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A B S T R A C T   

Piezoelectric voltage generation in porous barium titanate-poly(vinylidene fluoride) (BT-PVDF) particle-matrix 
composite films is investigated as a function of PVDF pore structure and porosity. BT-PVDF composite films 
fabricated via coagulation bath method attain distinct pore structures depending on the ethanol content of the 
bath. With increasing bath ethanol content, film morphology shifts from higher porosity finger-like cavities to 
lower porosity mesh-like structures. Finger-like films have a lower Young’s modulus than mesh-like films (224 
MPa vs. 368 MPa), but produce higher piezoelectric output voltage when compressed compared to mesh-like 
films (400 mV vs. 57 mV under 3 N compression). The difference in piezoelectric response is attributed to dif-
ferences in stress transfer between polymer matrix and ceramic particles. Finite element simulations reveal that 
finger-like structures produce well-ordered compressive stress while mesh-like structures produce poor stress 
alignment. The results indicate that improved stress transfer between polymer matrix and ceramic particles can 
be achieved with well-aligned pore structures, leading to higher piezoelectric output.   

1. Introduction 

Poly(vinylidene fluoride) (PVDF) is a piezoelectric polymer with 
excellent mechanical flexibility, chemical inertness, and ease of fabri-
cation as a piezo-active thin film. Compared to crystalline or ceramic 
piezoelectrics, however, PVDF has lower stiffness and piezoelectric 
strain coefficients (dxx), leading to lower piezo-active response. One 
method to increase PVDF piezoelectric performance is to create com-
posite films with ceramic filler particles, such as barium titanate-PVDF 
(BT-PVDF) [1]. Among piezoelectric ceramics available for PVDF com-
posites, BT is desirable for its ease of fabrication, demonstrated ability to 
increase β-phase content in PVDF, good piezoelectric properties, and low 
cost [2,3]. Although lead-based fillers such as lead zirconate titanate 
(PZT) have superior piezoelectric properties, the presence of toxic lead 
in these materials limits use cases heavily [4]. BT-PVDF composites 
demonstrate improved piezoelectric response due to the increased 
piezo-activity of the filler particle, while retaining the mechanical 
flexibility of the polymer matrix [5]. To-date, composite piezo-active 
films have found use in applications including motion and pressure 
sensors [6,7], prospective medical implants like pacemakers [8], and 
flexible energy harvesters [9,10]. In addition to good piezoelectric 

response, many applications of piezo-active films require porous 
piezoelectric materials, e.g. tissue repair scaffolding [11], “self-charging 
power cells” [12], and liquid or gas filtration devices [13]. Despite the 
requirement for high porosity and the importance of good piezoelectric 
response in such applications, to date there have been no investigations 
of process-structure-property relationships for porous BT-PVDF com-
posites, including the impact of PVDF pore morphology on stress 
transfer through the matrix. 

Previous studies have elucidated many important structure-property 
relationships of porous piezoelectric materials, including relationships 
between pore structure and piezoelectric activity. Porous structures are 
generally more flexible than the bulk material. As a result, larger strains 
and voltage outputs can be expected for similar forces with small-to- 
moderate levels of porosity [14]. The addition of nanopores in BT was 
found to improve d33 output by 35% when compared to dense material 
[15]. Structured nanopores introduced into PVDF were able to boost 
piezoelectricity by 6x over bulk material [16]. With increasing pore size 
and porosity, however, the material may begin to lose piezoelectric 
performance compared to the bulk [17–19]. During modification of PZT 
density for acoustic use, introducing 45% porosity in the PZT reduced 
piezoelectric d33 by 40% compared to 5% porous PZT [20]. When 
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annealing sputtered zinc oxide thin films at different temperatures to 
control porosity, piezoelectric voltage response increased by 2.5x for 45 
nm pores compared to bulk zinc oxide, before decreasing to 0.5x as pore 
size increased to 90 nm [21]. Pore structure and ordering also influence 
piezoelectric response, with smaller, highly ordered pores often 
increasing piezo-activity compared to larger, disordered pores. When 
structured by freeze-templating, the most highly ordered middle region 
of porous PZT had higher piezoelectric response than the disordered top 
and bottom regions [22]. Porosity may also affect piezoelectric materials 
by lowering capacitance, inducing fatigue, and increasing risk of 
dielectric breakdown [23,24]. The presence of these complex factors 
necessitates experimental study of process-structure-property relation-
ships in porous piezoelectric materials. 

Despite the challenges porosity may introduce into piezoelectric 
materials, many applications require piezoelectric films to also function 
such as electrochemical separators or filtration devices. Porous piezo-
electric membranes can lower filtration pressure and membrane fouling, 
control biological substances, or influence electro-chemical processes 
[25–28]. For applications where a piezoelectric film is required to be 

porous, it is crucial that the piezoelectric activity remain strong after 
porosity is introduced. 

Phase inversion is a well-studied method to create controlled pores in 
polymer thin films [29]. In phase inversion, the casting solvent is 
replaced with a secondary non-solvent or non-solvent mixture in a 
coagulation bath. The resulting demixing process produces a porous 
film, with the specific structure depending on the choice of solvent, 
non-solvent, and polymer [30]. Phase inversion is a facile method of 
achieving porosities greater than 60% in thin polymer films. Previous 
studies of PVDF coagulation baths have identified two pore structures 
that form in the polymer matrix: finger-like channels and interconnected 
mesh. Adding ethanol to the non-solvent deionized (DI) water bath di-
rects pore structure depending on the ratio of ethanol-to-water. Previous 
experiments have established that increasing ethanol content produces 
more interconnected mesh vs. finger-like structures in PVDF [28–33]. 
The effect results from the speed with which phase inversion occurs in 
pure DI water vs. ethanol-water mixture, with the slower ethanol-solvent 
interaction allowing mesh structures to form in the PVDF. To date, phase 
inversion has not been applied to ceramic-polymer composite 

Fig. 1. a, b) Fabrication of porous piezo-active BT-PVDF 
composite films by phase inversion. c) Mesh-like pore 
structures result from high ethanol content in the coagu-
lation bath. d) Finger-like structures form with low ethanol 
content. e) During piezoelectric testing, force is applied to 
the top surface of the films resulting in compressive force 
on the BT particles. BT-PVDF interaction is expected to 
vary with mesh (f) vs. finger-like (g) morphologies. Note: 
Geometry shown is idealized for the extremes of the two 
structures; real geometry is much less ordered.   
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piezoelectric thin films, and questions remain as to the effect of this 
method on the porous structure and resulting piezo-activity of the 
composite. For BT-PVDF composites, interconnected mesh and 
finger-like pore structures are expected to have distinctly different me-
chanical properties that will impact piezoelectric voltage generation 
from the ceramic filler particles. 

This work investigates, for the first time, the effect of pore structure 
on the piezoelectric activity of BT-PVDF composite films produced by 
phase inversion. By varying the ethanol-water ratio of the phase inver-
sion process, BT-PVDF composite films with different pore structures are 
created (Fig. 1 a-d). The effect of pore structure on the mechanical 
properties and the piezoelectric voltage response of the composite films 
is examined when the films are subject to compressive loading (Fig. 1e- 
g). The results are correlated with pore structure and porosity with the 
aid of finite element simulations. A transition from finger-like structures 
to interconnected mesh is observed in the BT-PVDF composites as 
ethanol concentration increases, resulting in increasing Young’s 
modulus and lower voltage output under compressive loading. Despite 
lower Young’s modulus, finger-like structures are found to be most 
effective for achieving high piezoelectric response and good porosity for 
the flexible, composite structures. This study highlights the fact that a 7X 
increase in piezoelectric voltage output can be achieved in porous 
piezoelectric composite films by paying close attention to pore structure 
without changing any of the constituent materials. It is anticipated that 
the results presented here can guide future designs of highly porous 
ceramic-polymer piezoelectric materials synthesized by phase inversion, 
including ceramic and polymer materials extending beyond BT and 
PVDF. 

2. Methods 

2.1. BT-PVDF porous film fabrication 

BT particles were purchased from Stanford Advanced Materials 
(BaTiO3, tetragonal structure, typical size from scanning electron mi-
croscopy (SEM) images: 150 nm). All other materials were purchased 
from Millipore-Sigma and used as received. PVDF powder (average 
MW~534,000 g/mol) was dissolved in N, N-dimethylformamide (DMF) 
at 12% w/w in a 45 ◦C water bath. Large agglomerations of BT particles 
were lightly broken down using a spatula, and a suspension of BT par-
ticles was created in DMF such that the PVDF/DMF ratio was 15% w/w 
(7% v/v) once mixed. BT was suspended in 20% of the total DMF. BT 
mass loading was 20% w/w vs. PVDF (2.5–3.1% v/v depending on film 
porosity). BT-DMF and PVDF-DMF suspensions were continuously 
mixed for 1 h. The homogeneous BT dispersion was added to the PVDF- 
DMF solution at room temperature, mixed for 5 min to combine, and 
sonicated for 1 h to ensure homogeneity. BT-PVDF films were made by 
drop-casting the prepared slurry onto a glass plate using a doctor blade 
and Kapton tape to obtain uniform thicknesses. The coated glass plates 
were immediately immersed in the prepared coagulation baths for 
20 min at room temperature. Coagulation baths were prepared with DI 
water: ethanol w/w ratios of 100:0 (“DI”), 85:15 (“DI15E”), 70:30 
(“DI30E”) and 55:45 (“DI45E”). The films were dried at 60 ◦C in an oven 
to evaporate the DMF, then annealed for 5 h at 90 ◦C in the oven directly 
after drying. An electric field of 15 MV/m was applied for 60 min to pole 
the films. Films were immersed in a silicone oil bath during poling. The 
temperature was maintained at 120 ◦C for the first 30 min of poling, 
followed by a 30 min cooling period under the same electric field. Two 
stainless steel plates (2 mm thickness, contact area 75 mm × 50 mm) 
were used as electrodes for poling. A commercial, non-porous, piezo-
electric PVDF film was purchased from TE Connectivity (52 µm thick-
ness) and tested under the same conditions as the BT-PVDF films. 

2.2. Characterization 

BT-PVDF film morphology was characterized by SEM imaging using 

an FEI Quanta 600 F. To obtain clean cross-sections, the films were 
immersed in liquid nitrogen prior to breaking. Cross-sectional SEM im-
ages were taken close to the center of each 60 mm × 30 mm film sam-
ple. Pore size values reported from SEM images were obtained by 
averaging twenty pore size measurements taken from two different 
samples for each ethanol bath concentration (ten measurements per film 
sample). BT particle distribution was qualitatively examined through 
energy dispersive X-ray spectroscopy (EDS). Fourier transform infrared 
spectroscopy (FTIR) measurements obtained using a Varian 3100 
Excalibur FTIR were used to measure BT and β phase content of BT- 
PVDF films. 

BT-PVDF film porosity was measured by immersing the films in 1- 
butanol for 1 h, with the mass of the films measured before and after 
immersion [32]. Porosity (ε) was calculated using Eq. 1: 

ε =
mb
ρb

mp
ρp
+ mb

ρb

(1)  

where ρp, ρbare the densities of PVDF and 1-butanol, respectively, and 
mp,mb are the mass of the dry film and film after soaking, respectively. 
Young’s moduli (E) of BT-PVDF films were measured with an Instron 
5969 using a 1 kN load cell. Dog bone-shaped film samples 
(9 mm × 20 mm) were subjected to < 2% strain to be in the elastic re-
gion of the stress-strain curve. Young’s moduli of the films in tension 
were extracted from stress-strain measurements following Eq. 2: 

E = σ
ϵ (2)  

where σ is applied stress, and ϵ is strain calculated from total elongation 
and initial length. BT-PVDF films were electroded for piezoelectric 
measurement using a sputtered gold layer on both sides. Custom 3D- 
printed clamps were used to secure BT-PVDF films in the Instron. The 
voltage response of the films under tensile stress was measured by 
applying 1–2% strain along the length of the film. For compressive stress 
testing, electroded samples were placed between two metal discs of 
176 mm2, insulated from the Instron surfaces. Force was applied to the 
metal discs in the Instron resulting in compressive stress through the 
film thickness. The films were stressed at 1, 3, 5, 10, and 20 N forces 
over 10 cycles each to test open circuit voltage response and deforma-
tion. Before each test, contact was made between the metal discs and the 
film through light compression until no gaps were visible. Voltage 
response was measured for the non-porous film under the same 
conditions. 

2.3. Simulation 

Finite element simulations were used to examine the stress and strain 
responses of finger- and mesh-like porous PVDF structures under 
compressive loading. Porous geometries approximating finger- and 
mesh-like structures were modeled using SolidWorks and imported into 
COMSOL Multiphysics® finite element software. Finger-like pore 
structures were approximated as tapered elliptical cylinders with 15 
± 5 µm average upper diameter, 7.5 ± 1 µm average lower diameter, 
and uniform 42 µm height along the film thickness. Mesh-like pore 
structures were approximated as an array of holes with 22 ± 10 mm 
average diameter interconnected by cylinders with 8.5 ± 3 mm average 
diameter, randomly placed within a grid cell. All simulated films were 
2500 µm2 by 50 µm thick, with total film porosity matching average 
experimental measurements of finger- and mesh-like porous BT-PVDF 
films. The following properties of PVDF were used in the simulations: 
1780 kg/m3 density, 2.45 GPa Young’s modulus, 0.34 Poisson’s ratio. 
Sub-micron pores and BT particles were neglected in the simulations. A 
modified fine meshing was used in all simulations. The x, y, and z axes 
were taken as the 1, 2, and 3 directions of principal stress, respectively. 
A 20.8 kPa compressive stress was uniformly applied to each simulated 
geometry to match the stress applied during 3 N Instron tests. Sidewall 
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boundaries were allowed to freely deform while the bottom surface was 
fixed. Finite element simulation results were extracted from the center of 
the simulated films, where sidewall deformation effects were negligible. 

3. Results and discussion 

Fig. 2 presents cross-sectional SEM images of BT-PVDF films fabri-
cated under four coagulation bath water: ethanol weight ratios: DI 
(Fig. 2a), DI15E (Fig. 2b), DI30E (Fig. 2c); and DI45E (Fig. 2d). SEM 
images in Fig. 2 are aligned with film orientation during drop-casting (i. 
e. the “top” surface in the images was at the solution-air interface during 
fabrication, and the “bottom” surface in the images was positioned along 
the glass slide). All films are 50 µm thick. The films show a trend of 
finger-like to mesh-like structure conversion as bath ethanol content 
rises. DI films (Fig. 2a) are characterized by finger-like structures 
running vertically from the top to bottom surface of the film. The 
average width of the finger-like structures is 8.50 ± 1.10 µm; smaller 
circular pores within those structures have 0.82 ± 0.13 µm average 
diameter. DI15E films (Fig. 2b) have finger-like structures confined to 
the top half of the films, with mesh-like structures present in the bottom 
half. The average width of the finger-like structures is less than that of DI 
films (3.84 ± 0.95 µm). Smaller circular pores in both upper and lower 
regions of the DI15E films have also decreased in size, with an average 
diameter of 0.68 ± 0.15 µm. Above 30% ethanol content (DI30E and 
DI45E films), finger-like structures are not found anywhere along the 
cross-sectional images, and the film structure becomes entirely mesh- 
like (Fig. 2c, d). The average pore size of the mesh-like films is 0.55 
± 0.28 µm and 0.58 ± 0.31 µm for DI30E and DI45E films, respectively. 

Pore formation in coagulation baths, including pore structure and 
size, depends on the solvent-nonsolvent exchange rate in the phase 
inversion processes. The exchange rate of PVDF is highest in pure DI 
water. With the addition of the ethanol, solvent-non-solvent mixing is 

reduced and the exchange rate of PVDF decreases [31]. This results in 
the different morphologies observed in the films. Increasing PVDF ex-
change rate produces larger and more continuous pores (i.e. finger-like 
structures in Fig. 2a, b). In Fig. 2b, finger-like structures preferentially 
form at the polymer-non-solvent interface, where solvent/non-solvent 
mixing occurs more rapidly than at the polymer-glass interface. To 
ensure repeatability of the observed pore structures, three indepen-
dently prepared films were imaged for each of the coagulation bath 
conditions. Similar trends in pore structure and size were observed in all 
three batches of films. 

The results presented in Fig. 2 for BT-PVDF composite films match 
previous studies of coagulation bath pore formation with pure PVDF 
films [30–33], indicating that the introduction of 20 wt% BT particles 
does not visibly affect the phase inversion process of PVDF. At 20 wt% 
BT, no agglomeration of BT particles is observed in the porous films and 
BT appears well-spread. EDS measurements of DI films reinforce these 
conclusions, showing evenly distributed BT particles throughout the 
film cross-section (Supporting Information Fig. S1). The liquid-liquid 
demixing mechanism overcomes the localized impact of BT particles 
on the surrounding matrix, making coagulation baths a good approach 
for guiding porous composite film structure. FTIR results indicate 
similar BT loading within each film type (Supporting Information 
Fig. S2). A second set of FTIR measurements comparing DI, DI45E, and 
nonporous BT-PVDF films shows similar PVDF phases, indicating com-
parable quantities of electroactivity for each film type (Supporting In-
formation Fig. S3). 

Table 1 provides average porosity and Young’s modulus measure-
ments for BT-PVDF films prepared under varying coagulation bath 
conditions. Average values are obtained using three films prepared 
independently. The results are plotted in Fig. 3 to show relationships 
between: i) coagulation bath ethanol content and film porosity, and ii) 
Young’s modulus and film porosity. Young’s modulus was calculated 

Fig. 2. Cross-sectional SEM images of DI (a), DI15E (b), DI30E (c), and DI45E (d) BT-PVDF films. Zoomed-in views of BT particles highlighted in red for each 
cross-section. 
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from tensile stress-strain curves (Supporting Information Fig. S4). A 
negative correlation is observed between coagulation bath ethanol 
content and film porosity. This is likely due to the conversion of larger 
finger-like pore structures to smaller mesh-like pores with increasing 
ethanol content (Fig. 2). However, despite the decrease in porosity, even 
the DI45E film has high porosity near 60%, with all other films 
remaining above 60% porosity. With decreasing porosity and pore size, 
we observe an increase in Young’s modulus of the films. This trend 
matches expectations for porous films, as more material necessarily 
provides more resistance to applied force. The relationship between 
porosity and Young’s modulus is directly inversely proportional. Within 
the range of porosities tested, relatively small changes in film porosity 
coincide with large changes in Young’s modulus; for example, a 7% 
decrease in the absolute value of porosity from DI to DI45E samples 
coincides with a 64% change in Young’s modulus from 224 MPa to 
368 MPa. The Young’s modulus of the commercial PVDF film (2.5% 

porosity) is 2 GPa; as expected, the porous films are significantly more 
compliant than the non-porous film. 

The piezoelectric performance of the BT-PVDF films was tested under 
compressive and tensile loading conditions. Under compressive loading, 
the porous structure of the films permanently deformed when the 
applied compressive force was 10 N or higher. At greater than 10 N 
loading, the piezoelectric voltage decreased with every cycle and the 
films became effectively non-responsive after ~30 cycles. SEM inspec-
tion after compression at ≥ 10 N loading confirmed the permanent 
deformation of porous structures in all films. All subsequent compressive 
testing was performed at lower forces to ensure sustained voltage output 
with repeated cycling. Under tensile loading, all four BT-PVDF film 
morphologies produced low peak-to-peak voltage (Vpp) output 
(10–20 mV under tensile strain of 1–2%). We believe this is due to poor 
stress transfer from the PVDF matrix to the BT particles in the longitu-
dinal direction. 

Fig. 4a plots the open circuit piezoelectric voltage response of a DI 
film under 3 N of cyclic compressive force. The film produced a stable 
Vpp response of 400 mV over the ten cycles measured. Similar voltage 
profile shapes were observed for all other BT-PVDF films under the same 
loading conditions. Under higher compressive loading conditions (e.g. ≥
5 N), Vpp decreases over the first several loading cycles, likely due to 
irreversible changes to film porous structure (Supporting Information 
Fig. S5). Vpp for DI and DI30E films was measured and recorded over a 
five-day period to observe the stability of the response with time. No 
decrease in Vpp response was observed (Supporting Information 
Table S1). 

Fig. 4b compares the average piezoelectric Vpp response of the BT- 
PVDF films over ten loading-unloading cycles as a function of porosity 
under 3 N compressive loading. Two unexpected results are observed. 
First, piezoelectric voltage response is highest for DI and DI15E samples, 
despite their lower Young’s modulus. We would expect higher Young’s 
modulus films to transfer stress more readily to BT particles, resulting in 
higher piezoelectric output in the mesh-like DI30E and DI45E samples. 
Of particular note is the sharp decrease in piezoelectric voltage response 
observed when the finger-like structures disappear between the DI/ 
DI15E and DI30E/DI45E pairings (Fig. 4b). Second, the magnitude of 
the observed increase in Vpp with increasing porosity is larger than 
might be expected given the relatively modest changes in porosity and 
Young’s modulus. A 6.7% absolute decrease in porosity from DI to 
DI45E coincides with an increase in Young’s modulus from 224 MPa to 
368 MPa (~1.6x greater). However the DI film produces 7x Vpp output 
compared to the DI45E film, with corresponding piezoelectric charge 
coefficients d33 = 66 pC/N (DI) and d33 = 9.4 pC/N (DI45E). DI and 
DI15E films have piezoelectric charge coefficients greater than com-
mercial, non-porous PVDF (d33 =33 pC/N); DI30E and DI45E have 
piezoelectric charge coefficients less than the commercial, non-porous 
film (Table 2). Compared to other piezoelectric materials, the DI film 

Table 1 
Average film porosity and Young’s modulus of BT-PVDF films prepared under 
varying coagulation bath conditions compared with commercial, non-porous 
PVDF.  

Coagulation bath conditions Porosity (%) E (MPa) 
DI 64.91 ± 0.41 224 ± 12 
DI15E 63.30 ± 0.87 251 ± 3 
DI30E 60.33 ± 1.15 310 ± 10 
DI45E 58.20 ± 1.45 368 ± 2 
Commercial PVDF 2.5 2000  

Fig. 3. Effect of coagulation bath ethanol content on the porosity and Young’s 
modulus of BT-PVDF films. Increasing ethanol content results in decreasing 
porosity and increasing Young’s modulus. 

Fig. 4. a) Piezoelectric voltage response of the DI film under compressive loading. b) Voltage response (Vpp) vs. BT-PVDF film porosity under 3 N compressive 
loading. Data points are plotted for each sample measured. 
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has a comparable d33 to other polymer-ceramic composites reported in 
literature (Supporting Information Table S2). As a secondary check on 
mechanical properties and Vpp, the compliance of each film was plotted 
vs. Vpp (Supporting Information Fig. S6). As with the porosity relation-
ship in Fig. 4b, there is a noted discontinuity in Vpp vs. compliance 
observed at the transition point from mesh-like to finger-like pore 
structures. It is hypothesized that these observations can be attributed to 
differences in the interaction between ceramic BT particles and the 
PVDF polymer matrix that arise with different film morphologies. 
Unpoled films for each coagulation bath have d33 < 1 pC/N, and pro-
duce negligible piezoelectric voltage response. 

Electrostatic poling of PVDF films is typically performed at 
50–120 MV/m [34,35], while sub-micron BT particles may be poled 

Table 2 
Average piezoelectric d33 coefficients of commercial, non-porous PVDF 
and porous BT-PVDF composite films.  

Material d33 (pC/N) 
Commercial PVDF (datasheet value) 33 
Unpoled BT-PVDF < 1 
DI 66.0 
DI15E 55.3 
DI30E 20.6 
DI45E 9.4  

Fig. 5. Simulation results for mesh-like (left) and finger-like (right) PVDF structures under 20.8 kPa compressive stress. a, b) CAD model of the simulated film 
structures. Compressive stress is applied to the top surface. c, d) Surface contour plots of von Mises stress in the x-z plane. e, f) Compressive stress (principal 3 
direction) surface plot in the x-z plane. g, h) 2–3 shearing stress top view surface plot in the x-y plane. 
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near 10 MV/m [36,37]. Introducing porosity into BT-PVDF films 
through coagulation baths makes electrostatic poling substantially more 
difficult, with dielectric breakdown commonly observed even at rela-
tively low applied fields. For porous BT-PVDF films, dielectric break-
down was observed at poling fields > 16 MV/m. Under the poling 
conditions applied in this study (15 MV/m), the PVDF matrix is assumed 
to be weakly poled, with the majority of the piezoelectric response 
arising from the BT particles. This was confirmed by measuring the 
piezoelectric response of: (i) unpoled BT-PVDF films, and (ii) pure PVDF 
films poled at 15 MV/m. For every ethanol concentration, all unpoled 
films showed negligible voltage response (Vpp <1 mV). 

Given that most of the piezoelectric voltage response of the porous 
composite films arises from the BT particles, the ability to effectively 
transfer stress from the polymer matrix to the ceramic particles is of 
great importance for achieving high piezoelectric response with the 
porous, composite films. The higher piezoelectric voltages measured for 
finger-like pore structures vs. mesh-like pores (Fig. 4b) suggest that more 
effective stress transfer to the BT particles occurs with the finger-like 
structure vs. interconnected mesh. We propose two possible mecha-
nisms by which the polymer pore structure affects stress transfer to the 
ceramic particles: 1) variations in stress states around pores due to dif-
ferences in stress between the two structures, and 2) changing BT par-
ticle orientation during deformation. These mechanisms are explored 
through finite element simulations of mesh- and finger-like pore struc-
tures under compressive loading. 

Fig. 5a, b illustrates the simulation geometry used to compare dif-
ferences in mechanical loading response between mesh- and finger-like 
pore structures. Sub-micron pores present throughout mesh- and finger- 
like structures are neglected in the models. Due to similarities in sub- 

micron pore size and distribution in mesh- and finger-like structures, 
it is unlikely that these pores give rise to the differences in voltage 
output observed experimentally. BT particles are also neglected in the 
simulations. Differences in stress profiles throughout the matrix are used 
to infer the piezoelectric output of BT particles at those locations. 

Fig. 5c, d provide contour plots of von Mises stresses in mesh- and 
finger-like pores, respectively. The mesh-like structure presents signifi-
cant von Mises stresses along the horizontal connections between cav-
ities, indicating a high degree of distortion in these regions (Fig. 5c). The 
finger-like structure shows a consistently decreasing von Mises stress 
level through the thickness of the film, increasing only at the very bot-
tom of the cavities (Fig. 5d). Fig. 5e, f plot principal stress in the z di-
rection (i.e. compression through the thickness). The results indicate 
that compressive stress is higher for the finger-like structure (−11.13 
kPa) than the mesh-like structure (−7.16 kPa). Shear stress plots 
(Fig. 5g, h) indicate that the mesh-like structure has large alternating 
shear along the horizontal pore connections, while the finger-like 
structure shows little shearing. Overall, stress states within the finger- 
like structure appear more uniformly compressive, and will stress BT 
particles primarily in alignment with their poling direction. Within the 
mesh-like structure, horizontal connections between cavities allow large 
stresses to form in a multitude of directions. BT particles will be stressed 
in compression, however there will be larger variations in total stress 
directions reducing the corresponding piezoelectric voltage. 

The above observations are further illustrated by comparing prin-
cipal stress directions along pore cross-sections (Fig. 6). Fig. 6a, b show 
the simulated geometries, including x-y and x-z planes. Subsections for 
calculation of principal stresses were taken from a central portion of the 
matrix, halfway through the thickness. Fig. 6c, d illustrate principal 

Fig. 6. Simulation results of mesh- (left) and 
finger-like (right) PVDF structures under 20.8 
kPa compressive stress. a, b) Partial cross- 
section of the simulated structure, with sam-
pling region highlighted. c, d) Principal stress 
variation along y, as viewed into the x-z plane. 
Red arrows – principal 1, blue arrows – prin-
cipal 2, green arrows– principal 3. e, f) Prin-
cipal stress variation along z, as viewed into the 
x-y plane. Principal stress directions are poorly 
aligned in the mesh-like structure compared to 
the finger-like structure.   
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stress vectors viewed into a cross-section of the mesh- and finger-like 
structures, respectively (i.e. view into the x-z plane). Principal stress 
arrows show normal stress directions for each plane where shear stress is 
zero. While both finger- and mesh-like structures show some stress 
concentrations directed towards open cavities, important differences 
can be seen in the consistency of principal stress vector alignment with 
finger- vs. mesh-like pores. Finger-like pore structures produce good 
stress alignment down the entire length of the pores until the bottom of 
the fingers is reached. It is hypothesized that this will induce a more 
directionally-consistent stress on the BT particles throughout the film 
that is aligned with the particle poling direction, reinforcing the 
compressive results seen in Fig. 5e, f. Principal stresses experienced by 
the mesh-like structure are less well-aligned, with principal stress vec-
tors in Fig. 6c: i) pointing in multiple directions at a given depth, and ii) 
shifting in direction throughout the film cross-section. 

A view through the film thickness (i.e. into the x-y plane) shows the 
shifting alignment of principals 1 and 2 in the mesh structure (Fig. 6e). 
Arrows are fanned across arcs from 90◦ to 180◦ through the thickness, 
indicating large shifts in stress directionality with no consistent pattern. 
The finger-like structure shows much tighter grouping of principal stress 
arrows, with each principal stress largely in the same orientation among 
pores and through the film thickness (Fig. 6f). When deformed, it is 
likely that the mesh-like structure strains in non-uniform directions in 
contrast to the more uniform deformation of the finger-like structure, 
giving rise to the large differences in shear and von Mises stresses seen in 
Fig. 5. 

These simulation results indicate two primary impacts that may 
result in lower stress transfer from polymer matrix to ceramic particles 
with mesh- vs. finger-like pore structures. First, stress on the BT particles 
will have higher directional variability and will be, on average, poorly 
aligned with the direction of poling in the case of mesh-like pores. 
Second, higher localized shear stresses in mesh-like pores are more 
likely to result in shifting BT particle orientations during compression 
compared to finger-like pores. As particles rotate in different planes, 
piezoelectric output voltage will be reduced due to decreased net po-
larization of the film. It is hypothesized that these factors result in the 
observed difference in the piezoelectric voltage response between the 
two structures, with the DI film (pure finger-like morphology) having 
the largest voltage response despite having the highest porosity and 
lowest Young’s modulus (Table 1). Of the two mechanisms by which 
pore structure affects particle stress transfer, it is likely that particle 
rotation effects are less significant compared to variations in localized 
stress states around pores. In the finite element simulations of film 
deformation with mesh- and finger-like pore structures, local displace-
ment of the simulation mesh was generally small (<1 nm), making 
significant rotation on the scale of the 150 nm particles unlikely. Two 
additional morphologies of the finger-like pore structure were simulated 
in COMSOL Multiphysics® to explore the effect of pore dimensions on 
resulting stress transfer within the films (Supporting Information 
Table S3). The results indicate that finger-like pores should be made as 
thin and densely concentrated as possible to maximize piezoelectric 
output of porous ceramic-polymer composites. 

4. Conclusion 

Experimental results show a variation in piezoelectric voltage of up 
to 7x in BT-PVDF composite films depending on the porosity and 
morphology of the films. The piezoelectric response of films under 
compressive loading reveals greater Vpp with increasing porosity and 
increasing finger-like structures (400 mV for the finger-like DI film vs. 
57 mV for the mesh-like DI45E film under 3 N compression). Finite 
element simulations indicate that finger-like pore structures have more 
ordered stress distribution compared to mesh-like structures, with a 
well-aligned compressive stress constituting the majority of stresses in 
the finger-like films. The mesh-like structure has poor alignment be-
tween stresses and large variations in stress values throughout the 

structure with the presence of large shear stresses between pore con-
nections. The resulting stress on BT particles in mesh-like structures will 
be less aligned than in finger-like pores, reducing piezoelectric voltage. 
It is also probable that finger-like pores provide more uniform stress 
transfer to BT particles along cavity walls, while mesh-like structures 
may allow particles to shift alignment during deformation. In combi-
nation, these factors likely produce the differences in piezoelectric 
performance observed with changing film morphology. The stress 
transfer mechanisms explored here are expected to apply more generally 
to other piezoelectric matrix-filler combinations employing flexible 
polymers (including PVDF-TrFE) and nanoscale ceramic filler particles 
(including PZT). The results indicate that the pore structure of the 
polymer matrix is crucial to good piezoelectric output in ceramic- 
polymer piezoelectric thin films and should be considered at least as 
important as film stiffness and overall porosity. Future work could 
explore orientation effects of BT particles within the films, as well as the 
effects of filler ratio, pore size and total pore volume on stress distri-
bution. Pores could be controlled through other synthesis methods to 
further examine geometries not available through coagulation baths 
[38]. Rate and frequency effects, as well as bending studies, are also of 
interest for future study of porous piezoelectric ceramic-polymer com-
posite films. 
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