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Abstract—The sensor characteristics of piezoelectric 

polyvinylidenefluoride (PVDF) sensors with solution-processable 

electrode materials were studied. The electrodes were solution-

processed on 28 µm thick PVDF film. Two graphene-based 

printable inks, ink-jet and screen formulated ink, were used. 

Sensors with evaporated metal electrodes were used as a 

reference to compare the properties of novel sensor structures. 

The sensor characteristics studied here were sensitivity, 

nonlinearity, hysteresis and the effects of frequency and 

temperature. The sensor sensitivity measurements revealed mean 

sensitivities of (31.1 ± 1.4) pC/N for the reference sensors and 

(26.2 ± 2.2) pC/N and (21.4 ± 1.3) pC/N for the sensors with 

graphene-based ink-jet and screen formulated ink electrodes, 

respectively. The sensor characteristics of the novel sensors were 

found to be similar to those of the reference sensors. The new 

sensors are linear, hysteresis error is negligible, and the 

operation under changing frequency (up to 100 Hz) is rather 

stable. Change in ambient temperature somewhat affects the 

sensor sensitivities. The sensors presented here can be used in 

several sensing applications, e.g. in plantar pressure distribution 

measurements. 

 
Index Terms—Electrodes, piezoelectric films, piezoelectric 

transducers. 

 

I. INTRODUCTION 

Recently, there has been increasing interest in printed and 

solution-processed sensors. The use of printing and solution-

processing technologies is an additive process that has 

advantages when compared to conventional subtractive 

lithography-based processing methods. For example, the 

manufacturing process is simplified due to the decreased 

number of process steps. Also the amount of waste is 

decreased, since only the required amount of material is 
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placed in the desired location.  

Carbon based nanomaterials, such as graphene [1], [2], [3], 

are promising materials for future electronics, photonics and 

material sciences. For instance, these materials can produce 

stretchable [4] and transparent [5] electrodes for sensor 

applications. At present, carbon based nanomaterials can be 

solution-processed which enables the use of printing 

techniques providing a way to low-cost and high throughput 

mass production of electronic devices [6]. The carbon based 

materials are also considered as environmental friendly 

materials, thus making the products potentially disposable in 

the end of their life-cycle. 

Polyvinylidenefluoride (PVDF) is a piezoelectric plastic 

material that generates a charge when it is mechanically 

deformed [7]. Several applications for thin and flexible 

pressure sensors can be found, e.g. measurement of plantar 

pressure distribution [8]. The measurement of plantar pressure 

distribution is established as an important technique for 

identifying feet that are at risk of ulceration [9]. The focus 

here is to study the sensor characteristics of discrete pressure 

sensors based on PVDF sensor material with solution-

processable electrode materials. Solution-processable 

electrode materials are used to overcome the problem 

concerning the temperature sensitivity of the PVDF sensor 

material [10] and also, to enable mass manufacturing of the 

discrete and matrix PVDF sensors in a desired and customized 

shape and size.     

Several attempts to manufacture electrodes on PVDF 

material have been made. Recently, various solution-

processable electrode materials, e.g. carbon nanotube-

cellulose composite, poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS), carbon ink and silver flake ink, have been 

tested as electrode materials by Tuukkanen et al. [10], [11]. 

Metal electrode fabrication on PVDF material using ink-jet 

printing has also been previously demonstrated by Kärki et al. 

[12]. The required high-temperature sintering step (150 °C) 

needed in metal electrode fabrication, however, causes 

limitations in sensor functionality [12]. Seminara et al. used 

inkjet printing to deposit patterned metal layers on PVDF 

material to realize scalable, bendable and low-cost sensing 

system for large area artificial skin [13]. Lee et al. fabricated 

flexible organic film speakers with ion-assisted-reaction (IAR) 

treated PVDF as the active layer and PEDOT:PSS materials 
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with various organic solvents, indium tin oxide (ITO) or 

copper (Cu) as the electrodes [14]. Schmidt et al. developed 

both airbrush and inkjet printing methods for applying 

PEDOT:PSS electrodes to PVDF sheets [15]. Zirkl et al. 

demonstrated an all-printed matrix sensor array using P(VDF-

TrFE) as the sensor ink [16]. Also Rendl et al. have used 

printable piezoelectric PVDF-TrFE film as an active layer in 

their sensors and conductive polymer (PEDOT:PSS) and 

carbon as electrode materials [17]. Despite these promising 

results obtained with PVDF sensors with printed or solution-

processed electrodes, the systematic testing of sensor 

characteristics studied here is not done before. The systematic 

evaluation of sensor characteristics provides information on 

the sensor behavior under changing conditions and is thus 

needed before the sensors can be successfully used in different 

sensing applications.    

Here the electrodes are solution-processed on a 28 µm thick 

unmetallized PVDF material. Two commercially available 

graphene-based ink-jet and screen formulated printable inks 

are used as solution-processable electrode materials. These 

electrode materials are compatible with flexible substrates, 

and especially, they can be used with temperature sensitive 

PVDF films since they do not require subsequent heating 

treatments as do most metal particle-based printable inks. 

Further, the ink-jet formulated graphene-based ink provides 

transparency of the PVDF sensors. Fabrication of the 

graphene-based electrodes on the PVDF substrate is a simple 

one-step process followed by a short low temperature heat 

treatment to evaporate the solvent from the ink. The solution-

processed electrodes are characterized by using sheet 

resistance measurements and adhesion tests. Sensors with 

evaporated metal electrodes (copper) are used as a reference to 

compare the properties of the novel sensor structures. The 

sensor operation characteristics to be studied here are 

sensitivity, nonlinearity, hysteresis and the effects of 

frequency and temperature. Here the sensor characteristics are 

evaluated only in operation under the force normal to the 

sensor surface. 

The structure of this paper is as follows. Section II describes 

the materials and methods used in the study. Section III 

introduces the obtained results and in Section IV the results 

are discussed.  

II. MATERIALS AND METHODS 

A. Piezoelectric polymer PVDF 

PVDF ((CH2 – CF2)n) is a piezoelectric material having a 

solid structure with approximately 50-65 % crystallinity [18]. 

The morphology consists of crystallites dispersed within 

amorphous regions [19]. The manufacturing process of PVDF 

material is described e.g. in references [18] and [7]. Briefly, 

the PVDF sheet is stretched at the temperature close to the 

melting point (around 175 °C) to cause a chain packing of the 

molecules into piezoelectric β crystalline phase. These dipole 

moments are randomly oriented and result in zero net 

polarization. In the polarization stage the stretched polymer is 

exposed to a high electric field to generate piezoelectric 

properties. The molecular dipoles are oriented in the direction 

of the field and a net polarization is formed when the material 

cools down. Finally, the film is metallized to provide 

electrodes.  

The change in film thickness due to an external force 

compressing the film generates a charge and thus, a voltage to 

appear at the electrodes. The piezoelectric coefficient dmn is 

related to the electric field produced by a mechanical stress; 

the first suffix m = 1, 2, 3 refers to the electrical axis and the 

second n = 1, 2, …, 6 to the mechanical axis [7]. The dmn is a 

third-rank tensor conventionally expressed in terms of 3 x 6 

matrix, however, crystal symmetry reduces the number of 

independent piezoelectric coefficients [20]. The symmetry 

class of the poled polymer is orthorhombic 2 mm [21] for 

which the matrix can be written as [22] 

 

𝑑𝑚𝑛 = (
0 0 0
0 0 0

𝑑31 𝑑32 𝑑33

0 𝑑15 0
𝑑24 0 0

0 0 0

).      (1) 

 

The electrical flux density D of a PVDF sensor is defined as  

 

𝐷 =
𝑄

𝐴
= 𝑑3𝑛𝑋𝑛,                (2) 

 

where Q is the charge developed by the sensor, A is the 

conductive electrode area, d3n is the piezoelectric coefficient 

for the axis of applied stress and Xn is the stress applied in the 

relevant direction [7]. For the electrical axis m is always 3 

since the electrodes are on the top and at the bottom of the 

film. For the mechanical axis n can be 1, 2 or 3 since the stress 

can be applied to any of these axes [7]. 

The PVDF material is also pyroelectric: as the film is heated 

the dipoles within the film exhibit random motion by thermal 

agitation, causing a reduction in the average polarization and 

thus generating a charge [7]. Also, the piezoelectric 

coefficients of the PVDF material tend to increase with 

temperature [7]. The temperature dependence of piezoelectric 

coefficient d is reported e.g. in references [7], [21] and [23].  

Table I lists the typical properties of a commercial 28 µm 

thick PVDF material. The unmetallized film used in this study 

TABLE I 

TYPICAL PROPERTIES OF 28 µM THICK PVDF MATERIAL [7]. 

Property Symbol PVDF 28 µm Unit 

Piezoelectric 
coefficient 

d33 

d31 
-33∙10-12 

23∙10-12 
CN-1 

Young’s 

modulus 

Y 2∙109-4∙109 Nm-2 

Pyroelectric 

coefficient 

p 30∙10-6 Cm-2K-1 

Capacitance C 380 pFcm-2 
Permittivity ε 106∙10-12-113∙10-12 Fm-1 

Relative 

permittivity 

ε/ε0 12-13 - 

Mass density ρ 1.78∙103 kgm-3 

Dynamic 

pressure range 

p 1∙10-6-5∙109 Pa 

Temperature 

range 

T -40 to 80…100 °C 
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was manufactured by Measurement Specialties Inc. (Hampton, 

VA, USA).  

B. Inks 

Two commercially available graphene-based printable inks 

were used in this work. The first graphene ink PHENE+ I3015 

(referred as Phene-ink later) formulated for ink-jet printing 

was purchased from Innophene Co. (Bangkok, Thailand). The 

ink has a solid content of 0.6 % of weight. The ink contains 1-

5 % of weight polymer and 1–5 % of weight graphene as well 

as small amounts of organic solvents such as diethylene glycol 

and ethanol. Since the ink is made for ink-jet printing, it has 

low solid content and low viscosity. Low graphene content 

makes Phene-ink film quite transparent. 

The second graphene ink Vor-ink X103 (referred as Vor-ink 

later) formulated for screen printing was purchased from 

Vorbeck Materials Corp. (Jessup, MD, USA). This ink has a 

solid content of 15-17 % of weight. Vor-ink is highly 

concentrated and highly viscous as it is made for screen 

printing. 

C. Electrode fabrication 

A manual airbrush was used for spray-coating of the ink-jet 

formulated Phene-ink electrodes whereas a plastic doctor 

blade was used for blade-coating of the screen formulated 

Vor-ink electrodes. The selection of suitable deposition 

methods for each ink was done based on the ink viscosity.  

Similar electrodes were subsequently patterned on each side of 

the PVDF substrate and baked separately after each pattern. 

Phene-ink was baked for 7 min at 60 °C per side plus an 

additional 7 min at 60 °C to improve the adhesion to the 

substrate. Vor-ink was baked for 9 min at 60 °C per each side. 

In the case of Phene-ink the spray coating was done on top of 

a hot plate (60 °C) which enhances evaporation of solvent 

decreasing the drop formation and produces better quality 

electrodes.  For both inks, a mechanical mask made of a 125 

µm thick polyethylene terephthalate (PET) film was used to 

produce electrode patterns on a PVDF substrate.  

Copper electrodes for the reference sensor were fabricated 

by e-beam evaporation (Leopold). A 100 nm thick film of 

copper was subsequently evaporated on both sides of the 

PVDF substrate by using a mechanical mask to produce the 

sensor electrode pattern. Metal evaporation is a standard 

deposition method for the fabrication of highly conducting and 

homogeneous metal films and was thus chosen as a reference 

method to fabricate electrodes on the PVDF substrate. 

The sensors with copper electrodes and solution-processed 

electrodes are shown in Fig. 1. Fig. 1 shows all the sensors 

fabricated, however, only four sensors of each type are used in 

the sensor characteristics testing. A complete row of sensors 

(marked as R1-1, R1-2 and R1-3) and the first sensor from the 

second row (marked as R2-1) were chosen for the tests. Fig. 2 

shows the sensor dimensions in detail. The sensor electrodes 

have a circular shape with a diameter of 15 mm. The total 

length of the sensor is 25 mm.  

D. Electrode characterization 

A multimeter (Keithley 3435 100 W SourceMeter) and an 

in-house four-point probe were used in sheet resistance 

measurements [10]. Sheet resistance was measured from five 

different positions from each fabricated electrode. The four-

point probe has four spring probes which are placed in line 

with equal spacing (s = 3 mm). Finally, the corrected sheet 

resistance is calculated as 

 

𝑅𝑆 =  𝐺
𝜋

ln 2

𝑉

𝐼
 ,                 (3) 

 

where I is the applied current between the two outermost 

probes, V is the measured voltage between the two innermost 

probes and G is an additional geometric correction factor, 

which is determined by sample dimensions and the probe 

spacing [24]. The geometric factor used for the round shape 

electrode patterns was G = 0.7419. 

E. Adhesion test method 

The adhesion of the deposited electrodes on the PVDF 

material was measured using the tape test method. Adhesion 

classification is done according to the ASTM standard D 

3359-97 (Standard Test Methods for Measuring Adhesion by 

Tape Test) by applying and removing pressure sensitive tape 

over cuts made in the ink [25]. In the Test Method B, 

classification 5B refers to the case where adhesion is very 

good and no material is detached from the electrode layer. 

Classification 0B refers to the case where over 65 % of the 

material has detached from the electrode layer. 

F. Testing of sensor characteristics 

The Brüel & Kjaer Mini-Shaker Type 4810 was used in the 

sensor testing. The shaker generates a dynamic excitation 

force with force rating of 10 N sinusoidal peak and has a 

 
Fig. 1.  The sensors with a) copper electrodes (reference) and solution-

processable electrode materials (Phene-ink (b) and Vor-ink (c)).  

  

 
Fig. 2.  The sensor dimensions. The excitation positions for the sensor 
sensitivity measurements are also marked in the figure. 
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frequency range from DC to 18 kHz. A sinusoidal input for 

the shaker was provided with a Tektronix AFG3101 function 

generator. A commercial high sensitivity dynamic force sensor 

(PCB Piezotronics, model number 209C02) was used as a 

reference sensor for the dynamic excitation force. The sensor 

was connected to a sensor signal conditioner (PCB 

Piezotronics, Model 442B06) with a low-noise coaxial cable. 

A load cell (Measurement Specialties Inc., model number 

ELFS-T3E-20L) was used as reference sensor to measure the 

static force between the sample and shaker’s piston. A 

pretension, which is producing static force, is needed to keep 

the sample in place and to prevent the piston jumping off the 

surface during the measurement. A static force of 

approximately 3 N was used in the measurements. 

The measurement setup is previously reported by Kärki et 

al. [8]. Similar measurements are also done by e.g. Seminara 

et al. [26]. To measure the sensor characteristics in normal 

force direction (n = 3), the sensor was placed horizontally on 

the metal plate. A 125 µm thick PET film was used under and 

on top of the sensor for electrical insulation. The charge 

developed by the sensor was measured with a custom-made 

combination of a charge amplifier and a 16-bit AD-converter. 

The connection to the AD-converter from the sensor was 

provided via coaxial wires and crimp connectors (Nicomatic 

Crimplex). The AD-converter had additional channels for 

sampling also the voltage signals from the reference sensors. 

The amplification of each measurement channel of the 

converter was calibrated prior to the measurements. Fig. 3 

illustrates the sensor testing measurement setup.   

The sensor operation was evaluated by measuring the 

sensor sensitivity, nonlinearity, hysteresis and the effects of 

frequency and temperature, further presented in the following 

Sections. 

 

1) Sensor sensitivity  

The sensor was excited with an approximate force of 1.3 N 

(peak to peak), measured with the reference dynamic force 

sensor, and caused by applying a dynamic, sinusoidal 2 Hz 

input signal of 1000 mV (peak to peak) to the shaker. The 

excitation was done by applying the force to 9 different 

positions on the sensor, one at a time (see Fig. 2). The same 

positions were excited from both sides of the sensor, resulting 

in a total of 18 excitations per sensor. 

The measured data was processed to solve the sensitivity of 

the sensor to the force. The sensitivity was obtained by 

dividing the charge generated by the sensor with the force 

obtained with the dynamic force sensor. The unit of sensitivity 

is thus pC/N. Since the excitation force was sinusoidal, the 

sensitivity can be calculated simply by dividing the amplitudes 

of the respective signals. Possible baseline drift in the signals 

was removed with high-pass filtering before the sinusoidal 

amplitudes were solved by fitting sinusoidals to the signals as 

described in the IEEE Standard for Digitizing Waveform 

Recorders (IEEE Std 1241) [27].  

 

2) Nonlinearity and hysteresis  

The charge developed by the sensor was measured as a 

function of dynamic excitation force to determine the 

nonlinearity of the sensor. The amplitude of the dynamic 

excitation force was altered from approximately 0.1-5 N (input 

signal 100-4000 mV (peak to peak)) with constant frequency 

of 2 Hz. Since the shaker’s piston was 4 mm in diameter, the 

dynamic force range corresponds to pressures from 10 kPa to 

400 kPa. This pressure range is suitable to be used for 

example in plantar pressure measurements.  

The hysteresis error is defined as a deviation of the sensor’s 

output at a specified point of the input signal when it is 

approached from the opposite directions [28]. Here the 

hysteresis is determined by measuring the sensor charge as a 

function of dynamic excitation force, first by increasing the 

force and then by decreasing the force. The dynamic 

excitation force range was approximately 0.7-2.5 N (input 

signal 500-2000 mV (peak to peak)) with constant frequency 

of 2 Hz.  

 

3) Frequency effects  

To evaluate the effect of dynamic excitation force frequency, 

the frequency was altered from 2 Hz to 100 Hz (2, 5, 10, 20, 

40, 60, 80 and 100 Hz) with constant dynamic excitation force 

(input signal of 1000 mV (peak to peak)). This frequency 

range is suitable for several sensing applications. In plantar 

pressure measurement, for example, the frequency content is 

primarily contained below 10 Hz [29].  

 

4) Temperature effects  

To evaluate the effect of temperature, the temperature was 

altered from +10 °C to +40 °C with constant dynamic 

excitation force (input signal of 1000 mV (peak to peak)) and 

frequency (2 Hz). The shaker’s operating temperature (+5 to + 

40 °C) limits the temperature to this range. The shaker was 

placed in a temperature test chamber (Vötsch 4021) and the 

temperature was raised from 10 °C to 40 °C with 10 °C steps. 

In each temperature the sensitivities of all the twelve sensors 

were measured, one at a time. The temperature of the test 

chamber was allowed to stabilize about 30 minutes before 

starting the measurements in each temperature.   

III. RESULTS  

A. Sheet resistance 

Table II shows the sheet resistance measurement results for 

each sensor type (reference sensors with copper electrodes and 

sensors with Phene-ink and Vor-ink electrodes). Four sensors 

 
 

Fig. 3.  The sensor testing measurement setup. 
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of each type were measured, marked as R1-1, R1-2, R1-3 and 

R2-1, as discussed earlier in Section IIC. Sheet resistances 

were measured from all electrodes (electrodes 1 and 2, later 

El-1 and El-2). The results are presented as mean sheet 

resistances ± standard deviations.  

The copper electrodes showed good conductivity with the 

average , whereas the Vor-ink 

electrodes showed a lower conductivity with the average sheet 

resistance of 17.4 Ω hene-ink electrodes showed a 

higher sheet resistance of 105.0 Ω due to the thin 

ink layer which is needed to obtain the transparency of the 

electrodes.  

B. Adhesion tests 

The adhesion tests were performed after the sensor 

characteristics measurements. The results are presented in 

Table III. The evaporated copper electrodes have a very good 

adhesion to the PVDF substrate, while the solution-

processable electrode materials have the lower adhesion. The 

adhesion of the Vor-ink electrode layer was found to be the 

lowest, possibly since the Vor-ink electrode layer was thicker 

than the copper and Phene-ink electrode layers. In addition to 

the lower adhesion, it also showed low cohesion forces inside 

the electrode layer.   

C. Sensor sensitivity 

Table IV shows the sensitivity measurement results for each 

sensor type. The results are shown as mean sensitivity ± 

standard deviation of 18 excitations per sensor. Metallized 

reference sensors showed the highest sensitivity values of 

(31.1 ± 1.4) pC/N whereas the Vor-ink sensors showed the 

lowest sensitivity values of (21.4 ± 1.3 pC/N). The sensors 

with Phene-ink electrodes had sensitivities of about the 

average of those ((26.2 ± 2.2) pC/N). The lowest sensitivity 

values in the case of the Vor-ink sensors are expected to be 

due to poor adhesion of the material to the PVDF film (see 

Table III). Also, the thickness of the Vor-ink electrode layer 

was several micrometers, which is much more than the 

thickness of the Phene-ink electrode layer. Instead, metallized 

sensors showed highest sensitivities since those have high 

adhesion and high electrical conductivity. 

D. Nonlinearity and hysteresis 

Fig. 4 shows the charge developed by the sensor as a 

function of dynamic excitation force. Fig a. presents the values 

measured with reference sensor and b. and c. the values 

measured with Phene-ink and Vor-ink sensors. 

Fraden defines the nonlinearity as a maximum deviation of 

a real transfer function from the approximation straight line 

[28]. Here the nonlinearity is determined by fitting a first 

degree polynomial to data in a least-squares sense (Matlab 

function polyfit). Fig. 4d shows an example of the fitting 

(reference sensor R1-1: y = 39.07x-11.26). In Figs. 4a-c the 

sensor R1-1 is shown with circles, sensor R1-2 with crosses, 

sensor R1-3 with squares and sensor R2-1 with diamonds. The 

fitted polynomial in Fig. 4d is shown with a dashed line. 

Instead of showing the maximum deviation from the 

approximation straight line, the nonlinearity is presented here 

as the mean ± standard deviation of data point deviations from 

the fitted polynomial, that is, the change in sensor charge, 

marked as ΔQ. The results for each sensor are shown in Table 

V. The unit of deviation is pC. As shown in Fig. 4, the PVDF 

sensors with both reference copper and graphene-based 

electrodes are rather linear. 

Fig. 5 shows the hysteresis measurement results. The 

measurements made by increasing the dynamic excitation 

force are marked with circles and the measurements made by 

decreasing the force with crosses. Sensors R1-1 are drawn 

with blue solid line, sensors R1-2 with red dashed line, sensors 

R1-3 with green dotted line and sensors R2-1 with black dash-

dot line. Fig. 5d. shows a single example of the hysteresis 

measurement results (reference sensor R1-1). As can be seen, 

the hysteresis of the sensors is negligible and thus the 

numerical values for hysteresis are not determined. For 

example, for reference sensor R1-1 the maximum difference 

TABLE II 

SHEET RESISTANCE MEASUREMENT RESULTS. 

Electrode Sample name, RS (Ω/ ) 

 R1-1 R1-2 R1-3 R2-1 

Cu ref. El-1 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 

Cu ref. El-2 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 

Phene-ink El-1 116.2 ± 8.8 110.8 ± 4.1 115.1 ± 0.4 130.4 ± 1.6 
Phene-ink El-2 88.6  ± 6.8 82.9 ± 5.1 104 ± 16 102.5 ± 2.7 

Vor-ink El-1 17.0 ± 0.6 17.4 ± 0.1 14.3 ± 0.1 15.6 ± 0.5 

Vor-ink El-2 18.9 ± 1.1 17.4 ± 0.5 17.4 ± 0.5 17.8 ± 0.8 

 

TABLE IV 

SENSITIVITY MEASUREMENT RESULTS PRESENTED AS MEAN SENSITIVITY ± 

STANDARD DEVIATION OF 18 EXCITATIONS PER SENSOR. 

Electrode Sample name, Sensitivity (pC/N) 

 R1-1 R1-2 R1-3 R2-1 

Cu ref.  31.3 ± 1.3 30.9 ± 1.3 31.1 ± 0.8 31.1 ± 2.0 

Phene-ink 26.5 ± 1.6 26.5 ± 2.4 26.8 ± 2.4 25.1 ± 2.0 
Vor-ink  20.7 ± 1.3 21.5 ± 0.9 21.6 ± 1.5 21.7 ± 1.3 

 

TABLE V 
NONLINEARITY MEASUREMENT RESULTS PRESENTED AS MEAN ± 

STANDARD DEVIATION OF DATA POINT DEVIATIONS FROM THE FITTED 

POLYNOMIAL. 

Electrode Sample name, ΔQ (pC) 

 R1-1 R1-2 R1-3 R2-1 

Cu ref.   7.3 ± 5.1 4.1 ± 3.0 6.8 ± 3.1 7.3 ± 4.3 

Phene-ink 6.8 ± 4.2 4.7 ± 3.9 6.4 ± 3.5 3.3 ± 2.0 

Vor-ink  4.1 ± 2.4 4.4 ± 2.7 5.2 ± 2.4 3.9 ± 2.8 

 

TABLE III 

ADHESION TEST RESULTS. 

Electrode 
Adhesion 

classification 
Interpretation 

Cu ref. El-1 5B 0% detached 
Cu ref. El-2 5B 0% detached 

Phene-ink El-1 3B 5-15% detached 

Phene-ink El-2 3B 5-15% detached 
Vor-ink El-1 2B 15-35% detached 

Vor-ink El-2 2B 15-35% detached 
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between increasing and decreasing measurements was 0.96 pC 

and for the Phene-ink and Vor-ink R1-1 sensors 1.20 pC and 

0.34 pC, respectively.  

E. Frequency effects 

Fig. 6 shows the sensor sensitivity as a function of dynamic 

excitation force frequency. Similar markings are used as in 

Fig. 4. With an ideal sensor, the sensitivity would be a 

constant and thus independent on the excitation force 

frequency. Hence the effect of frequency is determined here 

by fitting a zeroth degree polynomial to data in a least-squares 

sense (reference sensor R1-1: y = 29.24).  

The effect of frequency is presented here as the mean ± 

standard deviation of data point deviations from the fitted 

polynomial, that is, the change in sensor sensitivity, marked as 

ΔS. The changes in sensor sensitivities due to the changing 

excitation force frequency for each sensor type are shown in 

Table VI. The unit of deviation is pC/N.  

As seen from Fig. 6, the sensitivity is almost a constant and 

independent on the excitation force frequency. However, 

besides the random fluctuation of the sensitivity, also a weak 

downward linear trend is seen with some sensors. Typically 

the linear trend of the signal is removed before the 

computation of the statistical variables. However, here the 

linear trend of the signal is an unwanted property and thus it is 

included in the computation. 

F. Temperature effects 

Fig. 7 shows the sensor sensitivity as a function of 

temperature. Again, similar markings are used as in Fig. 4. As 

with frequency measurements, the sensitivity should be 

independent on the temperature and thus, the approximation 

straight line is determined by fitting a zeroth degree 

polynomial to data in a least-squares sense (reference sensor 

R1-1: y = 30.18). The changes in sensor sensitivities due to the 

changing ambient temperature for each sensor type are shown 

in Table VII. Similar marking are used as in Table VI. 

Temperature variations affect the PVDF sensor in two 

ways, due to the pyroelectric effect and due to the temperature 

dependence of the piezoelectric d33 coefficient, as already 

discussed in Section IIA. The error caused by the pyroelectric 

effect is seen only at low frequencies [7] and provides slow 

changes in signals. When the PVDF material has reached a 

stabilizing temperature, the material properties remain 

constant with time [7] and thus the pyroelectric effect is not a 

remarkable problem. Instead, the piezoelectric coefficients of 

the PVDF material tend to increase with temperature [7] and 

this was seen also here as the increase in sensitivity values as a 

function of ambient temperature. If the PVDF sensors are used 

 

 
 
Fig. 4.  The linearity measurement results for a) reference, b) Phene-ink and 

c) Vor-ink sensors. Figure d) shows a more detailed example of linearity 

measurement results (reference sensor R1-1, y = 39.07x-11.26). 

  

TABLE VI 

CHANGE IN SENSOR SENSITIVITY DUE TO CHANGING DYNAMIC EXCITATION 

FORCE FREQUENCY (FROM 2 HZ TO 100 HZ). 

Electrode Sample name, ΔS (pC/N) 

 R1-1 R1-2 R1-3 R2-1 

Cu ref.  0.5 ± 0.3 1.0 ± 0.5 0.8 ± 0.5 0.5 ± 0.3 

Phene-ink 0.6 ± 0.3  1.2 ± 1.1 0.8 ± 0.8 1.6 ± 1.1 
Vor-ink  0.3 ± 0.3 0.3 ± 0.2 0.7 ± 0.3 0.6 ± 0.5 

 

TABLE VII 

CHANGE IN SENSOR SENSITIVITY DUE TO CHANGING AMBIENT 

TEMPERATURE (FROM +10 °C TO +40 °C) 

Electrode Sample name, ΔS (pC/N) 

 R1-1 R1-2 R1-3 R2-1 

Cu ref.  2.7 ± 0.5 2.0 ±  0.8 1.9 ± 0.7 2.0 ± 1.5 

Phene-ink 1.9 ± 1.4 1.8 ± 1.5 1.4 ± 1.0 2.13 ± 1.41 
Vor-ink  1.5 ± 1.3 1.4 ± 0.8 1.5 ± 0.6 1.8 ± 1.4 

 

 
 

Fig. 5.  The hysteresis measurement results for a) reference, b) Phene-ink and 
c) Vor-ink sensors. Figure d) shows a more detailed example of hysteresis 

measurement results (reference sensor R1-1). 
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in conditions where the temperature is higher than the room 

temperature, for example in in-shoe plantar pressure 

measurements, the sensitivity values measured in these 

temperatures should be used instead when computing the 

pressure values. However, the sensitivity values in different 

temperatures presented in this study are preliminary results 

and more complete temperature measurements are still needed 

to fully understand the operation in temperatures above room 

temperature.  

  

 

 

IV. DISCUSSION AND CONCLUSIONS 

Here, the piezoelectric PVDF sensors were fabricated using 

graphene-based solution-processable electrode materials. The 

sensor characteristics (sensitivity, nonlinearity, hysteresis and 

the effects of frequency and temperature) were measured and 

compared with the characteristics of reference sensor (copper 

electrodes). The sensors with graphene-based electrodes were 

found to be functional and the sensor characteristics were 

similar to those of the reference sensors. Also, each set of four 

sensors made of the same electrode material showed very 

similar results in the sensor characteristics measurements. 

The measured sensitivities of the sensors with graphene-

based electrodes were slightly lower than in the case of the 

metallic electrodes. This is most likely related to the lower 

conductivity of the graphene-based electrodes. As shown in 

the results, there is more variation between the samples in the 

case of the Phene-ink sensors when compared with the Vor-

ink or copper reference sensors. The same occurrence can also 

be seen in the results of other sensor property tests (see e.g. 

Fig. 5b and 6b). This is most likely related to higher sheet 

resistance of the Phene-ink electrodes as well as the larger 

variation in sheet resistances between the Phene-ink samples 

(see Table II). 

The novel sensors with graphene-based electrodes are 

linear, hysteresis error is negligible, and operation under 

changing frequency (up to 100 Hz) is rather stable. The 

change in ambient temperature somewhat affects the sensor 

sensitivities as also reported in references [7], [21] and [23]. 

However, more measurements in this area are still needed. The 

sensors presented in this study are designed especially for 

plantar pressure measurements and they seem to be a 

promising sensor type for measurements of this kind. The 

same sensors, however, can also be used in several other 

sensing applications.  

The lack of need for high temperature treatment makes 

nanostructural carbon based materials favorable for 

temperature sensitive PVDF substrate. Also, use of the 

solution-processable materials enables low-cost and high 

throughput mass manufacturing of the PVDF sensors in a 

desired customized shape and size. Both materials, however, 

have their pros and cons. The Phene-ink sensors, for instance, 

have more variation in the values measured with the sensor. 

However, the sensors have higher sensitivity than the Vor-ink 

sensors have, and also, potentially transparent sensors are 

possible to make by using the Phene-ink electrode material. 

The Vor-ink sensors, instead, provide more stable results than 

the Phene-ink sensors but the ink was easily peeled off from 

the substrate (see Table III). Thus, in the case of the Vor-ink 

electrode material, there is a need for an adhesion promoter 

layer or pre-treatment prior to the electrode deposition in 

future. 
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Fig. 6.  The frequency measurement results for a) reference, b) Phene-ink 

and c) Vor-ink sensors. Figure d) shows a more detailed example of 
frequency measurement results (reference sensor R1-1, y = 29.24). 

  

 
 

Fig. 7.  The temperature measurement results for a) reference, b) Phene-ink 

and c) Vor-ink sensors. Figure d) shows a more detailed example of 
temperature measurement results (reference sensor R1-1, y = 30.18). 
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