress transfer-
ring path, making it suitable for observing linear deformation. 
However, an excessively high aspect ratio causes the sensor 
edges to extend beyond the target signal range, creating inac-
tive stress zones that degrade performance. Considering the 
general requirements across wearable applications, size and 
aspect ratio should be adjusted flexibly according to specific 
applications. In scenarios like motion monitoring that require 
large-sacle signals, moderately increasing the area and aspect 
ratio helps achieve uniform stress distribution and full signal 
capture. On the contrary, for surface physiological signal acqui-
sition or miniaturized devices, controlling the area and aspect 
ratio ensures that inactive zones do not compromise sensitivity 
and that the sensor conforms to the surface geometry and 
device carrier size.

Although increasing the piezoelectric layer thickness raises the 
output potential, the electric displacement field modulus and 
output charge show only minor fluctuations. This shows that 
thickness does not substantially change the core efficiency of 
piezoelectric conversion. In engineering applications for wear-
able sensors, output charge is typically converted to voltage 
using charge amplifiers; thus, a thicker piezoelectric layer is not 
necessary to achieve higher potential. More importantly, wear-
able devices are in direct, prolonged contact with the skin. A 
thicker piezoelectric layer can lead to signal instability and 
introduce additional inertial interference during movement. It 
also requires more piezoelectric material like PVDF, raising 
cost, while reducing adhesion to the skin surface. Excessively 
thick piezoelectric layers cannot conform well to body curva-
tures, causing wrinkles, creating a pronounced foreign-body 
sensation, and reducing comfort during extended wear. At 
actively moving joints such as the neck and elbow, excessive 
thickness would severely compromise wearability. Therefore, 
a 28 μm thin piezoelectric layer can maintain low stress vari-
ance, meet the signal-acquisition requirements of wearable 
applications, control cost, and improve wearing comfort simul-
taneously, representing the optimal thickness choice.

The effect of the encapsulation material on the performance of 
the wearable sensor mainly depends on Young’s modulus, 
which must also be flexible, biocompatible, and environmen-
tally tolerant (e.g., to sweat and temperature variation). Flexi- 
ble PDMS imposes less constraint on the deformation of the 
piezoelectric layer, which allows for a greater effective strain to 
be released. This increases the modulus of the electric displace-
ment field, the charge quantity, and the electric potential by 
about 32% with respect to a rigid material such as PET, which 
is particularly advantageous for high-sensitivity situations like 

micro-motion detection. However, PDMS is susceptible to non-
uniform deformation, leading to an extremely large standard 
deviation of X1, X2 stress, severe stress concentration, and sig-
nificant signal fluctuation. Therefore, it is only appropriate for 
extremely sensitive scenarios where stability can be compro-
mised. Rigid materials such as PET, PI, PVA, and nylon do not 
increase sensitivity but provide uniform stress distribution 
through strong mechanical constraint, making them suitable 
for daily wearables that prioritize stability. Among these, PET 
has the smallest stress standard deviation, along with favorable 
flexibility, chemical resistance, and biocompatibility, meeting 
the general requirements of most wearable sensors [39]. Con- 
sequently, PET should be the choice of encapsulation material 
for everyday wearables like fitness trackers. For applications 
with extreme sensitivity requirements, PDMS may be consid-
ered, but material or structure optimization is required to 
address the problem of stress concentration, while maintaining 
stability and wearability.

5 CONCLUSION

This study is to optimize PVDF sensors for wearable health 
monitoring by researching the effect of multilayer shell struc-
tural parameters on sensor performance. The following conclu-
sions can be drawn. Increasing the sensor area improves sensi-
tivity and stress distribution uniformity. Rectangular structures 
have higher stress uniformity than circular structures; a moder-
ate increase in aspect ratio maximizes uniformity while main-
taining sensitivity. Thinner piezoelectric layers are better, as 
they maintain lower stress variance and better wearing comfort 
without significantly compromising output potential. Flexible 
encapsulation materials such as PDMS yield higher sensitivity, 
but they introduce a risk of stress concentration and signal 
instability. This study identifies an optimal structural configu-
ration and practical parameter ranges for PVDF-based wear-
able sensors, giving a theoretically grounded approach for 
designing high-performing wearable devices and supporting 
the development of effective health-monitoring technologies.
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