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Abstract  
 

 

Polyvinyldene fluoride (PVDF) and its copolymers have attracted considerable interest among 

researchers as piezoelectric materials since their discovery. Due to their satisfactory 

piezoelectric properties and excellent mechanical characteristics, they have found various 

applications, including in flexible force sensors. Researchers often reinforced the polymer 

matrix with fillers to enhance its performance as force sensors. However, the solvents 

commonly used in the mixing process were often deemed hazardous and toxic, leading to the 

search for an alternative. Among the potential fabrication methods, researchers have reported 

that using Fused Deposition Modeling (FDM) to 3D print PVDF composites has resulted in 

improved piezoelectric performance. In this study, a copolymer of PVDF, Polyvinyldene 

fluoride- hexaflouropropylene (PVDF-HFP), was reinforced and 3D printed to investigate the 

influence of the fillers on its piezoelectric characteristics and identify the effect of the printing 

parameters on its piezoelectric and mechanical properties. Initially, the pure polymer was 3D 

printed to investigate the effect of the printing parameters and the Design of Experiment (DOE) 

method was employed to optimize the printing parameters. The composite was synthesised 

through the solution casting of a PVDF-HFP matrix reinforced with Barium Titanate and 

Untreated Activated Carbon. To investigate its viability as an alternative solvent, 

Dimethylsulfoxide (DMSO) was selected as the solvent. The optimum mixture design of 

experiments (MDOE) method was employed to assist in investigating the effect of the fillers 

and help optimize the filler content in the matrix. The utilization of the MDOE was successful, 

and the formulation of 84.21 wt.% PVDF-HFP, 15.00 wt.% BTO, and 0.79 wt.% UAC 

predicted by the software recorded the maximum β-phase of 71.895%. It is also worth noting 

that DMSO was deemed a viable alternative due to the tested formulations recording β-phase 

content values that are comparable to values reported in literature. The DOE analysis run on 

the pure PVDF-HFP showed that using a higher printing temperature, lower printing speed, 

and thinner layer thickness resulted in a maximised β-phase content. The following information 

were carried forward to aid in printing the PVDF-HFP composite. It was shown that the printed 

composite recorded a lower force sensitivity when compared to the pure polymer despite the 

slightly higher β-phase. Despite limited performance, all printed samples still demonstrated 

piezoelectricity and were capable of detecting forces as low as 1N confirming that FDM-

printed PVDF copolymer composites have potential as flexible force sensors. 
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1. Introduction 

1.1 Background  
 

For decades, flexible force sensors have become a part of daily human actions by playing a 

critical role in several industries such as the biomedical, automotive, and robotics industries. 

Force sensors are utilised in measuring and monitoring force values for several systems. For 

instance, flexible force sensors can be used to help robots mimick the human grabbing, monitor 

the stress on an implanted artificial bone, detect and distinguish the type of human motion, or 

monitor the deformation of a tyre [1-5].  

The three major types of flexible force sensors are capacitive, piezoresistive, and piezoelectric 

[6]. Capacitive force sensors generally utilise a parallel plate arrangement where one flexible 

electrode deforms while the other is fixed. When a force is exerted, the flexible electrode is 

deflected reducing the gap between the electrodes increasing the capacitance; hence, the change 

in capacitance can be related to the force change. Capacitive force sensors offer a wide range 

of advantages such as high sensitivity and the toleration of high temperatures [6, 7]. However, 

the drawbacks to using capacitive force sensors are their sensitivity to lower electrostatic 

discharge voltages and the high fabrication cost due to the low manufacturing volume [8].  

Piezoresistive force sensors detect force change by measuring the deformation of a diaphragm  

made up of piezoresistive material. This material exhibits changes in electrical resistance when 

deformed, and these changes can be related to the change in force being applied. The 

disadvantages of using piezoresistive force sensors include that its output is temperature 

dependant in addition to requiring higher power for operation when compared to the remaining 

sensors [9]. Piezoelectric force sensors generate charge under mechanical stress. The charges 

can be collected using electrodes and a relation between the change in charge or voltage and 

pressure can be obtained. There are growing appeals for piezoelectric force sensors due to their 

self-powering and insensitivity to electromagnetic interference and radiation qualifying them 

for applications in harsh conditions [10]. 

Among several suitable piezoelectric materials, PVDF-composites stand out due to their 

flexibility and excellent piezoelectric response [11].  
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Lead-based piezoelectric ceramic fillers have traditionally been favored due to their better 

piezoelectric performance when compared to other types of fillers. However, the negative 

consequences associated with the use of lead-based materials, including environmental 

pollution and health risks, have prompted researchers to seek out alternative materials such as 

Barium Titanate (BTO) [12]. In addition to the concerns of using lead-based fillers, the research 

community is shifting away from using hazardous and toxic solvents to fabricate PVDF 

composites such as as N,N dimethylformamide (DMF) and Dimethylacetamide (DMA)[13]. 

Instead, the focus is shifting towards exploring environmentally friendly solvents like dimethyl 

sulfoxide (DMSO) [14]. Among the available fabrication techniques, the recent developments 

in 3D printing PVDF composites using the fused deposition modelling (FDM) process provide 

an unexplored fabrication technique which can be utilised for mass fabrication of complex 

structures [15].  

 In this study, the possibility of using poly(vinylidene fluoride-hexafluoropropylene) (PVDF-

HFP) copolymer for force sensing applications by investigating the effect of reinforcement on 

its microstructural properties was explored. To this end, filaments of PVDF-HFP composite 

were fabricated for use in FDM printing. The study then evaluated the influence of selected 

FDM printing parameters on the characteristics and electromechanical response of the PVDF-

HFP. The information collected were carried forward to help investigate the effect of FDM on 

the characteristics and electromechanical properties of the PVDF-HFP composite. The 

composite consisted of using polar solvent DMSO to reinforce PVDF-HFP with Barium 

Titanate (BTO) and untreated activated carbon (UAC) fillers, aiming to investigate the effect 

of the fillers on the piezoelectric response and to confirm the viability of DMSO as an 

alternative solvent for the process. In the following sections, a background on the piezoelectric 

effect, piezoelectric sensors, piezoelectric material classification, and fabrication methods are 

presented.   
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1.2 Objectives  

 

 To fabricate the piezoelectric PVDF copolymer composite through the Fused 

Deposition Modeling (FDM) process 

 To determine the influence of reinforcement on the piezoelectric properties of the 

additively manufactured PVDF composite 

 To investigate the effect of the FDM process on the mechanical and microstructural 

properties of the printed composites 

 To test the electromechanical performance of the PVDF copolymer composite 
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2. Literature Review 

 

2.1  The piezoelectric effect  

 

Derived from the word piezo, Greek work for push, the piezoelectric effect is the ability of a 

material to produce electric charges when a mechanical stress is applied on them. It was first 

discovered in 1880 by the Curie brothers, Pierre and Jacques [16]. The brothers were able to 

demonstrate the piezoelectric effect in naturally occurring structures such as tourmaline, quartz, 

and Rochelle salt. The converse piezoelectric effect , application of an electrical field results 

in a mechanical deformation of the piezoelectric material,  was predicted by Lippmann [17] 

and confirmed by the Curie brothers in 1881. The piezoelectric effect was a topic to study for 

decades and scientists were able to synthesise piezoelectric materials in laboratory such as the 

synthesis of Barium Titanate (BTO) by several independent research groups in 1943 and the 

discovery of the piezoelectric response of Lead Zirconate Titanate (PZT) by Jaffe et. al. [18, 

19] in 1954. The progress in research was not exclusive to the synthesis of piezoelectric 

ceramics as in 1969, Kawai [20] discovered the high piezoelectric response of Poly(vinylidene 

fluoride) (PVDF) which was added to the list of flexible piezoelectric materials with a wide 

range of potential applications such as sensors, energy harvesters, and flexible electronics.  

 

2.1.1 Piezoelectric Mechanism  

 

Figure 2.1 illustrates a simple molecular model for the piezoelectric effect’s working 

mechanism. As obvious in Figure 2.1(a), when the material is not under stress, the gravity 

centres of the positive and negative charges coincide resulting in an electrically neutral 

molecule. When a force is exerted on the material, the internal structure gets deformed causing 

the separation of the negative and positive charge centres resulting in the generation of little 

dipoles (Figure 2.1 (b)). The opposing poles inside the material are cancelled and a charge 

appears on the surface of the material which means the material is polarized        (Figure 2.1(c)) 

[21]. As demonstrated in Figure 2.2(a), the applied pressure on the material results in its 

polarization; hence, the generation of an electric field causing the flow of free charges in the 

conductor. The free charges will flow in the circuit to neutralize the polarization effects. When 

the force is removed, the polarization disappears, and the flow of the free charges is reversed 

causing the material to return to its original state (Figure 2.2 (b)) [21, 22].  
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In most of the piezoelectric materials, the net polarization is usually equal to zero as dipoles 

are randomly distributed across the structure as demonstrated in Figure 2.3(a). To align the 

dipoles in one direction, the poling process needs to be applied. The poling process as shown 

in Figure 2.3(b) consists of applying a very high dc electric field on the material along a certain 

direction under a certain temperature. After the electric field is removed, a net dipole moment 

remains and the material shows maximum piezoelectric response in the direction of poling 

(Figure 2.3 (c)) [23]. 

Figure 2.1 : Illustration of the piezoelectric effect   a) Undisturbed molecule                  b) Molecule subjected to a force                         
c) Polarizing effect on the surface  [21] 

Figure 2.2 : The piezoelectric effect    a) Neutralizing current flowing through the circuit based 
on a piezoelectric material under applied stress (force)                    b) Absence of current with 
the absence of the force [21] 
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2.1.2 Piezoelectric constitutive equations and relevant mathematical relations 

 

The experiments conducted by the Curie brothers demonstrated that the piezoelectric material 

showed a linear response when low stress/electric fields were applied [21, 24]. When the 

piezoelectric material is under stress, a variation in the polarization occurs resulting in charge 

appearing on the surface of the material. The relationship can be described using the following 

formula [22, 25]:  

𝑃𝑝 = 𝑑𝑇 (2.1) 

 

 where 𝑃𝑃 is the piezoelectric polarization vector, 𝑑 is the piezoelectric strain coefficient, and 

𝑇 is the stress applied on the material. The converse piezoelectric effect can be formulated in 

a similar manner using the following formula [22, 25]: 

𝑆𝑃 = 𝑑𝐸 (2.2) 

 

where 𝑆𝑃 is the strain produced and 𝐸 is the value of the applied electric field.  

The piezoelectric effect is the coupling between the elastic variables, 𝑇 and 𝑆, and the dielectric 

variables, 𝐷 and 𝐸. The tensor relations are described using the following formulas [22, 25] : 

 

𝑆𝑖 = 𝑠𝑖𝑗
𝐸𝑇𝑗 + 𝑑𝑖𝑘𝐸𝑘 (2.3) 

𝐷𝑚 = 𝑑𝑚𝑗𝑇𝑗 + ε𝑚𝑘
T 𝐸𝑛 (2.4) 

 

With the 𝑠𝑖𝑗
𝐸    as the elastic compliance tensor of the material at constant electric field, 휀𝑚𝑘

𝑇  as 

the dielectric constant tensor at a constant stress, 𝑑𝑖𝑘   and 𝑑𝑚𝑗 as the piezoelectric constant 

tensors, 𝑆𝑖 is the strain in the i direction, 𝐷𝑚 is the electric displacement in the m direction, 𝑇𝑗   

as the stress in the j direction, and 𝐸𝑘 as the electric field applied in the k direction.  

Figure 2.3 : Poling process [23] 
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The substrates i and j take values between 1 and 6 while m,n, and k take values between 1 and 

3. Figure 2.4 shows the tensor directions used in the relations.   

Figure 2.4 : Tensor directions generally used with piezoelectric materials  

Equations 2.3 and 2.4 can be expanded into the form:  
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} (2.5)  

{
𝐷1
𝐷2
𝐷3

} =  [

𝑑11 𝑑12 𝑑13 𝑑14 𝑑15 𝑑16
𝑑21 𝑑22 𝑑23 𝑑24 𝑑25 𝑑26
𝑑31 𝑑32 𝑑33 𝑑34 𝑑35 𝑑36

]
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𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6}
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휀11 휀12 휀13
휀21 휀22 휀23
휀31 휀32 휀33

] {
𝐸1
𝐸2
𝐸3

}  (2.6) 

Since most piezoelectric materials are orthotropic so the matrix can be reduced to this form 

[25]: 

1 

4 

3 

6 

2 

5 
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0 0 𝑑13
0 0 𝑑23
0 0 𝑑33
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0 0 0 ]

 
 
 
 
 

{
𝐸1
𝐸2
𝐸3

}  (2.7) 

{
𝐷1
𝐷2
𝐷3

} =  [

0 0 0 0 𝑑15 0
0 0 0 𝑑24 0 0
𝑑31 𝑑32 𝑑33 0 0 0

]

{
 
 

 
 
𝑇1
𝑇2
𝑇3
𝑇4
𝑇5
𝑇6}
 
 

 
 

+ [
휀11 0 0
0 휀22 0
0 0 휀33

] {
𝐸1
𝐸2
𝐸3

}  (2.8) 

Where 𝑌𝐸  represents the Young’s Modulus at a constant electric field while 𝐺𝐸   represents the 

shear modulus at a constant electric field. The ‘𝑣’  represents the Poisson’s ratio.  

2.1.3 Piezoelectric Sensing Mechanisms 

 

Piezoelectric force sensors depend on the direct piezoelectric effect for functioning. Specially, 

the relation between the applied stress, force or pressure, and the generated charges on the 

surface. For a sensor configuration, the case is considered to be an open-circuit case, electric 

field equals zero, therefore can be written as [25]: 

𝐷𝑚 = 𝑑𝑚𝑗𝑇𝑗 (2.9) 

 

Equation 2.9 shows that the linear relationship between the electrical displacement and the 

applied stress relies on the piezoelectric coefficient which certifies the importance of the role 

played by the piezoelectric coefficient in the sensor sensitivity. For force sensors, the main 

functioning modes are the d33 and d31. In the 𝑑33 mode, the force is to be exerted across the 

thickness, and on the surface normal to the upper or lower surface along the 3-axis which is the 

polarization direction (Figure 2.5 (a)). On the other hand, the force is to be exerted in along the 

1-axis and perpendicular to the polarization direction in the d31 mode (Figure 2.5 (b)) [26].   

. 
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The relationship between charge, voltage, and force exerted for both modes can be derived 

from Equation 2.9 [26].  

𝑄3 = 𝑑33𝐹3 (2.10)                         

𝑄3 =
𝑑31𝐹3𝐿

𝑡
(2.11) 

𝑉3 =
𝑑33𝐹3𝑡

ε33𝐿𝑊 
(2.12) 

𝑉3 =
𝑑31𝐹3
ε11𝐿 

(2.13) 

 𝑄 is the charge collected at the electrodes, where 𝐿 and 𝑊 refer to the length and width of the 

elecrtodes, and 𝑡 represents thickness of the piezoelectric material, respectively. It is clear that 

the force applied are proportional to the voltage generated so if proper configurations are 

arranged to obtain the electrical output values when a force is exerted, the sensor can be 

calibrated and utilized in several sensing applications. 

 

2.2  Benefits and drawbacks of piezoelectric force sensors 

 

Extensive research is still being carried out on piezoelectric force sensors due to their inherent 

advantages over other sensing mechanisms [27]. For instance, most sensors require high 

deformation to exhibit sensitivity which could unintentionally result in affecting the structure 

of the sensor [28].  

Figure 2.5  Operating modes      a) d33 operating 
mode           b )d31 operating mode [26] 
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On the contrary, piezoelectric sensors directly respond to the applied force; hence, the sensor 

exhibits high sensitivity with very low strain [28]. Another advantage is that piezoelectric 

sensors do not require an external voltage or a current source unlike other sensing mechanisms. 

In addition, piezoelectric sensors are insensitive to electromagnetic interference and radiation 

as well as showing distinctive ruggedness which qualifies them to function efficiently under 

harsh conditions [10].   

The major drawback of piezoelectric force sensors is their inability to measure static forces due 

to the decay of charge generated on the surface. In detail, when the force is applied on the 

piezoelectric material, the polarization of the material changes resulting in charge generation 

on the surface. Free carriers of opposite polarity are attracted to the charges on the surface 

causing the balance of potential and the decay of charge with time until it reaches zero [29]. 

Due to this phenomenon, piezoelectric sensors can only be used for dynamic measurements.  

Piezoelectric force sensors can be utilized in different applications that require dynamic 

measurements such as ballistics [30] and turbulence [31] due to their rapid response and 

ruggedness..  

2.3  Piezoelectric material classification 

 

2.3.1  Piezoelectric single crystals  

Piezoelectric single crystals were the first group of piezoelectric materials to be discovered in 

the experiments conducted by the Curie brothers. Piezoelectric single crystals can be found in 

nature and can be synthesised in labs. The most popular natural single crystals are Quartz, 

Topaz, Tourmaline, and Rochelle salt [32]. Some of their potential applications are piezo 

lighters and piezoelectric pickups for acoustic devices [33]. Some examples of man-made 

single crystals are Lithium niobate (LN), Pb(Mg1/3Nb2/3)–PbTiO3 (PMN–PT), and 

Pb(In1/2Nb1/2)–Pb(Mg1/3Nb2/3)–PbTiO3 (PIN–PMN–PT)[34]. They are mainly utilized in 

electro-optical and acoustic applications [35-38]. For a single crystal to exhibit piezoelectricity, 

a critical criterion should be fulfilled which is the lack of centre of symmetry [39]. Single 

crystals lacking a centre of symmetry may potentially exhibit piezoelectricity. Figure 2.6 

highlights the structural difference between crystal structures exhibiting and lacking the centre 

of symmetry [40]. When a force is applied on the cubic crystal structure exhibiting centre 

symmetry shown in Figure 2.6(a), the centre of charge will not move due to the symmetry of 
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the charges at their respective corners; hence, the polarization of the crystal is zero. In contrast, 

a force on the hexagonal crystal structure lacking centre symmetry shown in Figure 2.6(b) 

results in shifting the centres of positive and negative charges against each other due to their 

triangular symmetry; therefore, the polarization of the crystal is not zero [41]. Out of all 32 

crystal classes, 21 point groups are non-centro-symmetric, and 20 of them exhibit 

piezoelectricity. Point group 432 is the only crystal class lacking a centre of symmetry not 

exhibiting piezoelectricity as the produced piezoelectric charges along the <111> axes cancel 

themselves out [42, 43]. 

 

 

2.3.2  Piezoelectric polymers 

 

Piezoelectric polymers are distinguished by their flexibility, low density, high strength, high 

impact ratio, and low dielectric constant. Piezoelectric polymers make better sensors when 

compared to piezoelectric ceramics due to having a higher piezoelectric voltage coefficient, 𝑔 

[44]. Piezoelectric polymers can be divided into amorphous and semicrystalline polymers. 

Table 2.1 compares several piezoelectric polymers in terms of their classification, dielectric 

constant, and piezoelectric coefficient.  

For semicrystalline polymers, the piezoelectricity depends on the crystalline phase with a net 

dipole moment which can be oriented using the poling process [45]. Semicrystalline polymers 

include PVDF, nylon-9, polyureas, poly-L-lactic acid (PLLA), and poly (b-hydroxybutyrate) 

(PHB). 

 

 

Figure 2.6: Crystal Structures  a) with a centre of symmetry;   b) without a centre of symmetry [42] 
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Table 2.1: Comparison between different piezoelectric polymers 

Material Classification Dielectric 

Constant 

Piezoelectric 

coefficient/s at room 

temperature 

reference 

 

PVDF 

 

Semi-

crystalline 

 

8-12 

𝑑31 = 16 pC/N 

𝑑32 = 3 pC/N 

𝑑33 = -20 - -23 pC/N 

 

[45] 

Polyurea 5 Semi-

crystalline 

2-4 𝑑31 = 4 pC/N [46, 47] 

Nylon 9 Semi-

crystalline 

2.5-3 𝑑31 = 1.1 pC/N [48] 

Nylon-11 Semi-

crystalline 

2.5-3 𝑑31= 3 pC/N [48-50] 

 

PLLA 

 

Semi-

crystalline 

 

2.82 

𝑑31 = 1.58 pC/N 

𝑑14 = 9.82 pC/N 

 

[51, 52] 

Polyimide 

(poly2-6) 

Amorphous 4 𝑑33  = 0.091 pC/N [53] 

Polyimide 

(poly2CN) 

Amorphous 4 𝑑33  = 0.168 pC/N [53] 

P(VDCN-VAc) Amorphous 5.6 𝑑31= 7 pC/N 

 

[54] 

 

The most popular and studied semicrystalline polymer is PVDF due to having a higher 

piezoelectric coefficient compared to the remaining piezoelectric polymers. According to 

numerous sources, PVDF has the potential to exist in five different polymorph states, namely 

𝛼, 𝛽, 𝛾, 𝛿, 휀 [55-57]. Among these, the 𝛼-phase is considered the most stable while the 𝛽-phase 

has the highest dipolar moment. The stability of the α-phases arises from its nonpolar, 

orthorhombic crystal structure. The chains in the α-phase are packed in an all-trans 

conformation, with a zigzag pattern that gives the crystal a layered structure.  

The 𝛽-phase, on the other hand, has a polar triclinic crystal structure with the chains are packed 

in a trans-gauche-trans-gauche conformation, with a helical arrangement that gives the crystal 
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a three-dimensional structure resulting in a higher dipole moment. The structural difference 

between both polymorphs is illustrated in Figure 2.7 [58].  

 

 

 

 

 

 

 

According to various experimental studies, the 𝛽-phase contributes the most to the 

piezoelectric, pyroelectric and ferroelectric properties of the PVDF [59, 60]. Under favourable 

conditions, transition occurs between the polymorph states [61]. For instance, 𝛽-phase can be 

obtained by uniaxially stretching the 𝛼-phase film to 4-5 times the nominal dimension under a 

temperature between 70 °C and 100 °C. The utilization of several methods such as corona 

poling, laser-enabled poling, thermo-mechanical treatment, humidity, high-pressure 

crystallization, annealing, and addition of various fillers can induce the polymorph states’ 

transition to β-phase [61-66]. Some additional processes to obtain the β-phase are portrayed in  

Figure 2.8.  

  

  

On the other hand, amorphous polymers do not have crystalline phases, and the state of 

polarization is rather quasi-stable due to the freezing of molecular dipoles[67]. 

Figure 2.8: Schematic summary of the processes utilised to obtain β-phase  

Figure 2.7: structural difference between the 𝛼- and 
𝛽- phases in PVDF [58]  
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 According to M. G. Broadhurst and G. T. Davis [68], for an amorphous polymer to exhibit 

piezoelectricity, it must satisfy four essential conditions. 

First, a molecular dipole should be available. The second condition to be met is the ability of 

the polymer to align the dipoles. The polarization is induced by applying an electric field at a 

temperature higher than the transition temperature, T>Tg, followed by reducing the temperature 

below Tg in the presence of the electric field resulting in remnant polarization due to the 

freezing of aligned dipoles. The third condition depends on the polymer having a mechanism 

to lock the aligned dipoles. The final criterion is the ability of the polymer to strain as a response 

to applied stress. Since the remnant polarization disappears in the contiguity of Tg, the polymer 

needs to be used in its glassy state; hence, the polymer is very stiff. Polyimides, poly(vinylidene 

cyanide-vinyl acetate) (P(VDCN-Vac)), and poly(arylene ether nitrile) (PAEN) are the most 

reported amorphous polymers exhibiting piezoelectricity in literature [53, 54, 69]. The 

literature on amorphous piezoelectric polymers is very limited due to the poor commercial 

interest. The lack of interest is induced by the low piezoelectric response of amorphous 

polymers[67].  

2.3.3  Piezoelectric ceramics  

Piezoelectric ceramics are distinguished by their very high piezoelectric coefficients and 

dielectric constants. In addition to other favourable properties such as chemical inertness and 

high compressive strength [70].  

The most widely used and researched piezoelectric ceramics are barium titanate (BTO) , lead 

zirconate titanate (PZT), and potassium niobate (KNN, K0.5Na0.5NbO3). Table 2.2 reports 

several piezoelectric ceramics included in literature along their dielectric constants and 

piezoelectric coefficients. 
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Table 2.2 : Comparison between several piezoelectric ceramics 

 

 Most commercially available piezoelectric ceramics crystallize in the perovskite structure 

(ABO3) [75]. Figure 2.9 shows a simple illustration of the perovskite structure in BTO. For 

simplicity, the structure is described as a cubic unit cell with large cations (A) on the surface, 

smaller cations (B) in the body centre, and Oxygens (O) in the faces’ centres. The perovskite 

structure is the network of corner-sharing oxygen octahedra linked together in a cubic array 

with smaller cations filling the central octahedral holes and larger cations occupying the 

dodecahedral holes[76, 77].  

 

Material  

 

Dielectric constant 

 

Piezoelectric 

coefficient/s at 

room temperature  

 

Reference 

 

BTO 

 

1260-1700 

d31 = -78 pC/N 

d33 = 190 pC/N 

 

[71] 

 

PZT 

 

200-5000 

 

d33 = 100-1000 pC/N 

 

[45] 

 

KNN 

 

250 

 

d33 ~ 60 pC/N 

 

[72] 

 

0.98KNN-0.02BZT 

 

581 

 

d33 = 109 pC/N 

 

[72] 

 

0.95KNN – 0.05LT 

 

570 

 

d33  ~ 200 pC/N 

 

[73] 

 

Zinc Oxide ( ZnO ) 

 

8.66 

 

d31 = -5 pC/N 

d33 = 5.9 pC/N 

 

 

[74] 
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For instance, Barium Titanate shows a perovskite structure above its Curie temperature. Since 

the perovskite structure provides a symmetrical arrangement for electrical charges, an internal 

dipole moment is not produced; hence, the ceramic does not exhibit piezoelectricity.  Below 

its Curie temperature, the structure distorts into a tetragonal structure resulting in the shifting 

of the small cation (Ti4+) off the centre. A net dipole moment is generated as an outcome to the 

displacement of the small cation [18, 76, 78]. As first verified by R.B. Gray [79], BT exhibits 

piezoelectricity when electrically poled due to the alignment of the dipoles. Despite the 

significantly high coupling coefficient and non-water solubility of BT, the low Curie 

temperature and the large temperature coefficient of electromechanical parameters of BT 

fuelled the search for an alternative. The investigation using several ions such as Pb and Ca 

resulted in the synthesis of PZT [80]. 

 

Also crystallizing in the perovskite structure, (PZT) is a ceramic material with chemical 

formula Pb(ZrxTi1-x)O3 [81]. A very interesting feature of PZT is the presence of the 

morphotropic phase boundary (MPB) . The MPB separates the ferroelectric phase into two 

regions: a rhombohedral crystalline phase region rich in Zr ions and a tetragonal crystalline 

phase region rich in Ti ions [77] . At room temperature, the MPB exists in the region where 

Zr/Ti = 52/48 [82, 83]. 

  

 As reported in many sources, PZT compositions near the MPB shows the highest dielectric 

constant and piezoelectric response compared to other regions. Due to the aforementioned 

Figure 2.9: Perovskite crystalline structure for BTO  [18] 
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properties, PZT was the most demanded piezoelectric ceramic for decades [77]. However, 

increased concerns regarding the health and environmental issues associated with the utilisation 

of lead throughout its life cycle sparked the investigation for a lead-free piezoelectric material 

[84, 85]. Recently, niobium-based piezoelectric ceramics such as KNN leaded the search for a 

lead-free piezoelectric ceramic due to its high dielectric constant and piezoelectric response 

[86]. As KNN shows a lower piezoelectric response compared to KNN, several studies have 

been conducted to improve its piezoelectricity by the modification of the  parent KNN structure 

by the replacement of cations in the A or B site of the KNN structure such as the modification 

with LiTaO3 (LT) or Bi(Zn0.5Ti0.5)O3 (BZT) done by Guo, et al. [73] and Dwivedi, et al. [72], 

respectively.  

 

2.3.4  Piezoelectric composites 

To overcome the brittle nature of piezoelectric ceramics and the relatively low electrical 

properties    -compared to that of ceramics- of piezoelectric polymers, piezoelectric composites 

were developed. A piezoelectric composite generally consists of a polymer matrix reinforced 

with piezoelectric ceramic fillers which integrates the desired traits of polymers and ceramics. 

The traits combination yields a material with low density, flexibility, excellent mechanical 

properties, and enhanced piezoelectric response which would meet the requirements for 

specific devices or applications [87, 88].  

 Apart from ceramics fillers, conductive, magnetorestrictive, natural, and organic piezoelectric 

fillers can also be utilised. For instance, conductive fillers such as Carbon nanotubes (CNT) 

are generally used with other fillers as they enhance the piezoelectric flux generation in 

addition to their ability to resolve the low coupling coefficients issue arising in piezoelectric 

composites[89, 90]. While natural piezoelectric fillers such as Rochelle Salt offer a cheaper 

environment friendly alternative to ceramic fillers [91, 92]. Whereas reinforcing a piezoelectric 

polymer matrix with magnetostrictive fillers such as Zn0.2Mn0.8Fe2O4 (ZMFO) results in a 

magnetoelectric composite where the electrical polarisation can be manipulated by a magnetic 

field or by the magnetization induced by an applied electric field due to the combined 

piezoelectric and magnetostrictive phases [93, 94].  

Several factors affect the piezoelectric performance of piezoelectric composites including, but 

not limited to, the filler’s particle size, volume fraction of the filler, temperature, and poling 

parameters  [88]. For instance, an increase in the particles size enhances the piezoelectric 
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coefficient, 𝑑33, due to the reduction of the interfacial porosity of the composite[95, 96]. It 

was also reported in many sources that an increase in the filler’s volume fraction yields a higher 

𝑑33 and dielectric constant values [97-101]. The reason behind that is the dominant 

contribution of the ceramic fillers to the electrical properties of the composite. 

Temperature is also a key factor in determining the piezoelectric properties the composites as 

the calcination temperature of piezoelectric ceramics and the transition temperature of 

polymers affect the dielectric and piezoelectric performance of the composites [88, 102, 103]. 

Poling plays a great role in improving the piezoelectricity of composites as an increase in the 

poling electric field results in a composite with higher d33. It is worth mentioning that 

increasing the field past a certain value results in a constant value of d33 due to reaching the 

composite’s saturation poling [104, 105]. Other factors affecting the piezoelectric properties 

are illustrated in Figure 2.10 [88]. The piezoelectric coefficients and dielectric constants of 

several piezoelectric composites reported in literature are shown in Table 2.3.   

 

                                                              Table 2.3: Summary of composites included in literature  

Polymer 

Matrix 

Reinforcing 

ceramic 

filler 

Volume 

fraction of 

filler 

Dielectric 

constant 

Piezoelectric 

coefficient 

d33  (pC/N) 

Reference 

 

PVDF 

 

PZT 

 

10% 

 

9.84 

 

4 

 

[106] 

 

PVDF 

 

 

PZT 

 

 

50% 

 

 

68.1 

 

14 

 

[107] 

 

PVDF 

 

PZT 

 

80% 

 

-  

 

95 

 

[108] 

Figure 2.10 : Fishbone diagram stating the key factors affecting the piezoelectric performance of composites [88] 
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PVDF 

 

BTO 

 

- 

 

23.89 

 

7.8 

 

[109, 110] 

 

PVC 

 

PZT 

 

30% 

 

8.61 

 

4 

 

[111] 

 

PVC 

 

PZT 

 

60% 

 

73.11 

 

22 

 

[111] 

 

Epoxy 

 

BTO 

 

32% 

 

- 

 

~3 

 

[112] 

 

Epoxy 

 

Lead titanate 

( PT ) 

 

70% 

 

- 

 

 

 

70 

 

[113, 114] 

 

Polyurethane 

 

PZT 

 

33% 

 

24 

 

23.7 

 

[115-117] 

 

Polyester 

resin 

 

PZT 

 

60% 

 

84 

 

26 

 

[118] 

 
 

2.4  Fabrication Methods 

The fabrication of piezoelectric sensors is not exclusive to a certain method; therefore, the 

potential fabrication techniques are to be highlighted in this section. Table 2.4 compares 

different fabrication methods for piezoelectric sensors reported in literature in terms of sensor 

dimensions, sensitivity, working mode, and experimenting range.  
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Table 2.4 : Comparison between piezoelectric sensors fabrication methods 

Sensor  Working 

mode  

Dimensions Manufacturing 

method  

Experimenting 

range  

Max Sensitivity  

[119]  

pressure 

sensor for 

human 

motion 

monitoring  

 2.6x2.3 cm2   

T= 36-

42micro 

Facial solution 

casting  

12-243N 9.3V/12N(33KPa)        

for 17% 

PDA@BTO/PVDF 

[120] 

pressure/force 

sensor with  µ-

PDMS layer 

  Photo-

lithography  

0.23-10KPa 

0.01N-0.44N  

31.8pC/10kPa for 

sensor with the µ-

PDMS layer 

[121] self 

powered 

pressure 

sensor from 

NFES PVDF 

fibres  

 Substrate 

40*20*2 

Near field 

electrospinning 

of PVDF fibres 

on metallised 3d 

printed substrate. 

  

[122] force 

sensor 

manufactured 

from PVDF 

fabric 

  electrospinning 3-5N 42mV/N 

[123] pressure 

sensor for 

catheter 

applications 

Compression 

Lateral 

stretching 

1x1 & 

1.5x1.5cm2 

T= 1 & 6 

µm 

Lithography for  

Spin coated  

PVDF-TrFe 

0-300mmHg  

[124] 

biodegradable 

Shear mode Film  

5x5 mm2 

T = 27 µm 

Thermal 

annealing and 

0-18kpa  
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force sensor 

(PLLA)  

mechanical 

stretching  

[125] flexible 

pressure 

sensor using 

AIN thin films  

Compression 

deflection 

T=1 µm Radio frequency  

magnetron 

reactive 

sputtering system 

0-8.5MPa 30pC/N 

(deflection) 

0.7pC/N  

(compression) 

 

[126] 3d force 

sensor based 

on one layer 

of PVDF 

Compression   Heating and 

Stretching  

 0.41V/N for the Z-

axis 

[127] force 

sensor based 

on synthesised 

PVDF 

nanofibres 

  Electrospinning   160mV/kPa 

[128] 

piezoelectric 

force sensor 

for minimally 

invasive 

surgeries  

Deflection 

Compression   

30*10 mm2 

for middle 

section 

T= 25 µm 

photolithography 1mN-5N  

[129] testing 

the sensing 

ability of 3D 

printed PVDF 

  EPAM  0.36nA/N 

[130] 

Enhanced 

Piezoelectric 

response for 

3D printed 

PVDF 

composites  

Tension 6*35 mm2 

T = 0.55mm 

FDM 10-80N 9.06mV/N  

For 18 wt% BTO, 

0.4 wt% MWCNT 
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2.4.1  Electrospinning 

Electrospinning, derived from “electrostatic spinning”, is regarded as one of the most efficient 

methods to fabricate nanofiber films due to its simple operating mechanism and low cost. 

Figure 2.11 depicts the mechanism of an electrospinning system. Influenced by the high 

voltage, liquid droplets of a polymer solution come out of a nozzle. An adequate voltage 

application on the liquid droplet results in charging the body of the liquid, and the surface 

tension is counteracted by the electrostatic repulsion which causes the stretching of the droplet 

at a critical point of liquid stream eruption that is known as the Taylor cone; hence, fibres are 

fabricated and deposited at a collector plate [133, 134].  

 

 

 

 

 

 

 

 

 

 

 

[131] 3D 

printing of 

PVDF/PR 

blends for 

pressure 

sensing 

applications  

Tension   Stereolithography 

(SLA) 

20-80N 2.25pA/N for 2 

wt% PVDF 

[132] 3D 

printed 

stretchable 

piezoelectric 

sensor    

Compression  Digital Light 

Processing (DLP)  

30-60N 59.8mV/N 

Figure 2.11 : Electrospinning’s working mechanism  [131] 
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For instance, Saha, et al. [127] fabricated a piezoelectric force sensor by the synthesis of PVDF 

nanofibers using the electrospinning process. To achieve the optimal size of PVDF nanofibers, 

the ratio of solvents , Dimethylformamide (DMF) and acetone , were varied. The solvent ratio 

of 7:3 offered the thinnest beads free nanofibers among the other ratios. The weight fraction of 

PVDF was varied to obtain the maximum sensitivity. The sensor fabricated by a solvent ratio 

of 7:3 and 12 wt% PVDF recorded the maximum sensitivity of 160mV/kPa.  

 While Wang, et al. [122] manufactured a force sensor based on electrospun PVDF fibres and 

studied the effect of flow rate and applied voltage on the crystalline morphology and the 

sensitivity of the sensor. The scanning electron microscopy (SEM) and Fourier-transform 

infrared spectroscopy (FTIR) test results showed that the optimum conditions for 

electrospinning are an applied voltage and flow rate of 12kV and 0.02 ml min-1, respectively. 

The samples processed using those parameters showed the narrowest diameter distribution and 

the most β-phase formation compared to the other samples. The results from the cyclic tests 

confirmed the relation between crystalline morphology and sensitivity as the samples produced 

under the optimum parameters had the highest sensitivity of 42mV N-1.  

 Whereas Fuh, et al. [121] fabricated a self-powered pressure sensor by the deposition of PVDF 

fibres produced by the near field electrospinning (NFES) on the top of a topologically tailored 

metallised 3D printed substrate. The topologies experimented were the planar, square, and 

sinusoidal surface substrates. The results from pressing the sensor or applying 0.5% cyclic 

strain at 4hz showed that the sinusoidal surface substrate produced the most voltage and 

current. Under 0.5% cyclic strain, the sinusoidal surface substrate produced 4V while the planar 

and the square surfaces produced 2V and 3.5V, respectively. The reason behind the sinusoidal 

surface’s better output is having longer electrospun fibres. The effect of the sinusoidal 

amplitude was analysed, and it was shown that the voltage produced is proportional to the 

sinusoidal amplitude due to having longer electrospun fibres and experiencing more strain 

during the stretching/releasing stages. The sensors were arrayed in matrix to produce a foot 

pressure mapping sensor. The foot exerts different values of pressure along its area so each 

sensor will be measuring a different pressure value contributing to mapping the pressure values 

across the foot.  
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2.4.2  Photolithography 

 

Photolithography is another technique that is widely used to pattern parts on a thin film or the 

bulk of a substrate, wafer. Its working mechanism depends on imaging a structure written in a 

lithographic mask onto a photosensitive resist deposited on the wafer. There are two options to 

be followed in photolithography, either positive or negative resist. An illustration of the process 

using the positive resist is shown in Figure 2.12. the first step involves a deposition of the metal 

on the substrate. (Figure 2.12 (a)). The next step is spin coating the photoresist on the sample 

followed by the softbake process, leaving the sample at temperatures between 60°C and 100°C 

for up to 30 minutes, (Figure 2.12 (b)). Afterwards, an illumination of the sample through a 

mask and suitable light is done (Figure 2.12 (c)). Therefore, the structure of the mask is imaged 

on the resist causing photochemical changes. After hard-baking for 20-30 minutes at 

temperatures between 120°C and 180°C (Figure 2.12(d)), the open metal areas are etched away 

(Figure 2.12 (e)) removing the photoresist and leaving the metal on the substrate (Figure 2.12 

(f)).  As Figure 2.13 depicts, a similar process occurs for the negative resist, the photoresist is 

spin coated on the substrate leaving voids which are filled by the deposited metal. The resist is 

chemically removed leaving the metal on the substrate [135]. The photolithography technique 

has been used to fabricate piezoelectric pressure and force sensors as in [120, 123, 128] 

   

 

 

Figure 2.12: Illustration of using positive resist [135] 

https://en.wikipedia.org/wiki/Thin_film
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Sharma, et al. [123] designed and fabricated a pressure sensor as a potential candidate in 

catheter applications. The process of fabrication was the standard photolithography along spin 

coating of PVDF-TrFe. The effect of the thickness of the film and the type of electrodes design 

on the sensitivity was studied. According to Equation 2.14, as the thickness of the film 

increases, the output voltage should increase. The results from the experiments contradicted 

the equation, as the sensor of the thinner thickness(1µm) had 1.7 times the sensitivity of the 

thicker film sensor (6 µm). A potential reason for the contradiction was that the spin coating 

caused a higher surface tension in the thinner film causing a higher crystallinity when compared 

to the thicker film. It was found out that the sandwich type electrode design had 3 times higher 

sensitivity when compared to the parallel type as the piezoelectric coefficient for operating in 

the compression mode is 2 times higher than the coefficient operating in lateral stretching. 

 

𝑉 =
𝐹𝑑𝑔3𝑛
𝐴

(2.14) 

Where 𝑑, 𝐴, and 𝑔3𝑛 represent the thickness of the film, area of the electrodes, and piezoelectric 

voltage coefficient, respectively.   

Choi, et al. [120] designed and manufactured a pressure/force sensor by integrating a 

piezoelectric sensor based on the photolithography of a PZT thin film with a microstructured 

polydimethylsiloxane ( µ-PDMS ) layer and irreversibly bonding them using a PDMS adhesive 

layer. The design was based on mimicking human skin, the µ-PDMS layer was mimicking the 

dermis and was integrated to act as a viscoelastic layer to enhance the sensitivity of the sensor. 

The results showed that the sensor with µ-PDMS layer showed a linear correlation between 

Figure 2.13: Illustration of using negative resist [135] 
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charge and force while the sensor without the µ-PDMS layer showed a non-linear correlation 

after a certain region.   

Results showed that the pressure response time and the sensitivity for the sensor with the µ-

PDMS layer were recorded to be 5.4ms/KPa and 31.84pC/KPa, respectively. It was also shown 

that the sensitivity of the sensor with µ-PDMS layer was approximately 3 times the max 

sensitivity of a sensor without the µ-PDMS layer proving that the integration of the µ-PDMS 

layer enhanced the sensitivity. The sensor was able to distinguish small differences in pressure 

by discriminating a quick gentle sweep and slow strong sweep.   

Qasaimeh, et al. [128] designed, modelled, and fabricated a piezoelectric force sensor to be 

integrated with graspers for a potential application in minimally invasive surgeries. The 

proposed sensor is able to measure and detect the applied force and its location. The force 

position is a crucial feature as it can notify surgeons of the presence of hidden anatomical 

features like lumps, voids, and pulsating arteries. The sensor consists of 3 layers. The top layer 

will be a micromachined Silicon plane fabricated by the photolithography technique integrated 

with a tooth design for the grasping function. The second layer consists of 9 sensing units 

arranged in 3 columns which are patterned on the PVDF film. Both layers are to be supported 

by a layer of Plexiglas. The sensor design was modelled to evaluate the performance of the 

sensor and its ability to measure forces and detect their locations. The simulation results 

showed a linear relationship between the force applied and the output voltage. The results also 

were able to demonstrate the sensor’s ability to evaluate concentrated and point loads. The 

results from the experiments conducted on the fabricated sensor confirmed the numerical 

results; hence, proved the ability of the sensor. 

2.4.3  Fused Deposition Modelling (FDM) 

 

FDM is an additive manufacturing process which fabricates a 3D model directly from the 

computer-aided design (CAD) model by the integration of several systems and processes such 

as the CAD system, materials science, computer numerical control, and the extrusion process. 

In a brief description of the FDM process, a filament is drawn into the liquefier head where it 

is melted to a semi-liquid state to be extruded through a nozzle depositing beads to fill a layer 

on the platform in a temperature-controlled chamber. The platform moves in the z-direction 

depending on the assigned layer thickness while the computer-controlled head moves in the X-

Y plane (Figure 2.14)[136-138]. FDM has gained popularity among fabrication methods due 
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to its low cost and efficiency. It has recently been utilised in the fabrication of piezoelectric 

pressure and force sensors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For instance, Kim, et al. [130] fabricated a piezoelectric pressure sensor by using the FDM 

process to 3D print a PVDF nanocomposite film. To find the optimum loading content, Various 

loading contents of BTO and multi-walled carbon nanotubes (MWCNTs) were experimented. 

The highest generated output voltage was obtained at a loading content of 18 wt% BTO and 

0.4 wt% MWCNT. The same loading content recorded the highest piezoelectric coefficient 

𝑑31 with a value of 0.13pC/N. The sensor showed mechanical and piezoelectric stability as no 

variation in the output voltage was noticed after 2000 periodic cycles and 3 days, respectively. 

   

Lee and Tarbutton [129] examined how well a PVDF film, which was created using the electric 

poling assisted additive manufacturing process (EPAM), responded to sensing. The EPAM 

process involves adjusting a FDM printer to generate high voltage between the extruder's 

nozzle and the printing bed to align the filament's dipoles (Figure 2.15). The sensitivity of the 

PVDF film was tested for sensing and found to be 0.36nA/N. They also observed that PVDF 

treated with plasma exhibited 3-4 times more piezoelectricity than untreated PVDF. 

Figure 2.14: Illustration of the FDM process [138] 
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Kim, et al. [139] evaluated the piezoelectric effect and the mechanical properties of a potential 

piezoelectric sensor from a PVDF composite 3D printed by the EPAM process. The PVDF was 

reinforced with several loading contents of BTO particles varying from 3-15 wt%. The 

experiments showed that a 15 wt% BTO reinforcement resulted in a piezoelectric coefficient 

of 0.101pc/N demonstrating a 1342% increase to the piezoelectric coefficient of the non-poled 

PVDF. The mechanical characterization tests showed an opposite trend as the content of BTO 

increased past 3 wt% BTO, the tensile and the fatigue strength of the composite decreased. 

 The potential reasons behind the reduction in tensile and fatigue strength with higher content 

of BTO could be due to the creation of defects and stress accumulation from agglomerates. 

Tarbuttona, et al. [140] studied the phase transformations and the shock sensor ability of PVDF 

3D printed by the EPAM process. The results showed that polymer after printing was 35% 

crystalline, and the crystalline phase consisted of 35% β phase crystals. Single and dual layers 

of PVDF were printed to evaluate their ability as shock sensors. The drop test results show that 

the single layer sensor recorded a higher charge coefficient of 0.66pC/N while the dual layer 

only recorded 0.23pC/N.  

 

2.4.4  Stereolithography (SLA) 

 

Stereolithography, also known as vat polymerization, is an additive manufacturing technique 

that uses a single or multiple UV laser beams to cure a liquid photopolymer resin in a layer by 

layer manner[141-143]. Briefly, the laser source is placed over a platform in a resin reservoir. 

The computer aided laser source projects laser beam in a controlled path over the platform to 

Figure 2.15: EPAM process [129] 
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cure resins by photopolymerization. After the first layer has been cured, the platform is lowered 

into the resin and another layer is cured on top of the first layer [144]. Once the curing process 

is over, the printed product is usually rinsed in a solvent to remove any present uncured 

resins[145]. 

 

As research and investigations on the SLA process progressed, other techniques were created 

by modifying the SLA process such as micro-stereolithography (µSL) and digital light 

processing (DLP). µSL utilises a lens to focus the laser beam in addition to using a smaller 

laser light spot which yields an improved resolution in the micrometre range [146, 147].  

While DLP uses a digital projector coupled with an array of micro-mirrors to flash an image 

of the whole layer on the resin at once which reduces the exposure time (Figure 2.16) [148, 

149].  

 

 

 

 

 

 

 

 

 

 

The SLA technique was utilised to print several piezoelectric materials such as KNN, BT, and 

PZT [150-152]. For instance, Chen, et al. [151] printed complex structures from KNN-based 

piezoceramic green parts using the micro-stereolithography method (Figure 2.17).  The printing 

process was followed by a two step thermal debinding and sintering processes to enhance the 

density of the printed structures. The printed structures exhibited piezoelectric properties with 

d33 =  170pC/N and εr= 2150 which is inferior to KNN ceramics fabricated using the traditional 

methods. The cause of the relative poor performance could be the voids’ presence after the 

sintering process.  

Figure 2.16: schematic representation of the DLP process     
[ 148] 
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Whereas Kim, et al. [131] employed the SLA technique to fabricate photopolymer resin (PR) 

based PVDF blends for pressure sensing applications. The direct mixing between PR and 

PVDF results in sediments which would result in poor piezoelectric performance; hence, DMF 

is used as a solvent to evenly disperse PVDF molecular chains to prevent their agglomeration. 

To obtain the optimum PVDF:DMF ratio and PVDF loading content in PR, several loading 

contents and ratios were experimented. The 1:10 ratio and 2%wt PVDF/PR showed the best 

piezoelectric properties with d31 = 0.014pC/N. The printed blend also reported a current of 

0.18nA when a dynamic force of 80N was exerted. 

 

While Zhou, et al. [132] 3D printed a stretchable piezoelectric nanogenerator using the DLP 

process. BT nanoparticles were mixed with photocurable resins, AUD and EAA, to form the 

printable ink. The optimal loading content of BT nanoparticles were 15%wt as higher content 

would result in blocking the UV light; therefore, the ink will not be cured. Under the optimal 

loading content, the printed nanogenerator recorded a maximum strain and a d33 of 434% and 

0.78pC/N, respectively. The nanogenerator was experimented under dynamic forces ranging 

from 30-60N, and showed a sensitivity of 59.8mV/N which is similar to the commercial sensors 

used for motion monitoring.     

 

 

 

 

 

Figure 2.17: Images of complex structures printed using the µSL process.    a) 2D segmented annular array for ultrasound 
transducer   b) optical microscopy image of the annular array     c) a hollow hemisphere  [151] 
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2.4.5  Binder Jetting (BJ) 

 

Binder Jetting is another additive manufacturing process used to print piezoelectric materials. 

Usually used to print ceramic and metallic materials, BJ can be simply described as the 

selective deposition of a binding liquid to join powdered materials[153]. To fabricate parts 

using the BJ process, the following steps need to be fulfilled[154, 155].  The spreading of a 

thin layer of powder on the build box, the area on the powder bed where the printing occurs, is 

considered to be the first step (Figure 2.18).  The powdered layer is then levelled and loosely 

compacted by a counter-rotating roller. Then, the binding liquid is deposited on selected areas 

on the build box to form the first layer of the part. To dry and prepare the layer for the spreading 

of the upcoming layer, an electrical heater passes over the powder bed. After the binder has 

dried, the building platform is lowered by the thickness of one layer with the aid of the piston 

supporting the powder bed, and the whole process is repeated until the part is fabricated. 

 

 Due to the fragility of the fabricated green parts, post-processing steps are required to enhance 

their mechanical properties[156, 157]. The post-processing steps include powder removal, 

debinding, and sintering.  

 

Despite being utilised in printing ceramics, the BJ was never used to fabricate piezoelectric 

sensors. Yet, it has been employed to fabricate and investigate the piezoelectric and dielectric 

properties of Barium Titanate. Where Gaytan, et al. [157] investigated the effect of the binder 

saturation and the sintering temperature on the density, dielectric properties, and piezoelectric 

performance of the BTO parts fabricated by the BJ process. It was found out that a binder 

saturation less that 60% would not provide the desired geometry. It was also reported that the 

Figure 2.18: Schematic representation of the Binder Jetting process [155] 
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highest density, dielectric constant range at a frequency of 1kHz, and piezoelectric properties 

were obtained at a sintering temperature of 1400°C with 3.93g/cm3, 600-725, and 74.1pC/N, 

respectively. The reason behind the better properties of specimens sintered at 1400°C could be 

their small grain size 

 

2.4.6  Other Techniques  

 

Apart from the mentioned techniques before, other methods have been used to fabricate 

piezoelectric pressure and force sensors such as radio frequency magnetron reactive sputtering 

system, thermal mechanical stretching, and facial solution casting. 

  

For instance, Yang, et al. [119] manufactured a flexible piezoelectric pressure sensor for human 

motion monitoring by using facial solution casting method on the composite 

PDA@PVDF/BTO.  

Due to the poor dispersion of BTO in PVDF, the surface of BTO was modified by 

polydopamine (PDA). Several weight percentages of PDA@BTO to PVDF were experimented 

to obtain the mass fraction with the best properties. The SEM images showed that using PDA 

to modify the surface resulted in absence of cracks or defects which are present in the 

PVDF/BTO composite. The results from testing the piezoelectric composite film with a linear 

motor showed that force and voltage were linear as expected. The bending test on the sensor 

demonstrated that increasing the bending angle resulted in an increase of the voltage produced 

as well as showing that the response time of the sensor was 61ms.  The fatigue test done on the 

21% PDA@BTO/PVDF sensor for 1000 cycles on 12N resulted in a 6.7% decrease in the 

voltage which indicates the excellent stability and durability of the sensor.  

The optimum mass fraction was 17 wt% of PDA@BTO which obtained a peak voltage of 9.3V 

when an impact force of 12N was applied.  

 

Whereas Ting, et al. [126] utilised the thermal stretching technique to design and fabricate a 

3D piezoelectric force sensor from a one layer of thin PVDF film. The PVDF was heated and 

stretched to a stretch ratio (SR) of 6 before the poling process. 6 electrodes were deposited on 

the film to conduct the poling process. Horizontal-side polarization was applied to measure 

force changes in the X and Y-axis directions while thickness polarization was done to measure 

forces in the Z-axis direction.  As expected, the sensitivity of the sensor along the  Z-axis 
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direction was more than the other directions. To enhance the sensitivity in the X and Y 

directions, an interdigital electrode pattern was implemented. As a result, the piezoelectric 

coefficient 𝑑33 and the sensitivity of the sensor along the X and Y-axis directions increased to 

approximately equal their correspondent values in the Z-axis direction.   . 

  

 While Curry, et al. [124] integrated thermal annealing to the thermal stretching process to 

design and fabricate a biodegradable force sensor utilizing the shear piezoelectricity of PLLA.  

Due to the poor piezoelectricity of PLLA, multiple layers will be fabricated to enhance the 

sensitivity of the sensor. The sensor consisted of only biodegradable material such as 

Molybdenum and Magnesium as electrodes and Poly(lactic acid) (PLA) was used to 

encapsulate the sensor. The sensor was mechanically modelled to find the relationship between 

the normal stress and the shear stress. It was found out that a PLLA film cut to 45 degrees, 

relative to the stretching direction, exhibits the maximum piezoelectricity in the normal stress 

directions. Experiments proved the theoretical deductions as only the sensors based on PLLA 

films cut relative to the stretching direction produced an output voltage when a force was 

applied.  The sensor was placed in an incision below a mouse’s diaphragm to detect the 

breathing pattern to show the potential applications of the sensor. 

 

Akiyama, et al. [125] designed and fabricated a highly flexible pressure sensor by using the 

radio frequency magnetron reactive sputtering system to prepare oriented Aluminium Nitride 

(AlN) thin films on a flexible PET substrate. The piezoelectric response of the sensor was 

0.7pC/N which is lower than the piezoelectric coefficient d33 (3-5 pC/N), this could be due to 

the low crystallinity of the piezoelectric film.  

 

The capabilities of the sensor were evaluated by measuring the human pulse wave forms and 

comparing them to a commercial sphygmomanometer. At stress levels of 10kPa, the resolution 

of the pulse waves produced by the sensor were similar to the sphygmomanometer. The 

piezoelectric response of the sensor under the deflection mode was reported to be 30pc/N, and 

that the piezoelectric response of the sensor can be enhanced by decreasing the thickness and 

Young’s Modulus of the substrate.  
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2.5 Research Gap 
 

Despite the considerable amount of research conducted on PVDF, there is still a research gap 

in the exploration of its co-polymers. Existing literature has predominantly concentrated on 

PVDF, and less attention has been paid to its co-polymers. Furthermore, the high cost of PVDF 

has driven the need to identify cost-effective alternatives. Therefore, it is necessary to 

investigate alternative materials that could potentially substitute for PVDF in the development 

of piezoelectric devices. 

The limited literature on PVDF copolymers, especially PVDF-HFP, restricts access to 

approaches for enhancing the piezoelectricity of this material. In particular, investigations on 

the effect of 3D printing parameters on the mechanical and piezoelectric properties of PVDF-

HFP are yet to be carried out, creating another research gap that needs to be addressed. 

Addressing these gaps is crucial for PVDF-HFP samples to meet the necessary specifications 

if they are to be used as alternatives to PVDF. 

In summary, although there is literature available on PVDF and its use in piezoelectric devices, 

alternative materials and methods to enhance their piezoelectric performance still need to be 

explored. These research gaps are detailed further in Chapters 3 and 4, where the research 

methodology and approach used to address them are explained. 
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3. Methodology for Fabrication and 

Characterizing the Properties of 3D-

printed PVDF-HFP 

This research project focuses on investigating the additive manufacturing (AM) of 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and its composites using 

fused deposition modeling (FDM) for a potential use in force sensor applications.  Despite the 

growing body of literature on AM techniques, there remains limited research on PVDF-HFP 

and its composites, particularly with respect to the effect of processing parameters on the 

properties of printed samples. 

To justify the choice of PVDF-HFP and FDM as the material and fabrication method, a 

comparison with other potential polymers and fabrication methods is presented in this chapter. 

This will determine the most suitable options for producing samples with the desired properties 

for the force sensor application. Optimization of processing parameters will also be undertaken 

to enhance the piezoelectricity of the fabricated samples. The Design of Experiments (DOE) 

method will be utilized to aid in understanding the effects of the printing parameters and their 

interactions in addition to predicting the paramters that optimize the response.  

In the subsequent chapter, techniques for enhancing piezoelectricity will be reviewed and 

selected based on their suitability for the application at hand. The information will provide 

justification for choosing the reinforcement technique in addition to the fillers chosen ( Barium 

Titanate and Untreated Activated Carbon). The optimal mixture design of experiments 

(MDOE) was employed to analyse the effect of the fillers on the β-phase content of the polymer 

matrix. It was also utilized to predict the formulation with the highest β-phase content. To 

fabricate the samples to run the samples needed for MDOE, solution casting technique was 

used. This arose another point of investigation, an alternative solvent instead of the hazardous 

DMA and DMF must be found. The polar solvent DMSO was used and the viability of its 

employment was also investigated. The information obtained from these investigations will be 

used to print the composite. To evaluate the material for potential force sensor applications, the 
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printed samples undergone electromechanical tests to confirm their piezoelectricity and 

evaluate their force sensitivity.  

Throughout Chapter 3 and Chapter 4, appropriate characterization techniques will be employed 

to analyze the structure, mechanical, and thermal properties of the samples, in order to gain a 

comprehensive understanding of their behavior and optimize their performance. Figure 3.1 

depicts a flowchart of the processes to be followed in this investigation. 

 

Figure 3.1: Methodology Flowchart 

3.1 Piezoelectric polymer selection 

The requirements that should be met to fabricate a functional piezoelectric force sensor are 

excellent piezoelectric and mechanical properties. Due to the brittle nature of piezoceramics 

and the relatively low piezoelectric properties, piezoelectric polymers and composites were 

utilised to fabricate piezoelectric force sensors. Since PVDF and its’ copolymers dominate the 

remaining piezoelectric polymers by a huge margin when comparing the piezoelectric 

properties, the choice for the piezoelectric polymer can be narrowed down to PVDF and its’ 
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copolymers.The superior piezoelectric properties were not the only reasons since PVDF 

provides excellent chemical strength, resistance to UV radiation, and high mechanical strength 

and toughness[158, 159].  

Another point in PVDF and its’ copolymers’ favour is that it can be 3D printed by the FDM 

process due to being a thermoplastic polymer[160]. As the homopolymer have been 

overviewed earlier, the following section will contain an overview on the structure and 

piezoelectricity of the copolymers, followed by a comparison to justify the material selection.  

 

3.1.1 Polyvinyldene Flouride (Hexaflouropropylene) (PVDF-HFP) 

 

The structural difference between PVDF and PVDF-HFP rises from the incorporation of HFP 

to the original structure as shown in Figure 3.2 [161]. This simple change results in reducing 

the crystallinity of the polymer increasing its flexibility [162, 163]. The incorporation of HFP 

also results in a reduction in the solubility of PVDF due to the presence of the Flourine 

atoms[164, 165].  

 

  

 

 

 

 

 

 

Regarding the piezoelectricity, PVDF-HFP exhibits piezoelectricity in the same mechanism 

PVDF uses to exhibit piezoelectricity. For instance, it was mentioned by He, et al. [166] that 

the PVDF-HFP exhibits piezoelectricity, and that it depends on the orientation of the polymer 

chains just like the homopolymer (PVDF). In the same paper, the β-phase activity of stretched 

and annealed samples of PVDF-HFP were investigated. Despite no poling was done to either 

samples, the stretched samples recorded a 𝑑33 of 12.6 pC/N while the annealed samples 

registered a 𝑑33 of 9.5pC/N. It was also reported in another paper by by Huan, et al. [167] that 

the 𝑑33 of a stretched and poled PVDF-HFP film is 24pC/N which is a very close value to 

what the homopolymer reports in literature. 

 

Figure 3.2 : Polymerization of PVDF-HFP [161] 
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3.1.2  Polyvinyldene Flouride Triflouroethylene (PVDF-TrFE) 

 

Following the similar synthesis process, PVDF-TrFE is synthesised using the polymerization 

of the VDF monomer with the TRFE monomer Figure 3.3 [161]. The incorporation of the TrFE 

monomer results in enhancing the crystallinity and improving the orientation of good growth 

crystallinity. However, a molar concentration of 11% or higher of TrFE induces defects 

produced by the fluorine atoms restricting the formation of the α-phase below the Curie 

temperature[168].  

 

 

 

 

 

                                                                   

 

Regarding piezoelectricity, PVDF-TrFE is slightly different since the employment of the TRFE 

monomer results in a smooth formation of the β-phase meaning that mechanical stretching and 

the other phase transformation techniques are not required [168, 169].  Since the TrFE 

monomer content dictates the crystallinity of the polymer, it can also affect the piezoelectricity 

of the polymer greatly. For instance, Omote, et al. [170] reported a 𝑑33 coefficient of 38pC/N 

for single crystal films of PVDF-TrFE (75-25 mol%). In another work by Hu, et al. [171], it 

has been reported that a PVDF-TrFE (80-20 mol%) film poled using an in-situ polarization 

technique recorded a 𝑑33 coefficient of 28pC/N.   

3.1.3 Comparison between candidate polymers  

Due to the presence of three suitable candidates for the piezoelectric polymer position, a 

comparison must be done to choose the appropriate polymer. Owing to their shared structural 

similarities, these polymers exhibit analogous chemical characteristics, including inertness, 

hydrophobicity, and thermal stability, alongside comparable mechanical properties such as 

Young's Modulus [172-174]. Consequently, conducting further comparisons of either 

mechanical or chemical properties are deemed insignificant. Several factors will be deciding 

the suitable piezoelectric polymer.  

Figure 3.3 : Polymerization of PVDF-TrFE [161] 
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Starting with the most important one, the piezoelectric performance of the polymers. Out of 

the other polymers, PVDF-TrFE recorded the highest piezoelectric performance according to 

several works in literature with an average 𝑑33 value ranging from 30 to 38 pC/N followed by 

the other polymers with a range of 20-30 pC/N. Another point in PVDF-TrFE’s favour was 

that its’ structure allows the formation of the β-phase smoothly without the need for any 

transformation techniques. The previous information are in PVDF-TrFE’s favour; however, 

they are not enough to eliminate any of the other polymers since they recorded similar 

piezoelectric performances despite PVDF-TrFE’s slightly higher results. The second factor 

chosen was the cost. PVDF-TrFE was found out to be tenfold the price of the other polymers 

which were approximately of the same value [175, 176]. PVDF-TrFE is to be eliminated due 

to its very high cost which is not justified by its piezoelectric performance since the other 

candidates recorded similar performances. 

With PVDF and PVDF-HFP remaining as the polymer candidates, a comparison between their 

FDM printability can take place due to the fact that they are thermoplastic polymers in addition 

to FDM being one of the promising fabrication methods to be chosen for the study. The 

comparison was done in a study conducted by Mullaveettil, et al. [177] where filaments of 

PVDF and PVDF-HFP were 3D printed to investigate their mechanical properties. Another 

aim of the study was to provide a comprehensive guide for the 3D printing process tailored to 

PVDF-based materials. It was noticed that PVDF-HFP samples lack warpage and show 

adequate adhesion unlike the homopolymer due to its higher degree of crystallinity. Regarding 

the mechanical properties, it was reported that the homopolymer registered the highest tensile 

and compressive modulus values for 100% infill density with 1800MPa and 1100MPa, 

respectively. On the other hand, the copolymer only registered 60% of the tensile and 

compressive modulus values reported by the homopolymer. This could also be explained by 

the higher degree of crystallinity of the homopolymer. For the flexural properties, the 

copolymer registered the best properties due to its lower degree of crystallinity.  

 

Despite FDM not chosen as the fabrication method yet, it can still be used to settle the debate 

between the homopolymer and PVDF-HFP. Since warping can cause the total loss of samples 

, it would be a safer bet to proceed with PVDF-HFP. This choice was also reinforced with other 

reasons like its similar piezoelectric performance for a lower cost in comparison to PVDF.. 

Another reason was that PVDF-HFP has not received much attention and this study could spark 

the interest of other researchers looking for a PVDF alternative.  
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3.2 Comparison between fabrication methods 

Due to the presence of several potential fabrication methods to manufacture a force sensor, a 

comparison between the possible methods and the selection of the fabrication technique will 

be done in this section. A summary of the advantages and drawbacks for each technique can 

be found in Table 3.1.  

Before addressing the additive manufacturing methods, the benefits and limitations of the 

photolithography and electrospinning techniques are to be compared. For instance, the 

photolithography process creates extremely small patterns and creates precise control over the 

shape and size of objects created[178]. On the other hand, it is an expensive process which 

requires extremely clean conditions. The procedure also lacks the ability to cut in the horizontal 

direction in addition to its low effectivity when fabricating parts without a flat surface[178, 

179]. As the disadvantages outweigh the advantages of the process, it will be excluded as a 

possible fabrication method.  

The electrospinning process offers a simple low-cost process which can control the fibre 

morphology[180]. In addition, electrospun piezoelectric fibres do not require poling due to the 

high voltage application causing the alignment of the dipoles [133, 181]. On the contrary, the 

electrospinning process usually operates in hazardous conditions such as high voltage and the 

usage of toxic volatile solvents[182, 183]. In addition, the characteristics of electrospun fibres 

depend on a lot of variables that need to be monitored and controlled such as but not limited to 

the solution concentration, feed rate, tip-to-collector distance, and applied voltage[184]. 

Despite the benefits of using the electrospinning process, the environmental impacts of the 

hazardous working conditions rule out the electrospinning technique as a possible fabrication 

method.  

After ruling out the photolithography and electrospinning processes, the additive 

manufacturing processes remain as potential fabrication methods. The additive manufacturing 

processes that have been utilised to print piezoelectric materials are FDM, SLA, and BJ.  

Starting with Binder Jetting, the BJ process offers several advantages when compared to other 

additive manufacturing processes. For instance, BJ can be employed for virtually any powdered 

feedstock[185, 186]. In addition, the building rate for BJ is higher as only the binding liquid is 

being printed[153]. Another advantage is that parts fabricated by BJ do not experience thermal 
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stresses and distortions due to the lack of any significant heating or melting processes in the BJ 

system[187]. On the other hand, the post-processing plans haven’t been developed for majority 

of the materials. In addition, a relatively higher surface roughness and lower resolution are 

obtained using BJ when compared to other AM processes[153]. Finally, there is limited work 

on BJ of polymers due to the rarity of polymer fabrication from powders; hence, limited 

formulations are available[186]. As the proposed material for the force sensor fabrication is 

polymer based, the BJ process will be excluded due to its limited work on polymers.  

After all techniques have been eliminated, FDM and SLA remain. SLA offers a simple 

operation method with higher resolution, surface precision, and efficiency when compared to 

FDM and other AM processes while FDM provides a low-cost user friendly high speed 

fabrication method[147, 188].  

However, SLA presents a significant challenge to our study which is its’ compatibility with 

PVDF-HFP since it is the chosen material for this study. As known, PVDF-HFP is a 

thermoplastic polymer and is not a photopolymer which makes it incompatible with SLA. 

There have been experiments to reinforce the photopolymer resin with PVDF by Kim, et al. 

[131]; however, their studies showed that a maximum of 2%wt of PVDF was incorporated and 

the fabricated sample yielded a very low piezoelectricity when compared to the pristine 

polymer. Other hurdles also introduced by SLA are that it is not suitable for multi-material 

mixing, the presence of chemical wastage after the process, and the high cost of equipment. 

On the other hand, FDM demonstrates excellent compatibility with PVDF-HFP while the 

downside for using FDM is that it produces parts with weak mechanical properties [142, 147, 

188]. While SLA provides slight improvement in resolution and mechanical properties, these 

advantages are outweighed by its incompatibility with PVDF-HFP, the cost difference,  and 

the environmental impact caused by the chemical wastage. Considering practicality, cost 

effectiveness, and potential challenges, FDM emerges as the preferred choice to be employed 

to fabricate the force sensor. 
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                                                  Table 3.1 : comparison between the fabrication methods 

Fabrication 

Method 

Benefits Drawbacks 

 

 

Electrospinning 

Simple and low-cost equipment  

Fibre Morphology can be controlled  

Fabricated piezoelectric parts do not 

require poling 

Toxic solvents 

Many variables need to be 

controlled for the process 

 

 

 

 

 

Photolithography 

 

Creation of extremely small patterns  

Precise control over the shape and 

size of objects created 

Expensive process  

Procedure can only cut in the 

vertical direction 

High efficiency when fabricating 

a flat shape only. 

Requires extremely clean 

operating conditions 

 

 

FDM 

Low Cost  

User friendly 

High speed  

Weak mechanical properties  

 

 

 

SLA 

Simple operation method  

High resolution 

High surface precision 

High efficiency 

Not suitable for multi-material 

mixing 

The chemical wastage after the 

process 

Expensive equipment  
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Slow printing 

 

BJ 

High building rates  

Fabricated parts do not experience 

thermal stress 

High surface roughness  

Low resolution  

Very limited work on polymers 

 

3.3 Fabrication and Testing  

3.3.1 Extrusion and Printing 

Resin pellets of PVDF-HFP (Sigma Aldrich) were acquired and subsequently converted into 

filament for 3D printing purposes. Filament fabrication was achieved using an in-house 

extruding system consisting of a single screw extruder (Filastruder) and a filament winder 

(Filawinder) (Figure 3.4). The pellets were fed to the Filastruder preheated to 180°C and had 

an exit nozzle diameter of 1.75mm. As the filament was extruded, it underwent air-cooling and 

passed through the infrared dynamic positioning sensor. The sensor utilized a laser emitting 

specific frequencies to monitor the filament’s color. The winding motor speed was adjusted 

based on the changes in frequency as the filament moved. After the filament was spooled, 

several diameter measurements from different points across the filament were taken concluding 

that the resulting pure PVDF filament was cylindrical and had a uniform diameter of 1.75±0.15 

mm. The Fused Deposition Modeling process was carried out using a low cost Creality Ender-

3 Max 3D printer, as illustrated in Figure 3.5. The printer is equipped with a 0.4mm nozzle and 

features a Carborundum Glass printing bed. To enhance the initial layer adhesion, a thin coat 

of Elmer’s disappearing purple glue stick was applied before commencing any print.   
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Figure 3.4 : Filament extruding Setup 

 

The printing parameters were a topic that required further thought due to the fact that they 

impact the mechanical properties of the samples as seen in the works by Mullaveettil, et al. 

Figure 3.5 : Creality Ender-3 Max 3D printer  
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[160] and Porter, et al. [189]. Moreover, as reported by Momenzadeh [190], certain adjustments 

to printing parameters, such as reducing the nozzle diameter or increasing the infill density, 

have been found to enhance the β-phase content of the printed samples, thereby improving their 

piezoelectric behavior. This increase in β-phase content is attributed to the additional residual 

stress within the polymer. Residual stress in a printed part arises from various factors, with the 

primary one being the multiple heating and cooling cycles involved in the 3D printing process 

[191, 192]. While increased residual stress is advantageous for enhancing the β-phase content 

in printed samples, it has adverse effects on the structural integrity of the parts. Higher residual 

stress levels can lead to issues like distortion, interlayer cracking, and part delamination, 

thereby hindering the structural integrity of the printed components [193].Therefore, the 

printing parameters should be tailored to optimize the β-phase content while maintaining an 

adequate structural integrity. Further information regarding the approach chosen to optimize 

the β-phase will be discussed in the upcoming subsection.   

To determine the appropriate printing parameters, Table 3.2 was created to consolidate the 

processing parameters that exhibited variations when printing PVDF, PVDF-HFP, and their 

composites in existing literature. It is worth noting that PVDF-HFP was 3D printed in few 

works so PVDF was used an additional guide due to the similar chemical structure Several 

parameters, such as infill density, nozzle diameter, and line width, consistently fell within a 

similar range of values, and therefore, these settings were maintained, as outlined in Table 3.3. 

 While Table 3.2 revealed discrepancies in bed temperature values across different studies, with 

the majority reporting higher temperatures ranging from 90-100°C, it's noteworthy that a 

couple of works by the same author reported much lower temperatures, as low as 23°C. Our 

preliminary tests were conducted with the objective of identifying a suitable range for testing 

the effect of bed temperature on the printing process. However, these tests revealed that reliable 

adhesion of the printed samples was consistently achieved only at a bed temperature of 110°C. 

Given the practical limitations of the 3D printer available for this study, which can only heat 

the bed to a maximum of 110°C, this temperature was selected for maintaining consistent 

material adhesion throughout the study. 

Table 3.2 demonstrates that researchers commonly printed samples within an extrusion 

temperature range of 230-260°C. While this temperature range may appear high for polymers, 

PVDF boasts a wide melt processing window (180-265°C) [160]. Nevertheless, it has been 

noted by Kim, et al. [194] that attempting to print below 230°C leads to issues with bed 
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adhesion. Researchers commonly avoided temperatures higher than 260°C to prevent 

approaching the upper limit of the melt processing window, which ends at 265°C. Instead, they 

often opted for temperatures exceeding 230°C because higher extrusion temperatures are 

recognized for their ability to reduce viscosity, thereby facilitating smoother melt flow with a 

lower pressure drop. In addition, it enhances the fusion of adjacent layers improving the 

mechanical strength of the printed sample [195-197]. Furthermore, since the primary objective 

of this study is to enhance the β-phase content, it's essential to consider that higher extrusion 

temperatures lead to increased residual stress, resulting in a rise in the β-phase content. 

However, as the structural integrity of the samples is equally crucial alongside β-phase content, 

it is imperative to investigate the effects of varying temperatures within the range of 230-

250°C. This comprehensive analysis ensures the attainment of structural integrity and optimal  

piezoelectric properties for the sensor. Notably, the upper limit of 250°C was chosen to align 

with the maximum temperature capability of the 3D printer. 

 For the printing speed, the range used in literature was 10-30mm/s. It is known that using a 

lower printing speed usually results in a more precise prints as higher speeds of dynamic 

systems give rise to jerky motion affecting the stability of the nozzle[195]. On the other hand, 

using lower speeds increases the time needed to print samples. It is also worth noting that using 

lower speeds will result in a longer cooling-heating cycles increasing the residual stress 

improving the β-phase content. Therefore, investigating the effect of varying the printing speed 

in the range 10-30 mm/s should be done to understand the relation between the printing speed 

and the β-phase content.  

For the layer thickness, it is observed in Table 3.2 that the previous works have printed PVDF 

or its copolymers using layer thicknesses varying from 0.1-0.3mm. Using a thicker layer can 

be done to reduce the printing time. However, the shorter printing cycles come at the cost of a 

worse surface finish. The aforementioned information indicate the using thinner layers would 

improve the printing quality while increasing the printing time. It must also be taken into 

consideration that using thinner layers would mean more layers to print resulting in more 

cooling-heating cycles that would increase the residual stress improving the β-phase content.  

Hence, layer thickness values in the range 0.1-0.3mm should be investigated to confirm the 

hypothesis regarding the relation between the layer thickness and the β-phase content.in 

addition to obtain the layer thickness that maximises the β-phase content while maintaining the 

structural integrity of the sample. The remaining printing parameters were kept constant and 
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the values were just as reported in previous works. Table 3.3 presents the remaining printing 

parameters used in printing the samples. Further details regarding how the experiments were 

going to be conducted and which characterization techniques took place can be found in the 

upcoming sections. 

                                                   Table 3.2 : summary of processing parameters in literature  

Material  Extrusion 

temperature/C°  

Bed 

temperature/C° 

Printing 

speed  

Layer 

thickness/mm  

Reference  

PVDF  250 23 10mm/s 0.3 [194] 

PVDF  220-240 NA NA 0.1-0.15 [198] 

PVDF 230 100 200mm/min NA [199] 

PVDF/MWCNT 230 23 10mm/s NA [200] 

PVDF 230 90 20mm/s NA [160] 

PVDF-HFP 230 90 20mm/s NA [160] 

PVDF-HFP 250-260 100 10-30mm/s NA [201] 

PVDF-HFP/Li-

KNN 

260 NA 20mm/s NA [202] 

 

Table 3.3 : List of printing parameters used to fabricate the samples 

Printing Parameters Incorporated Value 

Layer Thickness 0.1-0.3mm 

 

Line width  0.4mm 

Wall thickness 0.8mm 
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Infill Density  100% 

Infill Pattern  Lines 

Printing Temperature 230-250°C 

Bed Temperature 110°C 

Printing Speed 10-30mm/s 

Nozzle Diameter  0.4mm 

3.3.2 Design of Experiment 

After deciding the printing parameters to be investigated, a novel approach – Design of 

Experiments – has been employed to understand the effect of the printing parameters and the 

β-phase content in the printed samples. Conventionally, researchers would investigate different 

combinations for several factors and deduce the optimized from the combinations they 

experimented. On the other hand, the Design of Experiments (DOE) is a structured method of 

experimentation that systematically evaluates the impact of changes in certain factors on the 

response of a process. By controlling and manipulating one or more factors, DOE enables 

researchers to isolate each factor's effect and its relationship with the response, optimizing the 

process and enhancing overall performance [203]. Different types of DOE approaches are 

available, including full factorial designs, fractional factorial designs, and response surface 

methods, each with unique benefits and limitations. The choice of method will depend on the 

specific goals and constraints of the experiment.  

One statistical method, the full factorial design, tests all possible combinations of factor levels, 

comprehensively identifying main effects and interactions between a set of factors on a 

response variable. This approach determines the most critical factors and their optimal settings 

while detecting interactions that could impact the response. However, it can be time-consuming 

and resource-intensive, especially when dealing with many factors and levels [204]. 

However, the full factorial design can be time-consuming and resource-intensive, especially if 

there are many factors and levels. In such cases, fractional factorial designs can be used. The 

fractional factorial design selects a subset of all possible combinations of input variables, 
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reducing the number of experimental runs required while still providing sufficient information 

to estimate the effects of the input variables on the response. However, fractional factorial 

designs have limited resolution, making it difficult to distinguish between all possible 

interactions between variables, leading to confounding and potentially missing important 

effects [204, 205].  

Response surface design is an experimental method that refines models by analyzing and 

optimizing a system's response after identifying critical factors using screening or factorial 

designs. This technique is useful in situations where the response is expected to have a curved 

shape, allowing for modeling the response's curvature using quadratic terms. Therefore, 

response surface designs are valuable in optimizing responses where there is curvature [204]. 

After a brief overview of different options for Design of Experiments (DOE), the approach 

chosen is as follows: a full factorial design will be used to investigate the effects of three factors 

(temperature, printing speed, and layer thickness) on the β-phase content of 3D printed samples 

while maintaining structural integrity. The decision to focus on these specific parameters was 

grounded in the observation that distinct values have been applied for each parameter in the 

existing literature. In addition, due to the constraints in time and available resources, expanding 

the DOE beyond three parameters was not feasible. This decision is driven by the fact that such 

expansion would result in a significantly higher number of samples required for printing. 

Minitab 21 will be used to conduct the full factorial design, where each factor will be tested at 

two levels only. This choice was made to minimize the number of experiments, save time, and 

reduce costs. The combinations to be tested will be listed in Table 3.4, and each combination 

will be replicated three times to enhance the reliability of the process and the accuracy of the 

model generated by the software. The β-phase content will be used as the response variable. 

Details about quantifying the response variable will be discussed in subsequent sections. 

After the test results have been analyzed, the model generated by the software will be used to 

predict the values at the center points of each factor. The predicted values will then be 

compared with ten samples fabricated using the same combination. If the predicted values 

match the experimental values within an acceptable confidence interval, the linearity of the 

model will be confirmed. If the values do not match, the presence of curvature will be 

suspected, and further refinement of the model will be required using response surface design. 

The center points were chosen because the curvature trend usually occurs in the center. 
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Finally, the optimization process will take place after the model has been confirmed. The 

software will predict the parameters that optimize the β-phase content. Further 

characterizations will be performed on samples printed using the optimized parameters. 

Table 3.4 : DOE generated list of samples to be fabricated 

Sample Number  Printing 

Temperature/°C 

Printing 

Speed/(mm/s) 

Layer 

thickness/mm 

1 250 30 0.2 

2 250 10 0.2 

3 250 10 0.1 

4 250 30 0.1 

5 230 30 0.2 

6 230 10 0.2 

7 230 30 0.1 

8 230 10 0.1 

 

3.3.3 Characterization techniques  

Dynamic Mechanical Analysis 

Dynamic Mechanical Analysis (DMA) is a technique that studies the mechanical properties of 

materials when subjected to cyclic stresses or strains. This technique involves applying small-

amplitude oscillating force or deformation to a material and measuring its resulting response 

as a function of time, temperature, or frequency. DMA is commonly used to characterize 

materials such as polymers, composites, and biomaterials due to its ability to study stiffness, 

elasticity, damping, and viscoelastic behavior, as well as thermal and mechanical properties 

such as glass transition temperature and melting temperature [206]. 
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In this study, DMA was used to investigate the effect of the printing parameters on the 

mechanical properties of the fabricated samples. Dynamic mechanical analysis (DMA) 

experiments were conducted using the PerkinElmer DMA8000 instrument in tension mode at 

a frequency of 20 Hz and a heating rate of 5°C/min over a temperature range of 30 to 150°C. 

The fabricated samples were rectangular with dimensions of 8x40 mm² and a thickness of 0.6 

mm, as shown in Figure 3.6. 

 

 

 

 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) analysis is a common method for studying 

the chemical composition and structure of polymers. This instrument uses infrared radiation to 

interact with the chemical bonds in the sample, causing absorption at specific wavelengths. The 

resulting spectrum is recorded by the detector and displayed as a plot of absorbance vs. 

wavenumber (or frequency). In this study, the vibrational spectra of all samples were obtained 

using a PerkinElmer FTIR spectrometer with wavelengths between 600 and 1400 cm-1 and a 

resolution of 2 cm-1. The data from the scans were used to determine the β-phase content in 

films using the Beer-Lambert Law[60]. The samples fabricated for testing had a diameter of 

20 mm and a thickness of 0.6 mm. 

 

 

 

 

 

Figure 3.6 : DMA fabricated sample 

Figure 3.7 : FTIR Fabricated sample 
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Field Emission Surface Electron Microscopy (FESEM) 

The printing surface quality and the presence of pores between the layers were characterized 

using Field Emission Scanning Electron Microscopy (FESEM). FESEM focuses an electron 

beam over the sample surface, producing various signals, including secondary electrons, 

backscattered electrons, and characteristic X-rays. These signals can be detected and used to 

generate an image of the sample surface [207]. FESEM FEI Quanta 400F was used to 

investigate the morphology of the samples where it was set with the following parameters: 

voltage = 20kV, spot size = 3.5, and working distance = 9.1mm for a secondary electron 

detector operating in a high vacuum mode for several magnifications.  

Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) analysis was conducted on extruded filaments and 

3D printed samples to investigate the effect of the 3D printing process on thermal properties 

such as melting point, crystallinity, and possible phase changes. DSC works by measuring the 

difference in heat flow between a sample and a reference material as they undergo controlled 

heating or cooling. As the temperature changes, the sample undergoes phase transitions such 

as melting, crystallization, glass transition, and chemical reactions, which are accompanied by 

the absorption or release of heat. These changes are detected by the DSC instrument as a change 

in heat flow [208]. The DSC analysis was performed by the DSC Q2000 TA instrument in a 

nitrogen atmosphere from room temperature to 200°C with a heating rate of 5°C/min. 

Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was performed  by TGA DSC 1 Mettler Toledo instrument to 

investigate the thermal stability of the samples. The process involved subjecting the samples 

to heat, where a 10°C/min ramp was chosen to raise the temperature from room temperature to 

800°C in a nitrogen atmosphere.  

3.4 Results and Discussion  

3.4.1 Pre-DOE analysis  

After the fabrication and testing of the samples, an initial analysis was conducted to verify if 

there were any significant deviations between the results. The primary goal of this analysis was 
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to determine if a design of experiments (DOE) was necessary. Additionally, the initial analysis 

aimed to identify potential trends that could be confirmed by the software and help in selecting 

an appropriate DOE design to avoid wasting time and resources. 

The FTIR spectra of the 3 fabricated samples for Sample 4 is displayed in Figure 3.8, within the 

range of 650-1400 cm-1. The data obtained from FTIR was used to examine the PVDF 

polymorphism, where the peaks observed at 840, 880, and 1279 cm-1 were identified as the β-

phase. To determine the quantity of β-phase present in the samples, the fraction of β-phase was 

calculated using Equation 3.1, which utilizes the intensities of absorption bands at 763 cm-1 

(α-phase) and 840 cm-1 (β-phase), denoted as Aα and Aβ respectively.  

𝐹(𝛽) =
𝐴𝛽

𝐴𝛽+1.26𝐴𝛼
   (3.1)  

 

Figure 3.8 : FTIR spectroscopy of Sample 4 

The value of F(β) obtained through Equation 1 represents the relative amount of β-phase to α-

phase in the samples, but does not provide any information on the other phases of the printed 

sample such as γ, δ, ε phases.  

Despite not providing information on the remaining phases, the fraction of β-phase was still 

chosen as the metric to be used when comparing the printed specimens. The average 𝐹(𝛽) 
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values for each printed sample listed in Table 3.5 revealed a slight deviation between all 

samples, with sample 3 recording the highest β-phase content at 43.58%, and sample 7 

recording the lowest value at 37.80%. The reported values correspond to the values reported in 

previous studies such as the work by Kim, et al. [209] where the printed homopolymer reported 

an average 𝐹(𝛽) of 42.87%. 

 Notably, the samples printed at higher extrusion temperatures showed higher β-phase content 

values than those printed at lower temperatures. A similar trend was observed for thinner layer 

thicknesses and slower printing speeds. These trends are consistent with the initial hypotheses, 

suggesting that higher printing temperatures, lower printing speeds, and layer thicknesses lead 

to higher β-phase content values. However, the accuracy of these hypotheses will need to be 

confirmed by the DOE analysis. 

Before drawing conclusions from the initial analysis, it is important to note that all samples 

were printed smoothly without exhibiting warping or any visible defects, confirming the 

viability of the parameters and the preservation of the structural integrity.  

Based on the initial analysis, it was observed that the β-phase content values varied for the 

samples, suggesting a need for a DOE analysis to gain a better understanding of the factors that 

affect the β-phase content and to optimize the printing parameters.  

Table 3.5 : Average β-phase content for fabricated samples 

Sample Number F(B) / % 

Sample 1 40.013 

 
Sample 2 39.995 

 
Sample 3 43.582 

 
Sample 4 41.505 

 
Sample 5 38.484 

 
Sample 6 38.854 

 
Sample 7 37.799 

 
Sample 8 40.862 
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3.4.2 DOE Analysis 

After β-phase content was chosen as the sole response to be studied, the software generated a 

model fitting the obtained responses using the regression fitting technique. The model used to 

predict the β-phase content in terms of printing parameters is postulated In Equation 3.2.   

𝐹(𝐵) =  −73.7 + 0.5018𝐴 + 2.54𝐵 + 675𝐶 − 0.01159𝐴𝐵 − 2.945𝐴𝐶 − 19.67𝐵𝐶 + 0.0861𝐴𝐵𝐶  
              (3.2)

                                                                               

Where A,B, and C represent the printing temperature, printing speed, and layer thickness, 

respectively.  

With an R-squared value of 89.92% and an adjusted R-square value of 85.51%, the model can 

be deemed adequate. However, the model can not be used for analysis immediately due to the 

fact that the trend might have an unaccounted curvature and will need refinement. To confirm 

that a refinement to the model was unnecessary, the centre points test was applied. As seen in 

Figure 3.9, the model predicted a β-phase content value of 40.02% while the average β-phase 

content for the 10 fabricated samples was 40.13% which is within the 95% confidence interval 

specified by the software. After verifying that the model requires no refinement process, further 

analysis can be performed.  

 

 

 

 

The software was used to conduct an analysis of variance (ANOVA) to examine the statistical 

significance and relevance of the model. ANOVA allowed for the assessment of the effects of 

individual factors and the interplay of factors on the response, with the ANOVA results 

presented in Table 3.6. 

 

Figure 3.9 : Prediction for the centre point sample 
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The Fischer value, obtained by dividing two mean squares, was employed to evaluate the 

statistical significance of the model, representing the ratio of explained variance to unexplained 

variance. The β-phase content response model F-values of 20.40 indicated that the regression 

model accounted for a majority of the variation in the response. The related p-value was used 

to determine the level of statistical significance, with values greater than 0.05 considered to 

indicate a non-significant model. However, as the recorded p-values were less than 0.0001, the 

regression equation demonstrated a strong correlation with the response. Furthermore, the 

linear factors and all factors’ interactions apart from the (Temperature*Speed) interaction were 

considered significant due to their p-values, which recorded a value less than 0.05.  

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Model 7 67.9016 9.7002 20.4 0 

  Linear 3 48.0648 16.0216 33.69 0 

A  1 18.0054 18.0054 37.86 0 

B 1 21.2006 21.2006 44.58 0 

C 1 8.8588 8.8588 18.63 0.001 

  2-Way Interactions 3 15.3867 5.1289 10.78 0 

AB 1 0.4259 0.4259 0.9 0.358 

AC 1 8.9737 8.9737 18.87 0.001 

BC 1 5.987 5.987 12.59 0.003 

  3-Way Interactions 1 4.4501 4.4501 9.36 0.007 

ABC 1 4.4501 4.4501 9.36 0.007 

Error 16 7.6096 0.4756     

Total 23 75.5113       

Table 3.6 : Analysis of Variance Table 
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3.4.3 The effect of printing parameters on β-phase content  

After confirming the model using center points and verifying the significance of the model and 

factors using the ANOVA table, a closer examination of how the factors affect the β-phase 

content is necessary. 

 While the factors recorded a p-value less than 0.05, indicating their impact on the β-phase 

content, the ANOVA table doesn't specify the nature of the impact, whether it is negative or 

positive. To understand the effect of each printing parameter, the sign coefficient in the 

response model should be observed. A negative sign indicates a negative impact, while a 

positive sign indicates the opposite. 

Using the available information, it can be deduced that an increase in temperature results in an 

increase in the β-phase content, whereas an increase in printing speed or layer thickness 

negatively impacts the β-phase content values. In addition to the sign coefficients, factorial 

plots were used to study the effects of the factors and their interactions. Figure 3.10 shows that 

the factors didn't follow a horizontal line, which confirms their significance. The factorial plots 

also confirmed the deductions from the sign coefficients, as higher temperatures, lower printing 

speeds, and layer thicknesses recorded higher β-phase content values. 

 
Figure 3.10 : factorial plots for the printing parameters  

These deductions match the initial analysis results and confirm the hypotheses regarding 

residual stress. In addition to the factorial plots, the interaction plots in Figure 3.11 reveal that 
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the interaction between speed and temperature is insignificant, as the lines are parallel 

confirming the deductions of ANOVA.  

However, the lines on the thickness vs temperature plot are not parallel, indicating an 

interaction effect between these two factors on the β-phase content value. Specifically, the 

effect of thickness on the β-phase content value depends on the temperature, and vice versa. 

This means that optimizing one factor alone may not be enough to improve the β-phase content 

value, as the factors depend on each other. 

To further explain this interaction effect, we observed that at higher temperatures, the smaller 

layer thickness recorded a larger increase in the β-phase content value compared to the larger 

layer thickness. However, at lower temperatures, the effect of thickness on the β-phase content 

value was less significant. The same trend was noticed in the thickness vs speed plot, where 

lower thickness only recorded a significant increase in the β-phase content value when the 

speed was lower. 

 

After analysing the interaction plots, it was interpreted that the optimized β-phase content value 

will be possible when the highest temperature, lowest printing speed and layer thickness are 

Figure 3.11 : Interaction Plots for the printing parameters  
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used to fabricate the samples. The reason behind the deduction is that the interactions showed 

that an optimized factor required another optimized factor to record the highest value. 

However, the theory was to put to test by employing the response optimizer on the Minitab 21 

software. In response optimization, you aim to identify the optimal combination of variable 

choices that collectively enhance a particular response or multiple responses. To quantify the 

optimized formulation's capability to fulfill the optimization objective, composite desirability 

is used as the metric. Composite desirability is a score ranging from zero to one that indicates 

how well the optimized formulation satisfies the optimization goal. If the composite desirability 

is zero, it suggests that one or more responses are outside the permissible range, while a 

composite desirability of one represents the ideal condition. 

Based on a composite desirability of 0.96, the software predicted that a sample printed with 

specific parameters will record the maximum β-phase content value of 43.58%. These 

parameters are: temperature of 250°C, printing speed of 10mm/s, and layer thickness of 0.1 

mm. The parameters match the parameters used to print Sample 3, and the average β-phase 

content of Sample 3 matches the predicted values generated by the software. These findings 

confirm the deductions regarding the interactions and demonstrate the efficacy of the model. 

The aforementioned parameters will be utilized to fabricate samples for further 

characterizations. 
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3.4.4 Field Emission Surface Electron Microscopy (FESEM) 

The FESEM analysis was conducted to examine the surface topology of the optimized 3D 

printed sample. Figure 3.12 shows that occasional pores were present between the bead tracks. 

These results were anticipated due to the inherent characteristics of the 3D printing process and 

that similar outcomes were reported in previous studies on the 3D printed homopolymer by 

Momenzadeh [190]. A possible reasoning behind the presence of pores can be the extrusion 

process. As materials are being extruded from the nozzle, gaps or voids may occur causing the 

formation of pores.  

3.4.5 Dynamic Mechanical Analysis (DMA)  

In this study, DMA technique was employed to investigate the thermal and mechanical 

properties of 3D printed PVDF-HFP samples. While the optimized sample was the main focus 

of the analysis, all printing combination samples were also subjected to DMA testing to explore 

the effect of the printing parameters on the storage modulus, loss modulus, and other DMA-

derived parameters. This approach aimed to provide insights that could inform further research 

on optimizing the mechanical properties of 3D printed PVDF-HFP or other polymers. To 

improve the reliability of the results, 3 samples of each printing combination were tested and 

an average value for all the results was obtained to assist in the analysis. 

Figure 3.12 : FESEM image of optimized sample 
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As shown in Table 3.7, the optimized sample exhibited the lowest storage modulus value at 

room temperature (28°C), whereas sample 4 recorded the highest value. Notably, the value for 

the optimized sample was 28% smaller than the highest recorded value. To compare the 

differences between the samples, DMA graphs were combined and presented in Figure 3.13. 

 Despite the value differences, both samples displayed a similar trend, where the storage 

modulus and loss modulus values decreased with increasing temperature. This trend can be 

attributed to the increased mobility of the polymer chains at higher temperatures, which reduces 

the average intermolecular forces and hence the stiffness and rigidity of the polymer.  

Table 3.7: Average storage modulus values for all fabricated samples 

 

 

 

 

 

 

 

It is also worth noting that none of the samples exhibited peaks, indicating that the glass 

transition temperature did not occur within the testing temperature range. This similar trend 

was observed across all the remaining samples.  

Based on these results, it can be inferred that the printing parameters primarily influenced the 

storage modulus values. Specifically, the samples with the lowest printing speed and highest 

printing parameters (such as Sample 2 and Sample 3) recorded the lowest storage modulus 

values, while the layer thickness was also a factor, with thicker layers recording higher storage 

modulus.  

This finding supports the hypothesis that the residual stress caused by heating-cooling cycles 

may affect the mechanical properties of the samples. Moreover, the samples with lower printing 

temperatures displayed similar storage modulus values, regardless of the printing speed and 

Sample Number Storage Modulus at 

Room 

Temperature/MPa 

Sample 1 118 

Sample 2 96.7 

Sample 3 88 

Sample 4 122 

Sample 5 105 

Sample 6 101 

Sample 7 107 

Sample 8 112 
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layer thickness. This suggests that a lower printing temperature may reduce the temperature 

difference between the deposited beads and the beads on the part, thereby decreasing the 

residual stress. This could infer an interaction between the parameters similar to the interaction 

observed in the β-phase analysis. These explanations serve as an initial analysis to confirm the 

need for further studies on the effects of printing parameters on the mechanical properties. 

 

 

Figure 3.13 : DMA graph for Sample 3 and 4 

3.5 Conclusion  

In this chapter, PVDF-HFP was selected as the piezoelectric polymer to fabricate the force 

sensor while FDM was chosen as the fabrication method. However, the sensor can not be 

fabricated before understanding the effect of printing parameters on the piezoelectric 

performance and structural integrity of the samples. 

Therefore, a DOE analysis was conducted to investigate the effect of printing parameters such 

as printing temperature, printing speed, and layer thickness on the β-phase content in printed 

samples. Increasing the residual stress on a part can enhance the β-phase content and, therefore, 

enhancing their piezoelectric performance. However, exceeding a certain threshold can cause 

warping or defects that compromise the structural integrity of the samples. The initial analysis 

results showed that the selected range of printing parameters resulted in no defects, confirming 

their feasibility for the study. The DOE analysis continued, and the results demonstrated that 

all printing parameters significantly influenced the β-phase content in printed samples. 
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Moreover, an interaction was observed between the printing parameters, where each parameter 

affected the response better when the other printing parameters were at their optimized values. 

Using software optimization, the printing parameters were optimized, and the optimized 

sample was fabricated and tested. The DMA results confirmed that the optimized sample had 

the lowest storage modulus value at room temperature compared to the other samples, 

supporting the knowledge about the effect of residual stress on the mechanical properties of 

the samples. 
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4. Enhancing the Piezoelectric 

Performance of 3D Printed PVDF-

HFP 

4.1 Introduction 

PVDF and its copolymers offer numerous benefits, but their piezoelectric capabilities fall short 

of conventional materials. As a result, many investigations have been carried out to enhance 

their piezoelectricity by focusing on increasing the content of β-phase crystals, which have a 

significant impact on the piezoelectric performance of PVDF and its copolymers. Post-

processing techniques such as annealing, mechanical stretching, poling, and reinforcement of 

other materials have been used to enhance the piezoelectricity of PVDF. 

Among the post-processing techniques, annealing is a commonly used heat treatment process 

that modifies the crystal structure and morphology of PVDF and its copolymers [60, 210]. 

Annealing can increase the degree of crystallinity and affect the crystallographic orientation of 

the β-phase in PVDF, leading to an increase in its piezoelectric properties. For instance, 

Oliveira, et al. [168] conducted a study investigating the effect of annealing on the piezoelectric 

properties of solvent-casted PVDF-TrFE films. Their results showed that annealing the films 

at a temperature of 130°C led to a significant increase in the piezoelectric coefficient d33, from 

13pC/N for the casted film to a maximum of 18pC/N. However, a similar effect was not 

observed for PVDF-HFP, as reported by He, et al. [166]. In their studies, poling did not have 

much influence on the piezoelectricity, unlike the mechanical stretching process. It was 

observed that stretching the film increased the d33 from 5.4pC/N to 12.6pC/N, while annealing 

at 130°C only increased it to 6.8pC/N. 

Another post-processing technique is the poling method, which involves applying an electric 

field or charges to a film to improve its polarization and piezoelectricity. Poling causes the 

alignment of the C-F dipoles in the crystalline/amorphous regions and the injection of space 

charges from the electrode to the film. For instance, a study by  Kim, et al. [15] found that 

poling could increase the piezoelectric coefficient of PVDF d31 up to three times compared to 

unpoled samples and enhance the uniformity of the material's piezoelectric properties. It is 
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important to note that in order for the poling technique to have a significant impact on the 

piezoelectric properties of PVDF or its copolymers, the applied electric field must exceed the 

coercive field value of 50 MV/m [211]. 

Reinforcement techniques are preferred by researchers because of their rewarding benefits. 

Researchers typically reinforce piezoelectric polymers with fillers that have high piezoelectric 

properties to enhance the piezoelectric properties of the polymer matrix while maintaining its 

mechanical properties. The fillers also improve the alignment and change the orientation of the 

polymer chains to a preferred order with higher piezoelectricity. For PVDF and its copolymers, 

fillers act as a nucleation agent that induces the crystallization of the polymer in the β-phase 

and hinders the α-phase crystal formation. Researchers have reinforced PVDF and its 

copolymers with different fillers in several studies. For example, Yang, et al. [212] found that 

adding polydopamine surface-modified BTO to the PVDF matrix increased the β-phase 

content, with the highest recorded β-phase content being 68% when using 9wt% of the filler. 

Similarly, Gonçalves, et al. [213] reported that reinforcing PVDF with iron oxide magnetic 

nanoparticles also enhanced the β-phase content, with a maximum of 80% recorded when using 

5wt% of the filler. Researchers have confirmed that employing a ternary structure in the PVDF 

matrix resulted in further enhancement of the β-phase [88]. 

As a result of the significant impact that the reinforcement technique has on enhancing the β-

phase content of PVDF, we have decided to focus our study on this method. However, we have 

chosen to disregard the poling technique due to equipment limitations that only allow for an 

electric field strength of 800 kV/m, which, according to existing literature, will not have a 

significant influence on the material. In the upcoming subsection, we will discuss the selection 

of suitable fillers to be incorporated. Additionally, we will further analyze the feasibility of the 

poling technique and make a decision on whether to utilize it in our study or not, which will 

also be discussed in the following subsections. 

4.2 Choosing the fillers  

4.2.1 Secondary Structure selection 

According to the aforementioned details regarding the reinforcement technique and the 

information reported in literature, it has been decided to reinforce the PVDF-HFP matrix with 

2 fillers. Regarding the secondary structure in the matrix, several options such as ceramic, 
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natural, and organic fillers emerge as potential candidates. Conventionally, lead-based 

piezoelectric ceramic fillers have been used due to their superior piezoelectric performance in 

comparison to their counterpart fillers. 

 However, the downsides for using lead-based materials started to arise such as the 

environmental pollution and health risks igniting the spark to search for an alternative [214]. 

The alternative found by researchers was in the form of lead-free ceramic materials such as 

BTO, Zinc Oxide (ZnO), and potassium sodium niobate (KNN). The listed materials all possess 

a piezoelectric coefficient much higher than the organic and natural fillers making them 

suitable for this study due to not having any health or environmental risks.  

To make the selection, several aspects have to be taken in to consideration such as: solubility 

in common solvents with PVDF, piezoelectric performance, and cost. Regarding the 

piezoelectric performance, BTO is reported to have the highest piezoelectric coefficient with a 

value of 190pC/N followed by 80pC/N recorded for KNN, leaving ZnO to be last with just 

12.4pC/N [215-217]. Due to its low piezoelectric coefficient in comparison to the other 

candidates, ZnO is to be ruled out as an option. For the other aspects, BTO is completely 

solubly in multiple solvents common with PVDF such as DMF, DMA, and DMSO while KNN 

is only partly soluble in DMF and that is after long time of mixing (24 hours as stated by 

Abdullah, et al. [12]).  It is also worth noting that BTO is readily available at local suppliers 

unlike KNN which needs to be synthesised in lab. Due to all these factors, BTO Is selected as 

the secondary structure to be incorporated as a filler in the PVDF-HFP matrix.  

4.2.2 Ternary Structure Selection 

For the ternary structure, researchers tended to employ different types of carbon based fillers. 

Carbon-based fillers are usually utilized to reinforce the PVDF matrix enhancing its’ 

mechanical, electrical, and piezoelectric properties. Carbon-based fillers can come in several 

forms such as non-graphetizable (activated carbon and carbon black), carbon nanotubes, and 

graphite. As each form is different to the other, analysis of each of the carbon allotropes should 

be done to choose the filler to be used. The aspects to be considered in the analysis are the 

structural differences, cost, and the effect on β-phase formation and piezoelectricity of the 

PVDF matrix 

. 
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Graphite 

Graphite is a crystalline structure where the carbon atoms are arranged in hexagonal arrays 

where atoms are bonded to each other with strong covalent bonds Figure 4.1. The hexagonal 

arrays form a single layer which Is also called graphene. The layers are bonded to each other 

using the weak Van der Waal’s interaction which explains the anisotropic behaviour of 

graphite. The electrical conductivity of graphite arises from the fact that each carbon is bonded 

is covalently bonded to 3 carbon atoms leaving a free electron which together will form a sea 

of delocalized electrons[218, 219]. As nucleating agents need to be of a very small size, 

graphene and its composites are usually investigated as nucleating agents and fillers. Graphene 

and Graphene oxide nanoplatelets are widely investigated fillers due to their high surface area 

and rumpled nature which cause strong interfacial interactions with the polymer matrix. 

Another reason for their popularity could be their relatively low-cost as they are produced from 

graphite.  

Graphene and its other forms have been used as fillers to improve the piezoelectricity of PVDF 

matrix by acting as a nucleating agent to enhance the β-phase formation. For instance, in a 

paper by Bidsorkhi, et al. [220] untreated graphene nanoplates (GNPs) were added to a PVDF 

matrix to improve the β-phase content. GNPs were synthesised by the thermal expansion of the 

commercial graphite intercalation compound. 

Figure 4.1 : chemical structure of graphite [208] 
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 Using the solution casting technique, films of PVDF/GNPs were fabricated. Despite the values 

of β-phase content were not reported, the FTIR results showed that increasing the weight 

fraction of GNPs resulted in a decrease in the Α-phase content and an increase in the β-phase 

content simultaneously.  This could be a proof that GNPs act as a nucleating agent facilitating 

the transformation of α-phase to β-phase. The reason behind GNPs inducing the β-phase could 

be that the electrostatic charges accumulated on the GNPs from the production process. The 

negative electrostatic surface charges will be attracted to the positive Hydrogen atoms while 

the positive electrostatic surface charges will be attracted to the negative fluorine atoms. The 

crystal phase that will allow this arrangement is the β-phase.  

As mentioned in previous reports, the presence of carbonyl groups (C=O) in fillers helps 

enhance their dispersion in the PVDF matrix due to the strong interaction between the fluorine 

group (CF2) and the carbonyl group [221, 222]. Following this fact, the fillers have been 

functionalized and carbonyl groups have been incorporated in their structures. For instance, El 

Achaby, et al. [223] investigated the effect of reinforcing the PVDF matrix with graphene oxide 

on the β-phase content. Graphite oxide was obtained by the chemical oxidation of natural 

graphite. the graphite oxide was exfoliated into graphene oxide nanosheets which were 

dispersed in the PVDF solution, and thin films were obtained by solution casting. El Achaby, 

et al. [223] reported that for 0.1wt% of Graphene oxide nanosheets, the β-phase content was 

100%. The reason behind the pure β-phase polymorph is the strong interactions between the 

fluorine groups and the carbonyl groups. It was also reported in the paper that incorporation of 

graphene oxide enhanced the Young’s modulus of the PVDF matrix.  

Carbon nanotubes  

Carbon nanotubes are members of the fullerene structural family which have a cylindrical 

nanostructure. They can be described as rolled tubes of graphene sheets where the walls are 

hexagonal rings while the ends are domed structures of six-membered rings, capped by a five-

membered ring[224] (Figure 4.2). CNTs like graphene are very strong material due to the 

covalent bonds between the Carbon atoms. 

 CNTs can be classified as Single walled Carbon nanotubes (SWCNTs) or Multi-walled carbon 

nanotubes (MWCNT). The difference between both is that SWCNT consist of only one rolled 

sheet of graphene while MWCNT consist of several sheets rolled and the tubes are bonded 

together using the weak Van der Waal interactions. The radius of the tube and the tube chirality 
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-the angle of orientation of the graphene sheet relative to the tube axis- determine the properties 

of the nanotubes. Due to their high aspect ratio, conductivity, and tensile properties, the CNTs 

are considered as an excellent filler candidate[225, 226].  

CNTs in different forms have been investigated as fillers to improve the piezoelectricity of 

PVDF by acting as a nucleating agent to enhance the β-phase content. For instance,  Ning, et 

al. [227] investigated the effect of incorporating untreated MWCNTs in PVDF on the 

piezoelectricity of the matrix. The solution casting technique was used to fabricate the 

composite films. The films were stretched and poled to enhance the β-phase content in the 

composite. It was reported that unstretched and unpoled composite films didn’t record an 

increase in the β-phase when compared to the α-phase while the increase in the ratio of β-phase 

content to α-phase content was noticed after the stretching step was done. This could be 

explained by the fact that the CNTs acted as nucleating agents for all polymorphs since there 

are no accumulated surface charges either from the synthesis processes or the functional groups 

in CNTs. As known from literature, stretching the PVDF films result in a phase transformation 

from the α-phase to β-phase which explains the huge increase in β-phase content for stretched 

composite films compared to stretched pure films as the filler acted as a nucleating agent for 

the β-phase in that case. It is also worth noting that the optimum loading content of MWCNTs 

was 0.05%.  

Knowing the fact that the presence of the Carbonyl groups in a filler’s surface helps in the 

dispersion of the filler in the PVDF matrix, Manna and Nandi [221] investigated the effect of 

incorporating an ester-group functionalized MWCNTs in the PVDF matrix on the β-phase 

content for films produced by the solution casting and the melt casting techniques. It was 

reported that a 2wt% MWCNT/PVDF films produced by solution casting recorded 100% β-

phase polymorph while the melt casted films recorded a maximum of 50% β-phase content. 

                                             Figure 4.2 : schematic representation of how SWCNT are synthesised [212] 
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The potential reason stated by the authors behind the pure β-phase polymorph is that the CNTs 

have a zigzag structure which matches the β-phase crystal structure; hence, the CNTs act as a 

nucleating agent inducing the β-phase crystallization.   

Non-graphitizing fillers  

A graphitizable carbon is the carbon structure that can be transformed to graphite under heating. 

The properties of graphitizable carbon are softness, lack of pores, and high density. On the 

other hand, non-graphitizing carbons are the low density carbon structures that are hard and 

porous, and do not yield graphite under heating[219]. Carbon black and activated carbon are 

examples on the non-graphitizing carbons. Carbon black which is produced by pyrolysis or the 

combustion of a compound containing hydrocarbons shares a similar structure to graphite as it 

is composed of large sheets of hexagonal arrays of carbon atoms bonded to each other.  

The difference between both structures is the layer arrangement. As mentioned earlier, the 

layers are stacked on each other in a regular manner forming a tri-dimensional structure in the 

case of graphite. On the other hand, the layers in carbon black are not arranged in order forming 

concentric inner layers which results in a turbostratic structure. Due to the disorder in the layer 

arrangement, the carbon black has low crystallinity and can also be reported as an amorphous 

carbon[228, 229].   Activated Carbon also known as activated charcoal is obtained by chemical 

or thermal activation of carbon-rich materials. Similar to carbon black, activated carbon 

possesses a disorganized graphite structure[230]. The high internal surface area resulting from 

the presence of pores in the structure make carbon black and activated carbon potential 

candidates as fillers since increasing the specific surface area increases the surfaces available 

for nucleation[231]. It is worth mentioning that activated carbon has a higher specific surface 

area when compared to carbon black and the other fillers[232]. Carbon Black on the other hand 

has easier dispersion than graphene[233]. 

Wu, et al. [233] reinforced the PVDF-HFP matrix with carbon black(CB) to enhance its 

piezoelectricity. It was reported that CB(0.5%) resulted in the maximum voltage response of 

3.68V which is 104% of the recorded voltage of the pristine polymer. The reasoning behind 

why the CB incorporation improves the piezoelectricity is that CB acts as a nucleating agent 

enhancing the crystallization in the β-phase. Higher contents of carbon black incorporation 

would result in degrading the level of crystallinity reducing the piezoelectricity.  
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Following the same investigation, Cai, et al. [234] investigated the effect of incorporating CB 

and graphene to the PVDF-HFP matrix on the β-phase and the voltage response. The graphene 

was added to improve the dispersion of the fillers in the matrix to improve the functioning of 

the fillers as nucleating agents. The results showed that fillers of loading content 0.5%CB and 

0.02%graphene resulted in approximately pure β-phases after stretching and poling. The results 

prove that the graphene helped in the dispersion in the matrix. It was also reported that the 

incorporation of the fillers improved the mechanical properties of the matrix as a loading 

content of 0.3% CB and 0.03% graphene recorded a Young’s modulus of 1073.5 MPa which 

is 119% higher than the pristine polymer.  

Selection 

As all fillers discussed proved to act as nucleating agents and improved the β-phase 

crystallization when the composite contains another filler that improves the β-phase or when 

the composite was under a process that transformed the α-phase to β-phase. The only things to 

be considered will be the cost, ease of mixing, and electrical conductivity. When it comes to 

the ease of mixing, all untreated fillers were mixed easily with the PVDF solution. Despite the 

functionalization of the fillers improve the β-phase crystallization, the process will not be of 

great advantage since the other filler incorporated will be improving the β-phase. As all fillers 

studied fulfilled their potential when incorporated in the PVDF matrix and the β-phase content 

values were close for all untreated fillers; then, the cost will be the only factor to take into 

consideration. Despite Carbon Black being much cheaper than other carbon fillers, it remains 

50 times more expensive than activated carbon [235, 236]. As a result, activated carbon has 

been selected as the ternary structure in the PVDF-HFP matrix. This decision was made 

because it is the most cost-effective option available and also serves to address the existing gap 

in the literature, given the dearth of studies examining the use of activated carbon as a ternary 

structure. 

4.3 Methodology  

4.3.1 Solvent Selection 

To produce a printable filament for a PVDF composite, thin films of the composite must first 

be fabricated. The solution casting technique has traditionally been used in previous studies to 

create films of PVDF and its copolymers. However, the use of hazardous solvents such as N,N 
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dimethylformamide (DMF) and Dimethylacetamide (DMA) in the reinforcement process has 

raised significant concerns [13]. These protic solvents have been employed in nearly all studies 

involving the strengthening of PVDF or its copolymers. Recently, attention has shifted to the 

use of environmentally friendly solvents like dimethyl sulfoxide (DMSO). Satapathy, et al. 

[237] reported that, when processed correctly, DMSO could yield a high β-phase content. 

Importantly, DMSO has not yet been utilized in a solution casting process for reinforcing 

PVDF or its copolymers with fillers. 

To investigate whether DMSO can serve as a safer alternative to the toxic solvents currently in 

use, it has been decided to use it as the solvent in the solution casting process for creating thin 

films of PVDF-HFP composites. 

4.3.2 Materials  

Polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) and Barium Titanate (BTO) 

nanoparticles were purchased from Sigma-aldrich in the form of pellets and powder, 

respectively. Untreated activated carbon and dimethyl sulfoxide (DMSO) were acquired from 

EvaChem and chemAR, respectively.  

4.3.3 Solution Casting process  

The purpose of this study was to enhance the β-phase content in a PVDF-HFP matrix, which 

was achieved by fabricating several films with different formulations using the solution casting 

technique. 

 To make the films, 2.25g of PVDF-HFP pellets were dissolved in 25ml of DMSO at 85°C for 

90 minutes. After the pellets completely dissolved, the specified amounts of BTO and UAC 

were added to the solution. The solution was vigorously stirred using a magnetic stirrer at 

1200rpm for 30 minutes and then sonicated for an additional 30 minutes. The resulting solution 

was poured onto a glass substrate and placed in an oven at 100°C for 24 hours to yield a 0.4mm 

thick film (Figure 4.3). Table 4.1 shows the formulations of the films that were fabricated to 

determine the optimal filler content in the PVDF-HFP matrix, which were generated using the 

optimal mixture Design of Experiments mode available in Design Expert software®. More 

information about the Design of Experiments and its various types will be discussed in the 

subsequent subsection.  
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4.3.4 Mixture Design of Experiments  

Previous studies on the reinforcement of PVDF and its copolymers lacked a statistical approach 

for optimizing the response being investigated. In this study, we will address this gap by 

utilizing the optimal mixture design. Mixture design of experiments (DOE) is a statistical 

methodology used to optimize the formulation of a product composed of several ingredients 

[238]. The primary objective of the method is to predict how different components affect the 

response, which is usually the quality or performance of the product. The most commonly used 

types of mixture DOE are simplex centroid, simplex lattice, and extreme vertices. 

In the simplex centroid method, center points are used to predict the relationship between the 

components and the response, while simplex lattice uses scattered points to predict the function 

more accurately. The simplex centroid method is often used to screen out the important factors, 

while simplex lattice is used to predict functions with a high-order polynomial accurately. 

Unlike these two methods, the extreme vertices method does not utilize the entire triangle plot 

since it is employed when one or more factors are constrained between certain values [239]. 

Design Expert software provides three optimal design options to consider when conducting a 

mixture DOE, namely D-optimal, A-optimal, and IV-optimal. D-optimal design is preferred 

for factorial and screening designs to identify the most critical factors by selecting points that 

reduce the volume of the confidence ellipsoid of the coefficients [240]. 

Figure 4.3: solvent casted samples after 
oven drying 
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 A-optimality minimizes the average variance of the polynomial coefficients. The ‘IV’ optimal 

design utilizes an integrated variance criterion that reduces the mean variance of responses in 

a designated area of interest [241]. 

In this study, the IV-optimal design was selected because of the lower average variance across 

the region of interest. The study aimed to reinforce PVDF-HFP, which means that the content 

of PVDF-HFP will never be zero. Hence, PVDF was constrained with a lower bound, implying 

that the extreme vertices method must be implemented. Since the optimized mixture would be 

used for 3D printing, the upper bound was set to 15% for fillers, as using a higher content of 

BTO was reported to cause clogging in the printing nozzle [209]. The lower bound was chosen 

as 5% to minimize the area of interest to ensure the accuracy of the results. On the other hand, 

values between 0.2-0.5% were reported as the optimal content when Carbon fillers, such as 

CNTs and carbon black, were used to reinforce the PVDF matrix [242-244]. Therefore, the 

activated carbon was bounded by 0 and 1%. 

Using the extreme vertices IV-optimal design on the Design Expert software, 16 runs were 

generated for several formulations to be FTIR tested, with 11 of them to be tested, and the 

remaining five were done as replications. The software-assigned formulations and testing 

results are listed in Table 4.1. The mathematical relations between the β-phase fraction and the 

fillers can be estimated through multiple regressions and analysis of variance (ANOVA). 

Table 4.1 : Formulations generated by Design Expert and the responses collected from FTIR 

Run PVDF (%) BTO (%) UAC (%) β-phase (%) 

1 84 15 1 66.8091 

2 95 5 0 62.48 

3 85 15 0 67.118 

4 90.67 8.33 1 61.1676 

5 87.25 12.5 0.25 60.5179 

6 94.33 5 0.67 63.7859 
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7 89.5 10 0.5 66.5505 

8 90.67 8.33 1 61.5764 

9 94.33 5 0.67 63.5552 

10 92.25 7.5 0.25 62.8303 

11 87.33 11.67 1 64.6669 

12 89.5 10 0.5 66.9354 

13 89.5 10 0.5 68.1299 

14 91.67 8.33 0 59.7029 

15 84 15 1 66.9206 

16 88.33 11.67 0 57.8226 

 

4.3.5 Extrusion and Printing  

Once the mixture design analysis was complete and an optimized formulation have been 

developed. In order to obtain the composite filament, 40 films (100g) of the optimum 

formulations were fabricated and desiccated into very thin squares (3mmX3mm) for the 

extrusion process. The mixture was introduced into the single-screw extruder ( Wellzoom C ) 

provided by the University of Putra Malaysia. The temperature of all heating zones was set to 

210℃ and the extrusion speed was maintained at a constant 40 rpm. The reason behind the 

difference between the extrusion temperatures in this setup and the Filastruder setup mentioned 

in the previous chapter is that the extruder in this situation was assembled in the horizontal 

direction as shown in Figure 4.4. The extruded filament was passed through a water bath 

maintained at room temperature to solidify it. 

 However, the equipment did not have an auto-calibration winding system, so the diameter of 

the filament was adjusted manually to remain within the range of 1.6-1.75 mm by adjusting the 

speed of the filament tractor. Due to the limited time in the facility, a high extrusion speed was 
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employed resulting in the range of filament diameters achieved which still fall within the range 

accepted by the 3D printer (1.75±0.15mm). Figure 4.5 shows the composite and the pure 

filaments next to each other. It is worth noting that due to purging of the remaining materials 

in the extruder only 50g of composite filament were obtained. The 3D printer, Creality Ender-

3 Max, was used to print the composite samples for testing. 

 

Figure 4.4 : WellZoom C extruder and manual winder setup 

  

Printing parameters play a critical role in determining the properties of 3D-printed materials. 

Previous research has shown that a combination of the lowest printing speed, thinnest layer 

thickness, and highest printing temperature leads to the highest β-phase content value. 

Figure 4.5 : Composite and Pure filaments ( Composite to the left)  
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Consequently, we selected a printing speed of 10mm/s, a thickness of 0.1mm, and a printing 

temperature of 250°C for our experiments.It is important to note that we encountered 

challenges when printing at temperatures lower than 250°C. Specifically, underextrusion 

occurred, resulting in damaged printed samples. Furthermore, the printer's maximum 

temperature was 250°C, which constrained our ability to explore higher temperatures. Given 

these limitations, we chose not to conduct a Design of Experiment (DOE) analysis. 

Additionally, since the thickness and speed were already set to their minimum values, further 

optimization was not necessary. Another reason the DOE analysis was not conducted was to 

conserve resources, as only 50g of filament was available for the experiments. 

4.3.6 Characterization Techniques 

FTIR 

The FTIR spectroscopy was utilised in several studies in this chapter. As mentioned earlier, the 

FTIR spectroscopy is often used to study the chemical composition and structure of polymers. 

In this study, FTIR was employed to aid evaluate the β-phase content in PVDF-HFP composite 

films fabricated using different techniques. Initially, FTIR was used to characterize the films 

of certain formulations specified by the Design Expert Software listed in Table 4.1. After the 

analysis was complete, the optimized formulation was also characterized by FTIR. A final 

characterization took place when FTIR was utilised to characterize the printed composite 

sample.  Similar to the previous chapter, the vibrational spectra of all samples were obtained 

using a PerkinElmer FTIR spectrometer with wavelengths between 600 and 1400 cm-1 and a 

resolution of 2 cm-1.  

DMA 

DMA was used to assess the mechanical properties of the printed composite. The results 

obtained will be used to compare the results to the pure printed samples obtained in the previous 

chapter. Dynamic mechanical analysis (DMA) experiments were conducted using the 

PerkinElmer DMA8000 instrument in tension mode at a frequency of 20 Hz and a heating rate 

of 5°C/min over a temperature range of 30 to 150°C. 
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FESEM 

FESEM was used to characterize the solution casted films and the printed composite samples. 

The images obtained from each sample were used to identify the relationship between the fillers 

and the presence of pores and microcracks. In addition, the printed sample was compared to 

the pure printed images obtained last chapter. The same parameters and instrument as the 

previous chapter were used to conduct the test. 

Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) analysis was conducted on extruded filaments and 

3D printed samples to investigate the effect of the fillers and the 3D printing process on thermal 

properties such as melting point, crystallinity, and possible phase changes.  

DSC works by measuring the difference in heat flow between a sample and a reference material 

as they undergo controlled heating or cooling. As the temperature changes, the sample 

undergoes phase transitions such as melting, crystallization, glass transition, and chemical 

reactions, which are accompanied by the absorption or release of heat. These changes are 

detected by the DSC instrument as a change in heat flow [208]. The DSC analysis was 

performed by the DSC Q2000 TA instrument in a nitrogen atmosphere from room temperature 

to 200°C with a heating rate of 5°C/min. 

Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was performed by TGA DSC 1 Mettler Toledo instrument to 

investigate the thermal stability of the samples. The process involved subjecting the samples 

to heat, where a 10°C/min ramp was chosen to raise the temperature from room temperature to 

800°C in a nitrogen atmosphere..  

Electromechanical Characterization  

In order to confirm the piezoelectricity of the fabricated samples, an electromechanical test was 

conducted to measure their voltage response. The objective of this test was to provide data that 

could be used to calculate the sensitivity of the samples. The test setup was designed to be 

simple and cost-effective, utilizing a support beam, an impact hammer, aluminum foil 

electrodes, and a multimeter (Figure 4.6).  
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The samples tested in this study included 3D printed pure polymer, 3D printed composite, and 

optimized solution-casted samples. Three samples of each type were fabricated and 

investigated, and their average voltage value was obtained. As shown in Equations 2.12 and 

2.14, the thickness of the samples was considered to be the only geometrical aspect in the 

samples to affect the response; therefore it was controlled at a value of 0.4mm as the solution 

casted samples are fabricated to that thickness. As mentioned, the cross-sectional area of the 

samples did not have any influence; therefore, the printed samples were printed in a circular 

shape of 30mm diameter while the films were cut in approximately 40x40mm2 squares. 

The experiment was conducted as follows: 15x15mm2 aluminum foil electrodes were placed 

on top of the samples, and the entire assembly was positioned on the support beam. Force was 

applied to the samples using an impact hammer. A data acquisition system was used to record 

the measured values, while the voltage response was recorded using a simple circuit linked to 

the multimeter. Further details regarding the results and analysis will be addressed in the 

upcoming section. 

 

Figure 4.6 : Electromechanical Test Setup 



92 | P a g e  
 

4.4 Results and Discussion 

4.4.1 Initial Analysis  

The purpose of this research was to optimize the filler content in a PVDF-HFP matrix while 

testing the feasibility of using DMSO as an alternative solvent. To quantify the β-phase content, 

the β-phase content was calculated using equation 3.1, and the results were tabulated in Table 

4.1. Apart from the values found in Table 4.1, a pure PVDF-HFP film was fabricated to aid in 

investigating the effect of fillers. With the pure film recording a β-phase content of 57.024%, 

it is clear that employing reinforcements resulted in a β-phase enhancement as all the 

formulations recorded a higher β-phase content. The maximum value (68.130%) was recorded 

by Run 13 with a formulation of 10wt% BTO and 0.5wt% UAC while the minimum value 

(57.822%) was recorded by Run 16 with a formulation of 11.67wt% BTO. From the first glance 

on the results in Table 4.1, it would be safe to assume that an increase in the filler content 

would result in an increase in the β-phase content; however, this assumption is to be tested in 

the mixture of design analysis section.  

Arriving at the second aim of the study, the viability of using DMSO as an alternative solvent 

to DMF and DMA was tested by comparing the β-phase content for PVDF composites in 

literature. Table 4.2 lists some of the polymer/composites fabricated using the solution casting 

technique and their respective β-phase content. From the works available in literature, there are 

3 works that are considerably similar to this work; therefore, their results can be compared. In 

Wu, et al. [245] and Wu, et al. [233], the highest recorded β-phase content for a pure PVDF-

HFP film was 58% and 59%, respectively, while in our work the pure film recorded a β-phase 

content of approximately 57%. For Kim, et al. [211], it was reported that the highest recorded 

β-phase content for a PVDF/15wt% BTO was 65.4%. Despite the different polymer matrix, the 

same formulation with PVDF-HFP as the matrix recorded 62.48% as shown in Table 4.1. As 

the pure polymer fabricated using DMSO approximately matched the values reported in 2 

studies, it is safe to assume to that DMSO can be used an alternative solvent.  
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Table 4.2 : β-phase content of PVDF and its copolymers composites fabricated by solution casting in 

literature  

Polymer Matrix Filler/s Solvent/s β-phase 

content 

Reference 

PVDF-HFP 0.3wt% silver 

nanowires 

DMF 87% [245] 

PVDF-HFP - DMF 58% [245] 

PVDF 50wt% PZT   NA 57% [246] 

PVDF 15wt% BTO DMA 65.4% [211] 

PVDF-HFP 20wt% BTO DMF 45.65% [247] 

PVDF-HFP 20wt% BTO NMP 42.15% [247] 

PVDF 5wt% Fe2O3 DMF 80% [213] 

PVDF 9wt% BTO DMF 68% [212] 

PVDF-HFP - DMF 59% [233] 

PVDF-HFP 0.8wt% 

Carbon Black 

DMF 80% [233] 

PVDF-TrFe - DMF 75% [248] 

PVDF-TrFe 5wt% CaZ DMF 79% [248] 

 

4.4.2  Mixture Design Analysis  

A set of experiments were conducted to obtain the required responses for the extreme vertices 

design. Utilizing the regression fitting technique with a 95% confidence, the Design Expert 

software generated a cubic model fitting the obtained responses. The model used to predict the 

β-phase content in terms of actual mixture components is postulated in Equation 4.1.   
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  β𝑝ℎ𝑎𝑠𝑒  =  0.478204𝐴 +  340.97290𝐵 − 719873𝐶 −  5.52181𝐴𝐵  +  10826.21333𝐴𝐶 

+ 10932.46757𝐵𝐶 −  73.53735𝐴𝐵𝐶 + 0.021873 𝐴𝐵(𝐴 − 𝐵) −  36.27953 𝐴𝐶(𝐴 − 𝐶)   
             −37.85716 𝐵𝐶(𝐵 − 𝐶)  (4.1)

 

Where A, PVDF content (wt%); B, Barium Titanate content (wt%); and C, Untreated 

Activated Carbon (wt%).  

To validate the model, the actual responses (experimental results) were plotted against the 

predicted results as illustrated in Figure 4.7. 

.  

 

 

 

 

 

 

 

 

 

With an R-sq of 0.9897 and an adjusted R-sq of 0.9741, the model was deemed extremely 

efficient in predicting the β-phase content for different formulations.  

The residuals plots shown in Figure 4.8 also demonstrate the scattering of the response residuals 

along the plot which further confirms the adequacy of the obtained model. 
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Figure 4.7: Predicted β-phase response (from model) against Actual β-phase response (from experiments) 
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An analysis of variance (ANOVA) was carried out utilising the Design Expert software to look 

into the model's significance and relevance. Additionally, ANOVA displays the impact of the 

individual factors and the interplay of variables on the mixture's response. The ANOVA 

findings can be found in Table 4.3 

The significance of the model can be investigated by determining the Fischer value                     

(F-value). Calculated through the division of two mean squares, F-values represent the ratio of 

explained variance to unexplained variance.  According to the model F-values of 63.81 for β-

phase content’s response, the regression model can account for the majority of the variation in 

the response.  

To determine whether the F-ratio is large enough to suggest statistical significance, the related 

p-value is used. The model could not be regarded as statistically significant if the p value was 

greater than 0.05. As a result, the regression equation has a substantial correlation with the 

response since the recorded p-values are lower than 0.0001. Furthermore, the linear mixture 

and all variables interactions were deemed significant due to their p-values recording a value 

less than 0.05. 
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Figure 4.8 : Predicted against residuals plot 
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Table 4.3 : ANOVA table displaying the statistical analysis derived from the β-phase content values 

Response : β-phase         

  

Source Sum       of 

Squares 

Df Mean 

Square 

F-value p-value Remarks 

Model 143.1 9 15.9 63.81 < 0.0001 significant 

Linear 

Mixture 

29.57 2 14.78 59.33 0.0001 significant 

AB 46.2 1 46.2 185.41 < 0.0001 significant 

AC 18.77 1 18.77 75.33 0.0001 significant 

BC 19.53 1 19.53 78.36 0.0001 significant 

ABC 18.26 1 18.26 73.3 0.0001 significant 

AB(A-B) 14.91 1 14.91 59.81 0.0002 significant 

AC(A-C) 17.35 1 17.35 69.61 0.0002 significant 

BC(B-C) 19.71 1 19.71 79.1 0.0001 significant 

Residual 1.5 6 0.2492    

Lack of Fit 0.0223 1 0.0223 0.0759 0.794 not 

significant 

Pure 

Error 

1.47 5 0.2946    

 

4.4.3 Effects of the mixture components on the β-phase content 

As mentioned earlier, The ANOVA table confirmed the significance of all the variables and 

their effect on the β-phase content for any given formulation. The sign coefficients dictate 

whether a variable has a positive impact or a negative influence on the response. For instance, 

the analysis of the linear terms deduce that PVDF-HFP and Barium Titanate have a positive 

impact on the β-phase content while activated carbon influenced the β-phase content 

negatively. 
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To further examine the effect of the variables on the β--phase content, response trace plots can 

be utilized. Available in Figure 4.9, response trace plots employ the fitted model to depict the 

outcome of altering the respective variable along a hypothetical line that connects the reference 

blend to a vertex [249]. According to Figure 4.9, for a weight fraction of 84.0 ≤ PVDF-HFP  ≤ 

95.0,  5.0 ≤ BTO  ≤ 15.0, and 0 ≤ AC  ≤ 1.0, it is evident that Barium Titanate and Activated 

carbon influence the β-phase content response significantly. Furthermore, demonstrates how 

the reinforcement of Activated Carbon beyond a certain threshold resulted in a redundant 

response while Barium Titanate showed a sinusoidal behaviour where the response was 

maximised toward the upper bound. As the variables could change simultaneously, response 

trace plots may not be sufficient to understand the effect of the alterations; therefore, the 3D 

surface plots must be considered. The 3D surface plots are able to link the predicted response 

to the variables as shown in Figure 4.10. 

 

 

Figure 4.9 : Response Trace Plots 
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4.4.4 Response Optimization  

The main aim of this study was to enhance the β-phase content in a PVDF-HFP matrix by the 

reinforcements of Barium Titanate and Activated Carbon as fillers. As shown in Figure 4.10, 

the β-phase content is maximized for a certain mixture of the components apart from the tested 

formulations. The current situation requires the employment of response optimization process 

provided by The Design Expert software. Response optimization utilizes the fitted model to 

predict the combination provides a response optimization process that can be employed to 

obtain the formulation that maximizes the β-phase content. The response optimization process 

enables you to pinpoint the combination of variable choices that collectively improve a 

particular response or a collection of responses [250]. Composite desirability is the metric used 

to quantify the optimized formulation’s ability to satisfy the goal of optimization. With a range 

varying from zero to one, a composite desirability of zero signifies that one or more responses 

are outside the permissible range while one represents the optimum condition.  

With a composite desirability of 1.00, the formulation containing 84.21 wt.% PVDF-HFP, 

15.00 wt.% Barium Titanate, and 0.79 wt.% Untreated Activated Carbon was predicted to have 

a β-phase content of 72.504%. To verify the values obtained, five films of the same formulation 

were fabricated and tested. The mean experimental results showed that the formulation 

Figure 4.10 :  3D surface plot of the response 
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recorded a β-phase content of 71.895% that lies within the confidence of intervals specified by 

the software and with an error margin of 0.85%. 

4.4.5  FESEM Results 

After fabricating the printed samples, field emission scanning electron microscopy (FESEM) 

was utilized to characterize the following samples: Runs 2 and 6 from Table 4.1, optimized 

solution casted sample, and the printed composite sample. To recall, Run 2 consisted of a 

solution casted sample with  the formulation 95 wt.% PVDF-HFP and 5 wt.% BTO while Run 

6 was a solution casted sample with the formulation 94.33 wt.% PVDF-HFP, 5 wt.% BTO, and 

0.67 wt.% UAC. These samples were selected to investigate the impact of fillers and processing 

techniques on the morphology of the samples. 

Figure 4.11 shows that the solution casted samples exhibited a characteristic spherulitic pattern, 

and small pores were present in the regions between the spherulites. These pores are formed 

during the solidification process, as the polymer crystallizes, the spherulites grow and absorb 

the liquid polymer phase between the crystallized polymer. Once crystallization is complete, 

there is no liquid phase left, resulting in a gap between the crystallized spherulites. However, 

Figure 4.11(a) shows that the BTO fillers were dispersed uniformly in the matrix, leaving only 

a small number of pores. As the filler content increased, such as in the optimal casted sample, 

the fillers agglomerated in certain areas and a greater number of pores were observed. The 

increased number of pores could be attributed to the agglomeration of the particles, which 

prevented the material from forming a uniform structure, leading to gaps or spaces between the 

particles. 

The effect of incorporating carbon fillers was also investigated by comparing Runs 2 and 6. As 

shown in Figure 4.11(a) and (b), the amount of particles dispersed in the matrix was much 

higher, recording a higher number of pores, possibly due to the agglomeration shown in the 

figure. 

Using Figure 3.12 as a reference to compare the printed composite FESEM image in Figure 

4.11(d), it is evident that the composite printed sample lacked the spherulitic pattern observed 

in the solution-casted samples and the pure polymer printed samples.. A potential reason behind 

the phenomenon could be that the presence of agglomerates in the feedstock can potentially 

interfere with the formation of spherulites during FDM printing and affect the microstructure 

and properties of the printed part. This is consistent with the findings reported by Kim, et al. 
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[251], where the solution-casted samples exhibited the spherulitic pattern, unlike the 3D-

printed samples. 

Moreover, it can be observed that the 3D-printed composite contained more voids and larger 

micro-cracks when compared to the pure polymer. The agglomeration of fillers in the 

composite initially caused pores in the film, which was used to fabricate the filament used to 

print the composite sample. As the pore content was already high, the fused deposition 

modeling (FDM) technique further increased the porosity and voids, resulting in a higher pore 

content in the FESEM image of the printed composite. 

 

4.4.6 DMA results  

The DMA technique was employed to investigate the impact of fillers' mechanical and thermal 

properties on the viscoelastic behavior of the printed composite. The focus was on analyzing 

the storage modulus, loss modulus, and phase changes. Prior to the DMA testing, it was 

hypothesized that incorporating fillers would enhance the storage modulus, given that both 

fillers had higher stiffness than PVDF-HFP. However, as observed in Figure 4.12, the pure 

Figure 4.11: FESEM images of a) Run 2 b) Run 6 c) Optimal formulation solution cast  d)printed composite 
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printed sample demonstrated higher storage modulus values for all temperatures, with a 

recorded value of 880 MPa at room temperature, compared to the composite sample's 320 MPa. 

The lower storage modulus in the composite sample can be attributed to the presence of more 

voids, as confirmed by the FESEM images in the previous subsection. Voids can act as stress 

concentrators, thereby reducing the stiffness, strength, and toughness of the material. Another 

possible reasoning could be the reduced crystallinity which is confirmed later in the upcoming 

subsections since the crystalline regions tend to contribute to the overall stiffness of the 

material; therefore, a reduced crystallinity would result in a reduced storage modulus. 

 

A similar trend was observed in the loss modulus, where the composite sample recorded 

smaller values than the pure sample. The same reasoning can be applied to explain this trend, 

as voids or defects can lead to a weaker interphase region, reducing the interfacial bonding 

between the matrix and filler particles. This weak interphase region can subsequently impact 

the energy dissipation mechanism in the material, leading to a decrease in the loss modulus. 

 

 

Figure 4.12 : DMA graph of the pure and composite prints 

4.4.7 FTIR Results 

Although the FTIR spectroscopy was conducted for the solution casted formulations to 

optimize the β-phase content, it is now being used to characterize the printed composite in 

order to investigate the effect of fillers after 3D printing. Figure 4.13 displays the FTIR graphs 
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for both the pure polymer and the composite prints, which show a consistent trend. Using 

Equation 3.1, the β-phase content was calculated for eight samples with an average of 44.28%. 

Despite a slight increase in comparison to the β-phase content of the printed pure polymer 

(43.58%), the composite recorded a value lower than expected. There could be a couple of 

possible reasons why the β-phase was not enhanced further. Firstly, the printing temperature 

was not fully optimized due to the 3D printer's limitations. As previously discussed, the 

interaction plots showed that a parameter can cause a bigger change if the other parameters are 

optimized. Therefore, the β-phase may not have been enhanced further due to the non-

optimized temperature, despite optimizing printing speed and layer thickness. Another possible 

reason could be the agglomeration of fillers in certain areas, preventing the nucleation of β-

phase in several places along the film. 

 

 

4.4.8 DSC Results  

The Differential scanning calorimetry test was conducted on extruded filaments and 3D printed 

samples from both the copolymer and the composite to investigate the effect of the fillers and 

the 3D printing process on the thermal properties such as the melting point, crystallinity, and 

the possible phase changes present. The DSC thermogram is shown in Figure 4.14.  The 

separate thermograms are showcased in the appendix. Table 4.4 was created to highlight the 

important data extracted from the thermograms such as the melting point and the melting 

enthalpy which was used to calculate the degree of crystallinity of the samples using the 

formula :  

Figure 4.13 : FTIR results of pure and composite printed samples ( black line indicates the composite) 
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𝑋𝐶 = (
ΔHm
ΔHmФ

)  𝑥 𝑋𝑚 𝑥 100% 

                                                                  

Where Xc is the degree of crystallinity, ΔHm is the melting enthalpy of the film, 𝑋𝑚 is the 

weight fraction of PVDF in the composite, and ΔHФ
m is the melting enthalpy of 100% 

crystalline material, i.e., 104.5 J/g [252].   

 

Initially, it was assumed that the incorporation of fillers in the polymer matrix will results in a 

material of a higher degree of crystallinity due to their action as nucleation agents. However, 

it can be seen that the crystallinity of the samples undergoes a reduction when the fillers are 

incorporated in the polymer matrix for either the filament or the 3D printed samples. 

Thoroughly, for the extruded filament samples, the composite recorded a 30.29% reduction 

when compared to the pure filament. The melting temperature peak also faced a slight decrease 

where the pure filament recorded 144.8C° while the composite filament recorded 142.5C°. The 

same trend was observed in the 3D printed samples where the composite sample recorded a 

14% reduction when compared to the pure polymer. A possible reasoning for this behaviour is 

that the overdosed fillers in the polymer matrix acted as crystallization inhibitors by delaying 

or preventing the nucleation. The same phenomenon was observed before in literature in [233, 

253].   

Regarding the effect of FDM,  the 3D printed samples exhibited a lower degree of crystallinity 

when compared to the extruded filament for the pure polymer or the composite. In detail, the 

3D printed pure polymer recorded a 27.06% reduction compared to the pure filament sample, 

and the 3D printed composite recorded a 24.09% reduction to the composite filament, which 

displays that the 3D printing process resulted in a reduction in crystallinity. Jayswal and Adanur 

[254] also noticed the same phenomenon in their work on 3D printed PLA. The reason behind 

the reduction of crystallinity could be due to the high temperature difference between the 

nozzle and the printing bed, which allows for a very short time for crystallization.  
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Table 4.4 : Melting temperature and degree of crystallinity for different samples 

Sample Tm (C°) ΔHm (J/g) XC (%) 

PVDF-HFP filament 144.8 22.55 21.57895 

Composite filament 142.5 18.64 15.04221 

3D Printed pure polymer 143.6 16.45 15.74163 

3D Printed composite 141.8 14.15 11.41885 

 

 

Figure 4.14 : DSC analysis  
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4.4.9 TGA results  

The thermogravimetric analysis technique was performed to investigate the thermal stability 

of the samples. The instrument conducting the TGA test recorded the weight percentage of the 

samples as the temperature increased. The software provided data such as the initial 

degradation temperature and weight values for each corresponding temperature to assist in 

plotting the thermal decomposition of the samples and analysing the thermal decomposition of 

PVDF-HFP.  Figure 4.15 illustrates the thermal decomposition of pure and composite PVDF-

HFP polymer in filament and printed forms. To help understand the effects of filler 

incorporation and 3D printing process, Table 4.5 was created to list the initial degradation 

temperature, weight loss for each sample, and the weight loss percentage of the polymeric 

phase. Since BTO is thermally stable and does not undergo any thermal degradation under the 

same temperature range as confirmed by Fu, et al. [255], another metric other than the weight 

loss needs to be implemented to evaluate the effect of fillers on the thermal stability. Therefore, 

the weight loss percentage of the polymeric phase can be evaluated by dividing the weight loss 

of the sample by the weight fraction of PVDF-HFP  in the sample.  

As Table 4.5 shows, the pure PVDF-HFP filament recorded the lowest initial degradation 

temperature with 438.63C° while the composite filament recorded the highest temperature with 

461.16C°.  A possible reasoning to the improvement of the initial decomposition temperature 

is that the incorporation of fillers resulted in further crystallization of β-phase crystals, which 

have a higher melting point compared to the α-phase crystals [256, 257].  

Table 4.5 also conveyed a higher weight loss in PVDF-HFP for the composite samples when 

compared to the pure samples from either the filament or the 3D printed where the pure filament 

recorded the highest PVDF-HFP weight loss with 80.86% and the printed pure sample recorded 

the lowest with 59.8%. This reduced thermal stability could be due to the agglomeration of 

fillers observed in the FESEM results which may act as a stress concentration point making the 

composite more susceptible to thermal degradation [258].   

It can also be seen that the printed samples recorded a lower weight loss value when compared 

to the pure filament, which could be an indication that the FDM process resulted in a more 

thermally stable samples. A similar explanation regarding the improvement of the β-phase 

fraction in the polymer due to the 3D printing process can be used in this case. 
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Figure 4.15 : TGA results 

                                                                                              

Table 4.5 : : List of the initial degradation temperature and weight loss for all samples 
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4.4.10 Electromechanical test results 

 

The purpose of the study was to confirm the piezoelectricity of the fabricated samples using an 

electromechanical test. The voltage response of the samples was measured when a force was 

exerted on them. This allowed for the quantification of the sensitivity of each sample, as well 

as the voltage coefficient, which can be used to compare piezoelectric performance without 

considering geometrical differences. Table 4.6 lists the average force sensitivity and the 

calculated piezoelectric voltage coefficient for all samples.  

First of all, the electromechanical test confirmed the piezoelectricity of the fabricated samples. 

Moreover, the results showed that the solution-casted sample had the highest sensitivity, with 

an average value of 4.09 mV/N. The pure printed sample had a sensitivity of 2.64 mV/N, while 

the printed composite sample had the lowest sensitivity, with a value of 1.34 mV/N. The 

following trend was expected since the solution-casted sample had a higher β-phase content. 

However, the results for the printed pure and composite samples did not match the 

expectations, as the composite sample had a slightly higher β-phase content but a lower voltage 

response was recorded. This could be due to the lower crystallinity of the printed composite 

sample, which is consistent with a computational model of the piezoelectric effect of PVDF 

[259]. The model suggests that only the crystalline regions of PVDF are responsible for any 

observed piezoelectricity[260]. A similar trend was observed in the work by Wu, et al. [245], 

where the sample with the higher β-phase recorded a lower voltage response, possibly due to 

the reduction in its crystallinity. 

As known, a limitation of the study is that the samples did not undergo the poling process, 

which is known to enhance the piezoelectric performance of a sample. Thus, the piezoelectric 

voltage coefficient 𝑔33 values for the samples were much lower than those reported in the 

literature for PVDF (200mV.m/N) [261]. However, the 𝑔33 values followed the same trend as 

the sensitivity values, with the solution-casted sample having the highest value and the printed 

composite sample having the lowest value. The samples fell short when their 𝑔33 was 

compared to other material such as PZT and Quartz which recorded  𝑔33 values of 

18.5mv.m/N and 50mV.m/N, respectively [261].  
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Table 4.6 : Electromechanical Test results 

Sample  Force Sensitivity/ (mV/N) Piezoelectric Voltage 

Coefficient, 𝑔33/ (mV.m/N) 

3D printed pure polymer  2.638896682 

 

1.484379 

 

3D printed composite  1.340511474 

 

0.754038 

 

Optimal solution casted  4.085464316 

 

2.298074 

 

 

4.5 Conclusions  

 

In this chapter, the conventional techniques used to enhance the piezoelectricity of PVDF-HFP 

are discussed, with the reinforcement technique being selected. Barium Titanate (BTO) and 

Untreated Activated Carbon (UAC) were chosen as potential fillers to be incorporated in the 

polymer matrix, and DMSO was selected as the solvent to investigate its viability as an 

alternative friendly solvent. The optimum mixture Design of experiments (MDOE) method 

was used to optimize the formulation and understand the effects of the fillers on the β-phase 

content.  

The initial analysis showed that DMSO was a viable alternative solvent, as it recorded similar 

β-phase values to other solvents for similar formulations in literature. As the MDOE was 

carried forward, it was deduced that Barium Titanate positively influenced the matrix unlike 

untreated activated carbon. The software suggested an optimal formulation of 84.21 wt.% 

PVDF-HFP, 15.00 wt.% BTO, and 0.79 wt.% UAC was fabricated, which recorded a β-phase 

content of 71.895% with a relative error of 0.85% from the predicted value.  

After printing the optimized composite, several characterization techniques were performed. 

The FESEM analysis showed that the filler content in the matrix correlated with the amount of 

pores and agglomerates in the matrix. It was also reported that the 3D printed samples lacked 

the spherulitic pattern shown in the solution casted samples. The effect of the voids and 
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microcracks discovered in the FESEM images was highlighted when the DMA results reported 

that the printed composite recorded a smaller storage modulus when compared to the printed 

polymer. Additionally, the β-phase content of the printed composite was slightly higher than 

that of the pure polymer, but the printed polymer recorded a higher voltage response, which 

could be attributed to the lower crystallinity of the printed composite confirmed by DSC 

thermograms. In conclusion, the fabricated samples exhibited piezoelectricity and were able to 

detect forces in the 1N range. 
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5. Conclusions and Future works 
 

The exquisite mechanical properties and commendable piezoelectric characteristics of 

polyvinyldene fluoride (PVDF) and its copolymers have kindled considerable interest in their 

application as piezoelectric materials. These materials have found extensive use in the 

fabrication of flexible force sensors, which have garnered significant demand across various 

industries. However, the use of hazardous and toxic solvents in the mixing process has raised 

concerns over their safety and ecological impact. Hence, the search for alternative fabrication 

techniques has become essential. 

 

This study explored the use of fused deposition modeling (FDM) to 3D print PVDF copolymer 

composites with the aim of investigating the effect of printing parameters on the piezoelectric 

and mechanical properties of the samples. The copolymer PVDF-HFP was 3D printed, and a 

DOE analysis was conducted to investigate the effect of printing parameters such as printing 

temperature, printing speed, and layer thickness on the β-phase content in printed samples. The 

analysis revealed that all printing parameters significantly influenced the β-phase content in 

printed samples, and an interaction was observed between the printing parameters. It was 

discovered that the effect of a certain parameter is maximised when the other paramters are 

optimized. The following deductions were utilized by the software to predict the optimized 

printing paramters which are as follows: printing temperature of 250C°, printing speed of 

10mm/s, and a layer thickness of 0.1mm.  

 

Furthermore, this study investigated the use of fillers to enhance the piezoelectricity of PVDF-

HFP, with Barium Titanate and Untreated Activated Carbon being chosen as the fillers. As an 

alternative solvent, the viability of using DMSO was investigated. The optimum mixture design 

of experiments (MDOE) method was used to optimize the formulation and understand the 

effects of the fillers on the β-phase content. The results of the MDOE analysis showed that 

Barium Titanate positively influenced the matrix, unlike untreated activated carbon, and 

DMSO was a viable alternative solvent. With a desirability of 0.96, a formulation of 84.21 

wt.% PVDF-HFP, 15.00 wt.% BTO, and 0.79 wt.% UAC was deemed optimal by the software 

with a β-phase content prediction of 72.504%. The fabricated sample recorded 71.895% with 

a relative error of 0.85%.  
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Following the printing of the composite material that had undergone optimization, various 

techniques for characterization were carried out, such as FESEM and DMA analyses. The 

FESEM analysis revealed that the quantity of filler content present in the matrix was directly 

associated with the amount of pores and agglomerates in the matrix. Additionally, it was noted 

that the 3D printed samples exhibited no spherulitic pattern as observed in the solution-cast 

samples. The DMA results showed that the presence of voids and microcracks, identified 

through the FESEM images, had an impact as the printed composite demonstrated a smaller 

storage modulus than the printed polymer.  

 

Despite recording a slightly higher β-phase content, the printed composite recorded a lower 

force sensitivity when compared to the pure polymer. The reason behind the relatively poor 

piezoelectric performance was the low crystallinity which was captured by the DSC 

thermogram. . It is also worth noting that poling samples would have ensured a higher voltage 

response in the composite despite the lower crystallinity due to poling process activating the 

piezoelectricity in the Barium Titanate incorporated in the filler. Despite its performance, all 

printed samples exhibited piezoelectricity and were able to detect forces in the 1N range. This 

finding demonstrates the potential of FDM-printed PVDF copolymer composites as flexible 

force sensors. 

 

As for future work, several areas could be explored. First, the effect of post-processing 

techniques such as annealing and poling on the piezoelectric properties of the printed samples 

could be studied. Annealing and poling have been reported to enhance the piezoelectricity of 

PVDF and its copolymers, and could potentially improve the performance of the printed 

composite. 

 

Second, the printing parameters for the composite could be optimized to improve the 

mechanical and piezoelectric properties. In this study, the printing parameters for the composite 

were not optimized due to the printer constraints. Finally, a novel approach to reducing the 

agglomerates in the solution casted samples could be developed. The FESEM analysis showed 

that the filler content in the matrix correlated with the amount of pores and agglomerates in the 

matrix. A novel approach to reducing agglomerates could potentially improve the performance 

of the composite. 
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In summary, this study provides a foundation for further research into the fabrication and 

optimization of PVDF-HFP composites for use as flexible force sensors. Future work in this 

area could lead to the development of more efficient and reliable piezoelectric materials for a 

variety of applications. 
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