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ABSTRACT 21 

Piezoelectric membrane serves as an alternative to vibratory shear-enhanced process, which 22 

potentially offers lower cost of operation as the source of agitation is the membrane itself. The 23 

effect of morphology on dielectric and piezoelectric properties of polyvinylidene fluoride 24 

(PVDF) membranes prepared via non-solvent induced phase separation method was 25 

investigated. The membranes were fabricated using different solvents: N,N-26 

dimethylformamide (PVDF-DMF), 1-methyl-2-pyrrolidinone (PVDF-NMP) and triethyl 27 

phosphate (PVDF-TEP). Dielectric strength analysis and piezo-response force microscopy 28 

(PFM) revealed that PVDF-DMF, displaying finger-like morphology, presented highest 29 

dielectric strength and desired piezoelectric properties. The presence of macrovoids in PVDF-30 

NMP resulted in weak dielectric strength. Electrical poling was performed, enhancing the 31 

piezoelectric properties of membranes. No noticeable change in microstructure was observed 32 

for PVDF-NMP after poling. However, cross-section morphology of PVDF-DMF visibly 33 

changed from finger-like to drop-like cavities. Infrared (IR) spectroscopy and PFM showed 34 

improvements in fraction of β phase and piezoelectric coefficient d33 after poling. Cross-flow 35 

filtration experiments using colloidal silica were performed to investigate effect of electrical 36 

signal (10 Vpp, 500 Hz) on the membranes. It showed negligible effect on performance of 37 

unpoled PVDF-DMF, while 46% increase in critical flux and 66% reduction in transmembrane 38 

pressure increase (dTMP/dt) was observed for poled PVDF-DMF under electrical signal. 39 

 40 

Keywords: Piezoelectric membrane, Piezo-response force microscopy, Polyvinylidene 41 

fluoride, Non-solvent induced phase separation, Fouling  42 
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1. Introduction 43 

Membrane fouling is the major challenge of membrane technology and is inevitable during 44 

long term operation. Common approaches applied to prevent or to mitigate membrane fouling 45 

include pre-treatment to reduce the foulant load entering the membrane system, addition of 46 

anti-fouling chemicals, and employment of unsteady-shear. The unsteady-shear methods 47 

include gas sparging, vibrating membranes, particle fluidizing and flow pulsations [1]. 48 

Vibratory shear-enhanced process (VSEP), an example of unsteady-shear methods, has been 49 

commercialized for industrial applications by New Logic Research and has been used in 50 

different types of membrane modules spanning from microfiltration to reverse osmosis [2, 3, 51 

4]. In VSEP, the maximum achievable shear rate is approximately 105 s-1 which is significantly 52 

higher than gas sparging. However, one of the limitations of VSEP is its unattractive energy 53 

consumption, where specific power of 500 W/m2 has been reported [1]. Recently, the 54 

construction of a novel membrane that possessed piezoelectric properties has been proposed 55 

[5, 6, 7, 8]. Instead of tangential shear due to mechanical vibration, piezoelectric membrane 56 

itself serves as the source of agitation when it undergoes internal vibrational deformations 57 

normal to the plane [9]. 58 

Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer, which is an ideal material 59 

for fabricating piezoelectric membrane due to its piezoelectric properties [10]. Moreover, 60 

owing to its superior chemical and mechanical resistance, PVDF is an attractive polymer for 61 

membrane fabrication via phase inversion techniques [11]. Among the four known crystalline 62 

structures (α, β, γ, δ) of PVDF polymer, all-trans (β) phase is the primary contributor for 63 

piezoelectric properties of PVDF [12]. Zhang et al. [13] reported that PVDF membranes with 64 

mainly β phase demonstrated superior fouling resistance as compared to PVDF membranes 65 

with mainly α phase. However, the commonly used fabrication methods (e.g. melt or solution 66 

techniques) induce the dominant non-piezoelectric α phase in PVDF structure [14], which 67 
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significantly compromised its piezoelectric property. Therefore, many research works have 68 

devoted to study the formation of β phase of PVDF by different approaches, such as addition 69 

of additives [15], annealing [16, 17], crystallization under high pressure [18], electrical poling 70 

[19], mechanical stretching [14], and polymer blending [20, 21]. Among them, electrical poling 71 

is a common strategy to convert crystalline structure of PVDF from α phase into β phase where 72 

the PVDF dipoles orientate themselves in the direction of the electric field. With this strategy, 73 

previous studies on piezoelectric membranes were based on commercial flat sheet PVDF 74 

membranes proposed [5, 6, 7, 8, 22], electrospun PVDF nanofiber membranes [23, 24] and 75 

piezoceramic membranes [25, 26, 27]. These piezoelectric membranes showed improved 76 

filtration performance under the application of AC signal or ultrasound. For example, Coster 77 

et al. [5] using poled commercial flat sheet PVDF membrane, reported an average flux 78 

improvement of 136 % for filtration of 1 % polyethylene glycol. They found that the energy 79 

requirement for operating piezoelectric flat sheet PVDF membrane was 110 W/m2, which was 80 

only 20 % of that of VSEP [7]. Bae et al. [23] prepared piezoelectric electrospun PVDF 81 

nanofiber membranes and found that for membranes under AC signal, the flux decline was 82 

reduced by 15 % for filtration of 10 ppm alginate solution. Mao et al. [26] synthesized lead 83 

zirconate titanate (PZT) membranes and poled the membranes in mineral oil. Normalized 84 

membrane permeance of poled PZT membranes was raised by 15 to 20 % for filtration of 500 85 

ppm oil-in-water emulsion. Cao et al. [28] fabricated flat sheet PVDF membranes via thermally 86 

induced phase separation (TIPS) and the membranes were electrically poled for application in 87 

anaerobic membrane bioreactor. It was shown that steady-state water flux of piezoelectric 88 

PVDF membrane under electrical signal was enhanced by 72.6 % as compared to non-89 

piezoelectric membranes.  90 

Even though the improved filtration performance has been confirmed with poled PVDF 91 

membrane, membrane properties such as morphology and polymorphism that affect the 92 



5 
 

piezoelectric properties of the membrane have yet to be explored. Different membrane 93 

morphologies could be obtained by adjusting the solvent types for phase inversion of polymer 94 

solution [29]. The degree of miscibility between solvent and nonsolvent during phase inversion 95 

affected the solvent-nonsolvent exchange rate which in turn resulted in different morphologies 96 

[30]. A poor miscibility of solvent and nonsolvent led to slow solvent-nonsolvent exchange 97 

which resulted in sponge-like morphology whilst a good miscibility of solvent and nonsolvent 98 

lead to fast solvent-nonsolvent exchange which resulted in finger-like structure. Tao et al. [31] 99 

investigated on the effect of different solvents on membrane polymorphism and found that the 100 

polymorphism of PVDF membranes was primarily determined by the extent of dissolution of 101 

PVDF in each solvent. Phase inversion of polymer solution in which the PVDF was well 102 

dissolved, formed membranes with α phase, while poorly dissolved PVDF solutions formed 103 

membranes with β phase. Darestani et al. [32] studied the electric breakdown behaviour of a 104 

wide range of commercial membranes and concluded that membrane morphology was a key 105 

factor that determined the dielectric strength or electric breakdown behaviour of the 106 

membranes. Furthermore, the presence of pores and defects in PVDF membranes may cause 107 

electrical breakdown during poling.  108 

In this study, flat sheet PVDF membranes with different morphologies were fabricated by 109 

using different solvents via non-solvent induced phase separation (NIPS). The effects of these 110 

morphologies on the dielectric and piezoelectric behaviour of the membranes were explored. 111 

Electrical poling was then performed on the PVDF membranes to further improve its 112 

piezoelectric properties. Filtration performances of the unpoled and poled membranes were 113 

investigated.   114 

  115 
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2. Experimental  116 

2.1. Materials 117 

PVDF (Solef® 6020) was supplied by Solvay Specialty Polymers and it was dried in a 118 

vacuum oven at 60 oC prior to use. N,N-dimethylformamide (DMF, anhydrous, 99.8 %, Sigma-119 

Aldrich), 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5 %, Sigma-Aldrich) and triethyl 120 

phosphate (TEP, ReagentPlus®, ≥ 99.8 %, Sigma-Aldrich) were used as solvents to fabricate 121 

the PVDF membranes. All the chemical reagents were utilized without further purification. 122 

Commercial PVDF membranes, that were used for comparison, were supplied by Synder 123 

Filtration (250 kDa UF BX PVDF). These membranes are referred to as UF-Synder in the 124 

subsequent sections. 125 

For membrane fouling tests, colloidal silica was selected as model foulant. Test solution 126 

contains 200 mg/L of silica was prepared from LUDOX® TMA colloidal silica (Sigma-127 

Aldrich). The colloidal silica was supplied in the form of 34 wt% in deionised water at pH 7.0. 128 

No significant change in the pH was detected upon the addition of silica to the test solution, 129 

which remained at pH 6.5 ± 0.5 throughout the experiment. The nominal size of silica particles 130 

was 22 nm based on the datasheet provided by the manufacturer.  131 

2.2. Preparation of PVDF membranes 132 

PVDF membranes were prepared via NIPS process. The solvents used to separately 133 

prepare the polymer solutions were DMF, NMP and TEP. 15 wt.% PVDF powder was 134 

dissolved in each solvent at 80 oC under constant rate of stirring to form a homogeneous dope 135 

solution. The dope solution was then left still at 25 oC for 12 h for degassing. The degassed 136 

solution was uniformly spread onto a glass plate by a casting knife (Elcometer) set with gap 137 

thickness of 250 µm to form an incipient membrane. Subsequently, the glass plate was 138 

immersed into a coagulation bath of deionized (DI) water (nonsolvent) at 25 oC. Once peeled 139 
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off from the glass plate, the solidified membranes were transferred into a fresh DI water bath 140 

and stored for 24 h to remove residual solvent. The membranes were then freeze-dried. The 141 

three types of fabricated membranes were termed as PVDF-DMF, PVDF-NMP and PVDF-142 

TEP, i.e. PVDF-DMF refers to PVDF membrane fabricated using DMF as the solvent. 143 

2.3. Membrane characterization 144 

2.3.1. Scanning electron microscopy 145 

The morphology and thickness of the membrane samples were examined using a field 146 

emission scanning electron microscope (FESEM, JOEL JSM-7200F Schottky). Prior to 147 

FESEM analysis, the samples were coated with 2-nm of platinum layer via the sputtering 148 

technique. The average thickness of the membranes was reported based on five separate 149 

measurements.  150 

2.3.2. Dielectric strength analysis 151 

The dielectric strength of a sample is defined as the electrical breakdown voltage divided 152 

by its thickness. To determine the electrical breakdown voltage, a 30 mm × 30 mm rectangular 153 

membrane sample was sandwiched between two stainless steel electrodes at room temperature. 154 

The potential difference across the membrane was then slowly raised at a rate of 50 V/min until 155 

the membrane was charred at a particular spot which caused the overload in the high voltage 156 

power supply to trip. Electrical arcing around the edge of the membrane was prevented by 157 

using a smaller top electrode (20 mm × 20 mm) as compared to bottom electrode (200 mm × 158 

200 mm). An average dielectric strength was calculated for each sample based on five different 159 

measurements. 160 

2.3.3. Piezo-response force microscopy 161 

Piezo-response force microscopy (PFM) was performed using the PFM scanning mode on 162 

an atomic force microscope (Park Systems, Park NX 10). PFM was operated in contact mode. 163 
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Beside PFM amplitude and PFM phase images, topography images were also produced to 164 

characterize the average surface roughness of the membranes. In PFM imaging, an electrically 165 

conductive cantilever with tip coated with Chromium/Platinum (force constant of 3 N/m, 166 

resonance frequency of 75 kHz) was brought into contact with the surface of the sample. An 167 

alternating current (AC) bias of 8 V riding on a direct current (DC) bias of −8 V was applied 168 

between the cantilever tip and the bottom electrode. A total of 256 × 256 pixels was measured 169 

for a scan area of 2 µm × 2 µm. The piezoelectric coefficient d33, was determined by performing 170 

piezoelectric response spectroscopy and applying Eq. (1): 171 

𝑑33 =
3 × PFM Amplitude

(𝐴 − 𝐵)Sensitivity × (𝐴 + 𝐵)DC × Tip Bias
 (1) 

where PFM Amplitude (mV) is the maximum amplitude obtained on the amplitude-voltage 172 

hysteresis loop as shown on Fig. 1, (𝐴 − 𝐵)Sensitivity is the sensitivity of the cantilever with 173 

value of 33.333 V/µm, (𝐴 + 𝐵)DC is the intensity of the laser beam which was aligned prior 174 

to scanning with values that ranged between 3 and 4, and Tip Bias is the applied AC tip bias 175 

which was set at 10 V. It should be pointed out that PFM imaging and piezoelectric response 176 

spectroscopy are two different techniques and their settings were different as mentioned above.   177 
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 178 

Fig. 1: An example of the amplitude-voltage hysteresis loop of a PVDF membrane. PFM 179 
(Piezo-response force microscopy) amplitude in Eq. (1) refers to the maximum 180 

amplitude of the amplitude-voltage hysteresis loop as depicted by the arrow. 181 

 182 

During piezoelectric response spectroscopy, tip deflection was detected while applying 183 

a DC bias sweep (−10 V to +10 V) and fixed AC bias on the sample and tip respectively. Tip 184 

deflection was expressed in terms of PFM amplitude as shown in Fig. 1. Note that Eq. (1) was 185 

given by Park Systems and it is only applicable to NX systems provided by Park Systems. 186 

2.3.4. Infrared spectroscopy 187 

The crystalline phase in the membrane sample was investigated by infrared (IR) 188 

spectroscopy. The IR spectrum of a sample was obtained using a Shimadzu IRPrestige-21 189 

fourier-transform infrared spectroscopy (FTIR) spectrometer in an attenuated total reflectance 190 

mode. IR spectra were measured in the range of 400 to 1,500 cm-1 at room temperature of 25 191 

oC. The relative fraction of β phase (𝐹(𝛽)) was calculated using Eq. (2) [33]: 192 
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𝐹(𝛽) =
𝐴𝛽

𝐾𝛽

𝐾𝛼
𝐴𝛼 + 𝐴𝛽

 
(2) 

where 𝐴𝛼 and 𝐴𝛽 are the absorbance values at 763 cm-1 and 840 cm-1 respectively while 𝐾𝛼 193 

and 𝐾𝛽 are absorption coefficients with values of 6.1 × 104 and 7.7 × 104 cm2.mol-1 respectively. 194 

IR absorption peaks, at 763 cm-1 and 840 cm-1, are characteristic peaks of α and β phases 195 

respectively [33]. The average 𝐹(𝛽) was calculated based on five different measurements for 196 

each membrane. 197 

2.3.5. Mechanical strength analysis 198 

The mechanical properties of the membranes were characterized by a universal testing 199 

machine (Instron 5567 electromechanical tester). The membrane sample was clamped using 200 

the tensile grips and pulled longitudinally at a rate of 20 mm/min at room temperature. The test 201 

was repeated three times to get average values for each sample. 202 

2.3.6. Evapo-porometry 203 

Mass-based pore diameter and porosity of a membrane sample were determined using 204 

evapo-porometry (EP) [34]. This technique is based on the Kelvin equation that relates the 205 

evaporation rate of volatile liquid to the pore diameter. The membrane sample was wetted using 206 

ethanol (ethanol absolute EMSURE® ACS, Merck) after placing it into the EP cell. The cell 207 

was then stationed in an incubator (LE-150D, Yihder Technology) maintained at 28.0 ± 0.1 oC. 208 

Evaporation of free-standing ethanol layer occurred first, followed by evaporation of ethanol 209 

from the membrane pores. The gravimetric data were measured semi-micro balance (ME235S, 210 

Sartorius) and logged on a computer. The evaporation rate was then calculated based on the 211 

gravimetric data. The onset of pore draining was indicated by deviation of evaporation rate 212 

from initial constant evaporation rate. Membrane porosity was determined using Eq. (3) [35]: 213 
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Porosity(%) =

𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝜌𝑤
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝜌𝑤
+

𝑚𝑑𝑟𝑦

𝜌𝑚

× 100 % (3) 

where 𝑚𝑤𝑒𝑡 is the mass of the wetted membrane before pore draining, 𝑚𝑑𝑟𝑦 is the mass of the 214 

dry membrane, 𝜌𝑤 is the density of the wetting liquid (0.789 g/cm3), and 𝜌𝑚 is the density of 215 

the membrane. The average pore diameter and porosity were determined by three separate 216 

measurements. 217 

2.4. Electrical poling setup 218 

Piezoelectric properties of PVDF membranes were enhanced by electrical poling. During 219 

electrical poling, a 90 mm × 90 mm PVDF membrane was placed between two stainless steel 220 

electrodes as illustrated in Fig. 2. 221 

 222 

Fig. 2: Electrical poling setup enclosed within the oven. 223 

 224 

The membrane sample was heated in the oven from ambient temperature to 50 ± 5 oC. 225 

Membranes were poled in the oven to ensure uniform heating. Once the desired temperature 226 

was achieved, the potential difference between the two electrodes was gradually increased from 227 
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0 V to the desired value at a rate of 50 V/min. A high voltage DC power supply (Stanford 228 

Research Systems, model PS375) was used to achieve the required potential difference across 229 

the membrane. Thereafter, the membrane sample was held at these conditions for a duration of 230 

2 h. The oven was then switched off to allow the membrane sample to cool till ambient 231 

temperature while the voltage was still applied. Once it was cooled, the voltage was steadily 232 

decreased to 0 V at a rate of 50 V/min. Since the top electrode (80 mm × 80 mm) was smaller 233 

than the bottom electrode (200 mm × 200 mm), only the portion of the membrane exposed to 234 

the intense electric field between the two electrodes was used for membrane characterization 235 

and filtration experiments. 236 

The poling temperature was set at 50 oC while the poling voltage varied among different 237 

types of membranes because of the differences in membrane thickness. The desired electric 238 

field strength to be applied across the membrane was 10 MV/m (megavolts per meter). 239 

Darestani et al. [32] reported that an electric field of approximately 10 MV/m was required to 240 

change the microstructure of membranes. However, some of the membranes, such as UF-241 

Synder and PVDF-NMP, could not withstand such high electric field strength. In these cases, 242 

the electric field strength was lowered such that electrical breakdown does not occur as shown 243 

in Table 1. If electrical breakdown occurred, poling would be terminated as the high voltage 244 

power supply was tripped. The occurrence of electrical breakdown could be due to voids and 245 

possible defects that exist in the membrane [5]. 246 

Table 1: Poling conditions of different types of membranes. 247 
 Temperature 

(oC) 

Potential difference 

(V) 

Electric field strength 

(MV/m) 

UF-Synder 50 500 2 

PVDF-DMF 50 500 10 

PVDF-NMP 50 650 7 

PVDF-TEP 50 800 10 

 248 
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2.5. Filtration performance analysis 249 

The filtration performance of the membranes was tested using a stainless steel cross-flow 250 

cell with an effective membrane area of 16.25 × 10-4 m2. As shown in Fig. 3a, the filtration 251 

system comprised of a feed tank (5 L), a temperature control system (9106AA2P, PolyScience), 252 

a gear pump (Masterflex® L/S® Standard Digital Drives, Cole-Parmer), three pressure gauges 253 

(302174SD02L100, Ashcroft), a signal generator (AFG1022, Tektronix) connected to the 254 

cross-flow filtration cell, a mass flow controller (L30C5I, Bronkhorst) located on the permeate 255 

stream and a data acquisition system (LabVIEW, National Instruments). 256 

To determine the pure water permeability (PWP) of each sample, the feed pressure was set 257 

at approximately 300 kPa and the permeate flux was varied to obtain five different 258 

transmembrane pressure (TMP) data. The PWP was calculated as the gradient of the plot of 259 

permeate flux against TMP. For each membrane, the test was repeated three times to obtain an 260 

average PWP. 261 

During fouling tests, the filtration setup was operated as a closed system in which both 262 

permeate and retentate were recycled back into the feed tank. The temperature of the feed (200 263 

mg/L silica solution) was kept constant at 25 ± 1 oC via chiller and the cross-flow velocity was 264 

fixed at 0.1 m/s.  To investigate the effect of electrical signal on the filtration performance of 265 

the unpoled and poled membranes, AC signals of 10 V peak-to-peak (Vpp) and 500 Hz were 266 

applied to the filtration cell via the signal injecting points as shown in Fig. 3b [7].  267 

 268 
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Fig. 3: (a) Process flow diagram of the filtration system and (b) schematic diagram of 269 

the cross-flow filtration cell used for filtration tests. 270 

  271 
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3. Results and discussion 272 

3.1. Effect of morphology on dielectric strength 273 

PVDF membranes with different morphologies were fabricated by using three solvents: 274 

DMF, NMP and TEP. These solvents have different solubility for PVDF which led to 275 

membranes with different morphology and polymorphism [29, 31, 36, 37]. During fabrication, 276 

the gap between the casting knife and the glass plate, and the speed of the casting knife were 277 

consistent for all the membranes. The resulting film thickness depends on the viscosity of the 278 

polymer solution as shown in elastohydrodynamic film thickness regression equation, Eq. (4) 279 

[38]: 280 

ℎ = 𝑘𝑈0,67𝜂0.67 (4) 

where ℎ is the film thickness, 𝑈 is the rolling speed and 𝜂 is the dynamic viscosity of the 281 

solution at atmospheric pressure. Hence, the varied thicknesses of the resulting membranes 282 

were due to the viscosity of the polymer solution. Fig. 4 compares the FESEM images of the 283 

top surface and entire cross-section of commercial and fabricated PVDF membranes before 284 

and after poling. The explanation of the morphology change after poling could be found in 285 

section 3.3.  286 
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 287 

Fig. 4: FESEM images of the top surface and cross-section of unpoled and poled UF-288 

Synder (a, b, c and d), PVDF-DMF (e, f, g and h), PVDF-NMP (i, j, k and l) and PVDF-289 
TEP (m, n, o and p). FESEM images of the top surface are at 20 000 times 290 

magnification. FESEM images of the cross-section are at 250, 1 500, 800 and 1 000 times 291 

magnification respectively for UF-Synder, PVDF-DMF, PVDF-NMP and PVDF-TEP. 292 

 293 

For commercial UF-Synder membranes, Fig. 4a and Fig. 4b reveal that it consisted of 294 

spherulites on its top surface and macrovoids with a support layer in its cross-section. The 295 

porous top skin layer of commercial UF-Synder membrane resulted in high permeability of 296 

UF-Synder membrane as shown in Table 2. The fabricated PVDF-DMF exhibited a dense skin 297 

layer with minimally visible pores on its top surface (Fig. 4e) and short finger-like cavities with 298 

sponge-like sublayer in the cross-section structure (Fig. 4f). In the case of fabricated PVDF-299 

NMP, large and irregular voids can be observed in Fig. 4j. Conversely, membranes casted with 300 
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TEP solvent exhibited asymmetrical sponge-like structures that was denser nearer to the top 301 

surface as depicted in Fig. 4n.  302 

The results of the dielectric strength analysis are listed in Fig. 5. The influence of 303 

membrane morphology on dielectric strength can be deduced by comparing different 304 

morphologies with their respective dielectric strengths. 305 

 306 

Fig. 5: Dielectric strength (MV/m) of the commercial and fabricated PVDF membranes. 307 

 308 
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 309 

Fig. 6: Plot of dielectric strength (MV/m) against tensile strain at break (%) for unpoled 310 

fabricated PVDF membranes. 311 
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Table 2: The properties of unpoled and poled UF-Synder, PVDF-DMF, PVDF-NMP and PVDF-TEP. 312 

 Unpoled  Poled 

 UF-Synder PVDF-DMF PVDF-NMP PVDF-TEP  UF-Synder PVDF-DMF PVDF-NMP PVDF-TEP 

Membrane properties          

Pore diameter (nm) 57 ± 1 51 ± 7 72 ± 2 81 ± 14  64 ± 7 49 ± 2 69 ± 10 60 ± 10 

Porosity (%) 34.8 ± 0.4 71.8 ± 4.1 75.9 ± 2.8 69.2 ± 0.2  47.8 ± 1.0 68.7 ± 0.7 61.0 ± 3.9 57.4 ± 0.9 

Thickness (µm) 
278 ± 6  

(112 ± 9a) 
49 ± 1 94 ± 4 78 ± 2  

234 ± 5  

(108 ± 6a) 
48 ± 1 91 ± 2 78 ± 1 

Permeability (L/m2.h.bar) 1287 ± 170 61 ± 6 277 ± 32 362 ± 7  2117 ± 77 60 ± 2 259 ± 43 308 ± 49 

Average surface roughness 

(nm) 
32 40 36 66  21 33 21 20 

          

Mechanical properties      
 

   

Young’s modulus  

(MPa) 
227.8 ± 12.5 119.1 ± 4.8 41.5 ± 1.8 60.0 ± 10.7 

 
459.5 ± 28.9 136.5 ± 4.8 43.1 ± 1.6 40.1 ± 3.4 

Tensile strength at break  

(MPa) 
16.6 ± 0.8 13.0 ± 0.5 3.0 ± 0.4 4.3 ± 0.3 

 
32.1 ± 1.4 13.0 ± 2.0 3.2 ± 0.1 2.9 ± 0.1 

Tensile strain at break  

(%) 
32 ± 2 697 ± 76 186 ± 62 478 ± 109 

 
29 ± 2 677 ± 111 182 ± 20 273 ± 97 

          

Piezoelectric properties      
 

   

Number of points where 

hysteresis loops were 

observed 

94 87 53 47 

 

62 93 76 62 

Average d33 (pm/V) 5.15 ± 3.36 3.25 ± 0.41 3.29 ± 0.70 2.18 ± 0.58  5.13 ± 2.35 3.38 ± 0.45 3.71 ± 1.35 2.73 ± 0.20 

𝐹(𝛽) 0.884 ± 0.005 0.493 ± 0.020 0.509 ± 0.007 0.259 ± 0.019  0.886 ± 0.004 0.504 ± 0.004 0.549 ± 0.012 0.266 ± 0.009 

a This refer to the thickness of PVDF layer in UF-Synder. 313 
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Among the four different membranes referred to in Fig. 5, commercial UF-Synder showed 314 

the lowest dielectric strength. This is likely due to the presence of two layers of PVDF and a 315 

non-woven support which coincides with findings from another study where they reported 316 

discontinuities within membranes led to early electrical breakdown [32]. Similarly, fabricated 317 

PVDF-NMP exhibited discontinuities as it has large macrovoids which plausibly gave rise to 318 

a relatively low dielectric strength. Although finger-like cavities were observed in the 319 

morphology of PVDF-DMF (Fig. 4f), its dielectric strength was found to be the highest. This 320 

could possibly be due to the fact that the bulk of its structure consisting of a uniform sponge-321 

like sublayer. Since morphology is the key factor in determining the dielectric strength of a 322 

membrane [32], it would be expected that PVDF-TEP would have the highest dielectric 323 

strength. However, the dielectric strength of PVDF-TEP is lower than that of PVDF-DMF. It 324 

was suggested previously that membranes that had high electric breakdown field were also able 325 

to withstand greater elongation before mechanical failure [32]. PVDF-TEP displayed a lower 326 

tensile strain at break as compared to PVDF-DMF as shown in Table 2, which is consistent 327 

with the lower dielectric strength of PVDF-TEP. It is known that dielectric strength and 328 

mechanical properties of materials follow the weakest-link theory [39, 40]. From the results, 329 

the membranes that endured greater extension before mechanical fracture were also able to 330 

withstand greater force by electric fields. Fig. 6 shows a linear relationship between the 331 

dielectric strength and the tensile strain at break which is in agreement with the previous study 332 

[32]. Since the intrinsic properties of polymers are the key factors in affecting their mechanical 333 

properties [41], comparison between mechanical and electric breakdown behaviours could only 334 

be made for membranes with same material [32]. Thus, commercial UF-Synder was not 335 

included in Fig. 6 as it was made up of two different materials. 336 

From the analysis above, it can be concluded that short finger-like cavities with sponge-337 

like sublayer resulted in high dielectric strength and outstanding mechanical properties. This 338 
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was followed by sponge-like structure with moderate dielectric strength, whilst large 339 

macrovoids or non-woven substrate layers led to low dielectric strength. Moreover, the results 340 

suggest that dielectric strength of the membranes could be inferred from their tensile tests as 341 

there was a linear correlation between dielectric strength and tensile strain at break. 342 

3.2. Piezoelectric properties and crystalline structure of PVDF membranes 343 

Piezoelectric properties of the membranes at nanoscales were characterized by PFM. Both 344 

out-of-plane (OP) and in-plane (IP) piezo-response could be imaged by PFM. Since the anti-345 

fouling behaviour of piezoelectric membrane is dependent on the OP piezoelectric response 346 

[9], only OP PFM was performed. Topography, PFM amplitude and PFM phase images of 347 

unpoled UF-Synder, PVDF-DMF, PVDF-NMP and PVDF-TEP can be found in Fig. S3 under 348 

Supporting Information. The PFM amplitude and PFM phase profiles along the red line marked 349 

on the PFM images in Fig. S3 are displayed in Fig. S4 under Supporting Information. The PFM 350 

amplitude profiles illustrate that the amplitude ranges of PVDF-DMF, PVDF-NMP and PVDF-351 

TEP were similar while the amplitude range of UF-Synder was wider. The PFM phase profiles 352 

show that the phase varied between −90° and 90° horizontally across the scan area for all the 353 

membranes. This indicates that the domains in these membranes were randomly orientated. 354 

Piezoelectric response spectroscopy was performed with 10 × 10 points on the scan area 355 

of 2 µm × 2 µm. Since the range of DC bias sweep performed was limited by the capability of 356 

the instrument, not all the points generated a hysteresis loop (e.g. Fig. 1). These points 357 

corresponded to areas of weak piezoelectric response and larger DC bias sweep might be 358 

required to produce the hysteresis loops. The number of points where hysteresis loops were 359 

observed is listed in Table 2. The piezoelectric coefficient d33 was calculated for points that 360 

generated hysteresis loop using Eq. (1). Average d33 value and surface roughness for each 361 

membrane sample are also indicated in Table 2. Among the membranes, commercial UF-362 
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Synder had the greatest error bar which implies that there was a wide variance in d33 values 363 

within the membrane. 364 

 Fig. shows a comparison of the FTIR spectra of the unpoled commercial and fabricated 365 

PVDF membranes from 1500 to 400 cm-1. The presence of absorption peaks, at 1275, 840, 510 366 

and 447 cm-1, indicate the presence of β and γ phases in UF-Synder while no distinct peak, 367 

representing α phase, could be observed [42]. Prominent absorption peaks at 1209, 1148, 975, 368 

763 and 613 cm-1 denote the existence of α phase in PVDF-TEP with weaker peaks of β and γ  369 

phases [42]. PVDF-DMF and PVDF-NMP show similar trend in their FTIR spectra where 370 

absorption peaks of α, β and γ phases could be seen. The different crystalline phases among the 371 

membranes were also supported by the X-ray diffraction (XRD) spectra, which could be found 372 

in Fig. S1.  373 

374 
Fig. 7: FTIR spectra of unpoled commercial and fabricated PVDF membranes. 375 
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 376 

To quantify the proportion of β phase in each membrane, 𝐹(𝛽) was calculated using Eq. 377 

(2) as mentioned in section 2.3.4. The average 𝐹(𝛽) for each membrane is specified in Table 378 

2. The results for 𝐹(𝛽) are in agreement with the FTIR spectra shown in Fig.. UF-Synder, with 379 

prominent β phase peaks, has the greatest 𝐹(𝛽) while PVDF-TEP has the lowest 𝐹(𝛽). A 380 

FESEM image of top surface of UF-Synder (Fig. 4a) shows the presence of uniform spherulites 381 

which possibly contributed to UF-Synder having the highest 𝐹(𝛽). By comparing the results 382 

obtained for d33 values and 𝐹(𝛽) for the membranes, a correlation could be identified. Fig. 8 383 

reveals that the higher the 𝐹(𝛽), the greater the d33 value. This finding is consistent with the 384 

notion that the β phase in PVDF contributes to its electroactive properties [12]. Intuitively, 385 

piezoelectric properties of PVDF membranes can be enhanced by increasing its  𝐹(𝛽). In 386 

ascending order of d33 and 𝐹(𝛽)  values, the degree of piezoelectric attributes for the 387 

membranes examined were PVDF-TEP, PVDF-DMF, PVDF-NMP and UF-Synder.  388 

 389 
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Fig. 8: Plot of average piezoelectric coefficient d33 against fraction of β phase 𝑭(𝜷) for 390 

unpoled commercial and fabricated PVDF membranes. 391 

 392 

Based on the results above, UF-Synder has the greatest number of points where hysteresis 393 

loops were observed, highest d33 and largest 𝐹(𝛽) . However, UF-Synder has the lowest 394 

dielectric strength. Out of the three fabricated PVDF membranes, PVDF-DMF had the most 395 

number of points where hysteresis loops were observed. PVDF-DMF and PVDF-NMP 396 

displayed similar d33 and 𝐹(𝛽) values. 397 

3.3. Effect of electrical poling on properties of PVDF membranes 398 

The commercial and fabricated PVDF membranes were subjected to electrical poling 399 

experiments to explore the possibility of enhancing the piezoelectric properties of the 400 

membranes. However, as mentioned earlier in section 2.4, commercial UF-Synder and 401 

fabricated PVDF-NMP membranes do not withstand high electric fields. For these membranes, 402 

the electric field was lowered such that electrical breakdown did not occur. The poling 403 

conditions of the membranes are listed in Table 1. The poling voltage used was much lower 404 

than the electrical breakdown voltage at room temperature because the electrical breakdown 405 

voltage reduces as temperature increases [32]. Hence, the poling voltage was set such that 406 

electrical breakdown did not occur at the increased temperature used during poling.  407 

Contrary to previous studies [6, 43], electrical poling did not significantly change the 408 

microstructure of PVDF-NMP membrane. This could be possibly due to the lower electric field 409 

applied to this membrane during poling. The presence of macrovoids in PVDF-NMP limited 410 

the electric field that could be applied. On the other hand, visible differences could be observed 411 

between unpoled and poled PVDF-DMF or PVDF-TEP membranes. Instead of the finger-like 412 

cavities in the unpoled PVDF-DMF as shown in Fig. 4f, the cavities were drop-like after poling 413 

(Fig. 4h). Although the cavities were shorter, the thickness of the PVDF-DMF was similar 414 
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before and after poling. One possible explanation for the drastic change in morphology of the 415 

cross-section is the alignment of electric dipoles in the direction of electric field. Fig. 9 416 

illustrates a schematic diagram for the proposed explanation of the change in morphology 417 

during poling. 418 

 419 

Fig. 9: Schematic diagram of the proposed explanation of the change in morphology in 420 

cross-section of PVDF-DMF before and after poling. The red oval-shaped symbol 421 
represents the PVDF dipole domains and the light gray arrow represents the force 422 

exerted by the PVDF dipole domains. 423 

 424 

Prior to poling, the electric dipole domains were randomly orientated in the membrane 425 

structure. During poling, the electric dipoles gradually aligned themselves in the direction of 426 

the electric field. It is proposed that as the dipoles rotated, they exerted a force on the other 427 

dipoles above them. The dipoles, that were closer to the finger-like cavities, were more "free" 428 

than those in the sublayer. As the dipoles beneath them were aligned, these dipoles exerted a 429 

force on the boundaries of the cavities. Due to the alignment, the membrane was stretched and 430 

the cavities shrank in depth. It can be seen from Fig. 4h that the membrane near the cavities 431 

appeared to be stretched in the direction that is parallel to the direction of electric field. This is 432 

similar to the finding from previous study that there was possibly stretching force exerted on 433 

the membrane during poling [6]. The cavities did not disappear completely, probably because 434 

of the intensity of electric field was insufficient to achieve that. After poling, two distinct layers 435 



26 
 

could be observed in cross-section FESEM image of poled PVDF-TEP in Fig. 4p. Even though 436 

unpoled PVDF-TEP exhibited asymmetrical structure that was denser nearer to the top surface, 437 

it was a gradual change in the void density across its cross-section. Similar to PVDF-DMF, the 438 

change in morphology of poled PVDF-TEP could be attributed to the alignment of nether 439 

electric dipoles during poling where they exerted a force on the upper dipoles which potentially 440 

compacted the top layer of the PVDF-TEP membranes. This resulted in two distinct layers of 441 

the poled PVDF-TEP. The electric field applied to PVDF-DMF and PVDF-TEP membranes 442 

during poling was identical at 10 MV/m.   443 

Fig. 10 shows the topography, PFM amplitude and PFM phase images of unpoled and 444 

poled UF-Synder, PVDF-DMF, PVDF-NMP and PVDF-TEP. It is important to note that 445 

similar scan settings were used − for all the scans and that the scales of PFM images were 446 

consistent among the unpoled and poled membranes. The 3D topography images could be 447 

found in Fig. S2. The regions that are vibrant in PFM amplitude images signify greater tip 448 

deflection which in turn means higher amplitude of vibration, and vice versa. From the 449 

comparison between the topography and PFM amplitude images, bright PFM amplitude 450 

regions exist in both the dull and vibrant parts of the topography image. Hence, it could be 451 

substantiated that the topography had negligible effect on the PFM amplitude signals obtained. 452 

The PFM amplitude and phase images of the UF-Synder and PVDF-NMP membranes were 453 

similar before and after poling. This means that poling did not alter the piezoelectric behaviours 454 

of these membranes at nanoscales. This could be possibly due to the fact that electric field 455 

applied to these membranes during poling was insufficient. In contrast, the PFM amplitude 456 

images of poled PVDF-DMF and PVDF-TEP were more vibrant as compared to that of the 457 

unpoled which implies that poled PVDF-DMF and PVDF-TEP presented more areas with 458 

higher amplitudes of vibration in response to the applied biases. Fig. 10l also suggests that the 459 
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dipole domains were mainly aligned in a single direction for poled PVDF-DMF as there is less 460 

contrast in its PFM phase image. 461 
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 462 

Fig. 10: Topography, PFM amplitude and PFM phase images of unpoled UF-Synder (a, b and c), poled UF-Synder (d, e and f), unpoled 463 
PVDF-DMF (g, h and i), poled PVDF-DMF (j, k and l), unpoled PVDF-NMP (m, n and o), poled PVDF-NMP (p, q and r), unpoled 464 

PVDF-TEP (s, t and u) and poled PVDF-TEP (v, w and x).465 
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Besides the changes observed from FESEM and PFM images on poling, there were also 466 

changes in the other properties, which are summarized in Table 2. Similar trends were observed 467 

for the fabricated PVDF membranes before and after poling. Firstly, the pore diameter and 468 

porosity became smaller which would impact on their permeability (see also next section). This 469 

agrees with previous studies where it was found that electrical poling decreased pore size and 470 

hydraulic permeability of commercial PVDF membranes [8, 32]. Since EP characterization is 471 

based on Kelvin equation which is increasingly accurate for determining pore sizes ranging 472 

from 4 nm to 150 nm, EP may not be able to accurately detect pores larger than 150 nm. The 473 

significant porosity reduction for PVDF-NMP membranes was likely attributed by the smaller 474 

pores whilst the size of the larger pores remained relatively unchanged. Hence, there is 475 

negligible difference between the FESEM images of PVDF-NMP membrane before and after 476 

poling as shown in Fig. 4. Fig. S5 compares the mass-based pore size distribution of unpoled 477 

and poled PVDF-DMF membranes. It can be seen that the largest pore diameter reduced from 478 

255 nm to 235 nm and the mass percentages of smaller pore sizes (5 nm to 100 nm) generally 479 

increased. This further confirms that electrical poling aligned the dipoles and reduced the size 480 

of large cavities or pores. Secondly, the thickness of the membrane was slightly reduced, 481 

possibly because of the compression force exerted by the weight of the top electrode whilst the 482 

membrane was at an elevated temperature. Thirdly, the piezoelectric properties and 𝐹(𝛽) were 483 

improved which is in agreement with Darestani et al. [6] who reported more prominent β phase 484 

absorption peaks and increased d33 value after poling. Lastly, consistent with a previous study 485 

[8], the surface became smoother. This was perhaps due to heat and compression during poling 486 

that smoothens the surface. A smoother surface is more favorable for membrane separation 487 

purposes as foulants tend to adhere to a greater extent to rough surface [44, 45]. Hence, 488 

electrical poling could have an additional function in smoothening the surface of membranes. 489 

Although commercial UF-Synder indicated outstanding d33 and 𝐹(𝛽) values, it had the lowest 490 
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dielectric strength and this limited the electric field that could be applied during poling. 491 

Contrary to the fabricated membranes, the pore diameter and porosity of UF-Synder became 492 

larger after poling which enhanced its permeability. Moreover, the average d33 and 𝐹(𝛽) of 493 

UF-Synder remained fairly similar after poling. The mechanical properties of unpoled and 494 

poled membranes are listed in Table 2. Generally, the Young's modulus and tensile strength at 495 

break increased after poling except that for PVDF-TEP, and the tensile strain at break decreased 496 

slightly after poling. After poling, the morphology of the PVDF-TEP membranes consists of 497 

two distinct layers as shown in the FESEM images (Fig. 4). The worse mechanical properties 498 

of poled PVDF-TEP could possibly be explained by its layered morphology.  499 

3.4. Filtration performance 500 

The effect of applying an AC electrical signal (10 Vpp, 500 Hz) on the critical flux of 501 

silica particle for unpoled and poled PVDF membranes was explored. Flux stepping 502 

experiments were performed where the flux was increased at an interval of 20 L/m2.h and each 503 

flux step lasted for 20 mins. The rate of TMP increase (dTMP/dt) at each flux was determined. 504 

According to the definition of critical flux, its flux value corresponds to the highest flux for 505 

dTMP/dt = 0; thus the x-intercept of the dTMP/dt vs. flux plot (Fig. 11) gives the value of 506 

critical flux. The critical flux of silica particles determined at different conditions are tabulated 507 

in Table 3. For all the fabricated membranes, the critical flux values increased for poled 508 

membranes with AC applied during filtration compared to controls, i.e., poled membrane 509 

without AC applied during filtration and unpoled membrane with/without AC applied during 510 

filtration. For example, the critical flux value for PVDF-DMF showed the greatest increase of 511 

46%, while the increases were 34% and 25% for PVDF-NMP and PVDF-TEP, respectively. 512 

Meanwhile, for commercial UF-Synder, a slight difference in the critical values were observed 513 

for unpoled and poled membranes (<15%), but no change in the critical flux values regardless 514 

of AC application. First, the change in microstructure after poling was likely the reason to 515 
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impact the critical flux value between unpoled and poled UF-Synder. This could be 516 

substantiated by the permeability of UF-Synder was greatly increased from an average of 1287 517 

L/m2.h.bar to 2117 L/m2.h.bar (Table 2). Second, the application of AC signal showed 518 

negligible effect on critical flux value as the non-woven support of UF-Synder does not possess 519 

piezoelectric properties, which might result in the ineffective electrical poling or limited the 520 

overall micro-vibration effect of poled UF-Synder under AC signal.  521 

 522 

Fig. 11: Plot of dTMP/dt (kPa/s) vs. flux (L/m2.h) for flux stepping experiments of 523 
unpoled and poled commercial and fabricated membranes (a) UF-Synder, (b) PVDF-524 

DMF, (c) PVDF-NMP and (d) PVDF-TEP with and without AC signal (10 Vpp, 500 Hz) 525 

applied during filtration. Experimental conditions: 200 mg/L silica feed solution, cross-526 

flow velocity of 0.1 m/s. 527 

 528 

 529 

 530 

 531 

 532 
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Table 3: Critical flux values for unpoled and poled commercial and fabricated 533 

membranes without and with an AC signal (10 Vpp, 500 Hz) applied during filtration. 534 

Membrane Application 

of AC 

Critical flux 

(L/m2.h) 

 Membrane Application 

of AC 

Critical flux 

(L/m2.h) 

Unpoled UF-Synder No 141.1 ± 5.3  Unpoled PVDF-DMF No 52.5 ± 2.7 

Unpoled UF-Synder Yes 139.8 ± 3.5  Unpoled PVDF-DMF Yes 48.3 ± 3.3 

Poled UF-Synder No 160.4 ± 0.6  Poled PVDF-DMF No 51.5 ± 3.4 

Poled UF-Synder Yes 159.6 ± 1.6  

(+ 0%)b 

 Poled PVDF-DMF Yes 76.4 ± 3.9 

(+ 46%)b 

       

Unpoled PVDF-NMP No 87.7 ± 1.5  Unpoled PVDF-TEP No 96.7 ± 3.5 

Unpoled PVDF-NMP Yes 86.6 ± 1.8  Unpoled PVDF-TEP Yes 92.9 ± 2.8 

Poled PVDF-NMP No 86.6 ± 3.7  Poled PVDF-TEP No 99.8 ± 3.8 

Poled PVDF-NMP Yes 117.6 ± 5.5 

(+ 34%)b 

 Poled PVDF-TEP Yes 121.0 ± 2.9 

(+ 25%)b 

b These values refer to the percentage increase in critical flux of poled membranes. 535 

 536 

 Based on the improvement in critical flux values, the PVDF-DMF was selected for 537 

longer fouling test to confirm the improvement in filtration performance. The operating flux 538 

was set at 150 L/m2.h (~2 times higher than the critical flux value for poled membrane) and 539 

crossflow of 0.1 m/s and 200 mg/L silica solution was used as model foulant. The normalized 540 

TMP profiles are illustrated in Fig. 12. 541 
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 542 

Fig. 12: Effect of AC signal (10 Vpp, 500 Hz) on normalized TMP (P/P0) of unpoled and 543 
poled PVDF-DMF membranes during filtration of 200 mg/L silica solution at fixed 544 

permeate flux of 150 L/m2.h and cross-flow velocity of 0.1 m/s. 545 

 546 

Our results validated that the application of electrical signal improved the filtration 547 

performance of poled fabricated membranes but not that of unpoled membranes as shown in  548 

Fig. 12, similar to previous findings [5, 22]. The poled PVDF-DMF under AC signal (10 Vpp, 549 

500 Hz) took ~175 mins (or dTMP/dt = 0.8 kPa/min) to reach the TMP of 600 kPa, i.e., 550 

maximum pressure attained by the pump, vs. ~55 mins for the controls, which corresponded to 551 

a remarkable improvement in the filtration duration by a factor of approximately three. The 552 

piezoelectric vibrations of poled PVDF-DMF disturbed the silica fouling layer with less 553 

prominent foulant layer enclosing areas of non-fouled spaces (Fig. 13d), while large chunks of 554 

foulant layers are observed for controls (Fig. 13a, b and c); thus resulted in lower cake 555 

resistance.  556 
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 557 

Fig. 13: FESEM images of fouled unpoled and poled PVDF-DMF membranes with or 558 

without application of AC signal (10 Vpp, 500 Hz) at 1 000 times magnification. 559 

 560 

 561 

  562 
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4. Conclusion 563 

The effect of morphology on the performance of piezoelectric PVDF membranes was 564 

investigated. PVDF membranes were fabricated using DMF, NMP and TEP solvents. The 565 

different compatibility of these solvents for PVDF resulted in various membrane morphologies. 566 

Dielectric strength analysis and PFM showed that PVDF-DMF membranes, with finger-like 567 

cross-section morphology, had better dielectric and piezoelectric behaviour among all the 568 

fabricated membranes. Although commercial UF-Synder membranes displayed outstanding, 569 

intrinsic, piezoelectric properties, it had a low dielectric strength and its critical flux did not 570 

improve after poling at mild conditions.  Thus, besides possessing superb piezoelectric 571 

properties, it was also crucial for an ideal piezoelectric PVDF membrane to have the 572 

appropriate morphology that was suitable for electrical poling. Morphologies, such as 573 

macrovoids and distinctive layers, resulted in low dielectric strength which was undesirable for 574 

electrical poling. The results from piezoelectric response spectroscopy indicated that electrical 575 

poling aligned the dipoles and enhanced the piezoelectric properties of the fabricated PVDF 576 

membranes. Electrical poling also reduced the size of the finger-like cavities in PVDF-DMF 577 

membrane as illustrated by FESEM while minimal change was observed for PVDF-NMP 578 

membrane. Flux stepping experiments showed piezoelectric vibrations of poled membranes 579 

under the application of electrical signals dramatically enhanced critical flux by 25 to 46%. 580 

Filtration fouling test on PVDF-DMF membranes further demonstrated poled PVDF-DMF 581 

under electrical signal delayed fouling progression (66% reduction in dTMP/dt), and thus 582 

extending filtration duration by a factor of approximately three.  583 
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Nomenclature  584 

d33 Piezoelectric coefficient 

𝐹(𝛽) Fraction of β phase 

𝐴𝛼 Absorbance value at 763 cm-1 

𝐴𝛽 Absorbance value at 840 cm-1 

𝐾𝛼 Absorption coefficient of α (6.1 × 104 cm2.mol-1) 

𝐾𝛽 Absorption coefficient of β (7.7 × 104 cm2.mol-1) 

𝑚𝑤𝑒𝑡 Mass of the wetted membrane before pore draining 

𝑚𝑑𝑟𝑦 Mass of the dry membrane 

𝜌𝑤 Density of the wetting liquid 

𝜌𝑚 Density of the membrane 

ℎ Film thickness 

𝑈 Rolling speed 

𝜂 Dynamic viscosity of the solution at atmospheric pressure 

 585 

  586 
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