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Abstract 

Recently, piezoelectric polymer fibers have been highlighted as a good alternative to 

multifunctional composite. In order to manufacturing composite materials reinforced with 

piezoelectric polymer fibers, adhesion characteristics between piezoelectric polymer fibers 

and matrices should be classified. Thus, in this paper, adhesion characteristics of 

piezoelectric polymer fibers were investigated experimentally. 

Polyvinylidene fluoride (PVDF) was used for piezoelectric polymer fibers, 

polydimethylsiloxane (PDMS) were selected for matrix materials. Micro-droplet debonding 

test were conducted to evaluate adhesion characteristics between PVDF fibers and matrices. 

Effects of the wet spinning method on the surface morphology, chemical composition and 

adhesion characteristics were contemplated. 

 

 

1 Introduction 

Multifunctional composite materials had become an attractive research field to expand the 

application of composite materials. Composite materials which can be used for sensors as 

well as structural applications are very powerful since we don’t need to insert or attach 

sensors for monitoring external loads or damage in composite structures. One of effective 

methods to realize above multifunction is piezoelectric fiber composites. Good example is 

piezoelectric ceramic fibers and composites, which had been adopted to energy harvesting 

systems, actuators, and transducers [1-3]. However, relatively high stiffness of piezoelectric 

ceramic fibers limited their application. Recently, piezoelectric polymer fibers have been 

highlighted as a good alternative to multifunctional composite materials in the field of energy 

harvesting systems embedded in general goods of daily life such as cloths, cushions or shoes 

[4- 5]. In order to manufacturing composite materials reinforced with piezoelectric polymer 

fibers, adhesion characteristics between piezoelectric polymer fibers and matrices should be 

classified [6-7]. Thus, in this paper, adhesion characteristics of piezoelectric polymer fibers 

were investigated experimentally. Micro-droplet debonding test were conducted to evaluate 

adhesion characteristics between piezoelectric fibers and matrices. In addition, effects of the 

wet spinning method on the surface morphology, chemical composition and adhesion 

characteristics were contemplated.  
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2 Materials and testing methods 

2.1 Materials 

Polyvinylidene fluoride (PVDF), produced by Aldrich, was used for manufacturing 

piezoelectric polymer fibers. PVDF fibers were prepared by wet spinning method as three 

different processes with 200~250 m of diameter as shown in Table 1. Through SEM and 

EDS, it was checked that there is no difference of surface morphologies and chemical 

compositions of three PVDF fibers except the void contents and sectional shape. 

For the matrix material, polydimethylsiloxane (PDMS), produced by Dow Corning, were used. 

 

Designation Wet spinning Heat treatment 

Temperature (
o
C) Stretching (%) Temperature (

o
C) Stretching (%) 

A 80 900 80 200 

B 90 900 80 350 

C 100 680 80 200 

Table 1. Conditions of wet spinning processes for manufacturing PVDF fibers. 

 

2.2 Mechanical test 

The tensile strengths and Young’s Moduli of PVDF fibers were measured according to the 

ASTM D 3379-75 standard test method for single-filament materials by using a specially 

equipped micro-droplet tester with a speed of 0.25 mm/min. Fibers were pulled to failure. The 

load and elongation were recorded, and mechanical properties were calculated. 

 

2.2 Adhesion test 

In this study, the micro-droplet test was chosen since it can potentially provide interfacial 

adhesion strength between fibers and matrices and be used for any fiber/matrix system [8]. 

PVDF fibers were cleaned with ethanol and distilled water and dried in oven at 30
o
C before 

depositing a droplet. A small drop of PDMS mixture, which was degassed in vacuum oven, 

was carried by the end part of a metal fiber and deposited onto the single PVDF fiber to form 

a micro-droplet surrounding the diameter of PDVF fiber. After manufacturing micro-droplet 

specimens, we measured the embedded length of each micro-droplet with an optical 

microscope [9]. 

Figure 1 shows specimens for the micro-droplet test. The droplets have an elliptical shape on 

the whole, which consist of circular shaped droplet and outward convex shape meniscus. The 

embedded length of the droplets ranged from 0.8-1.5mm, and the meniscus length from 0.1-

0.15mm. The length ratio of meniscus region and whole droplet was almost same (about 0.2) 

in the region of the considered embedded length. 

 

 

Figure 1. Typical shape of PDMS micro-droplet on a single PDVF fiber. 
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Figure 2 shows the specially equipped experimental setup of the micro-droplet test with 10N 

loadcell, a motorized linear stage, LVDT and the video optical microscope. A free end of 

micro-droplet specimen was fixed to the load cell and micro-droplet to knife edges of the 

micro-vise. Then loadcell was moved to load the micro-droplet with a speed of 0.25mm/min. 

More than 10 specimens, of which embedded lengths ranged from 0.8~1.5mm, were tested for 

each case. 

 

 

Figure 2. Experimental setup of the micro-droplet test: (1) Motorized linear stage, (2) Load cell, (3) LVDT, (4) 

Micro-vise with knife edges, (5) Video optical microscope, (6) XY stage. 

 

3 Results and discussions 

3.1 Mechanical properties of PVDF fibers 

Figure 3 shows measured Young’s moduli and tensile strengths of PVDF fibers with respect 

to the wet spinning method. Young’s moduli and tensile strengths PVDF fibers manufactured 

by the wet spinning method A and B were almost same and higher than that by method C. 

This means that mechanical properties of PDVF fibers are much affected by stretching in the 

spinning process than other conditions. 
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Figure 3. Mechanical properties of PDVF fibers with respect to the wet spinning method: (a) Young’s Modulus, 

(b) Tensile strength. 

 

3.2 Adhesion characteristics of PVDF fibers 

Figure 4 shows the maximum load of the micro-droplet test with respect to the wet spinning 

method and embedded length. Although there were some scatters in measured load, the 

maximum load increased linearly with the increase of the embedded length regardless of the 

wet spinning method. Fracture mode was changed from the matrix fracture to the interfacial 

debonding between fiber and matrix, and the embedded length at the fracture mode change 

was about 1.1mm. However, the fiber fracture was not observed until the embedded length 

was 1.5mm. 
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Figure 4. Maximum loads of micro-droplet tests for adhesion strengths between PDVF fibers and PDMS with 

respect to the wet spinning method (◆: Interfacial debonding, □: Matrix fracture). 

 

The interfacial adhesion strength between PVDF fiber and PDMS can be calculated by 

following equation (1): 

 

    
LD

F

f

IFS


         (1) 

 

where IFS is the interfacial adhesion strength, F is the maximum load, Df is the fiber diameter, 

and L is the embedded length. Figure 5 shows the calculated interfacial adhesion strength of 

three cases with respect to the embedded length. The calculated interfacial adhesion strengths 

were constant within embedded ranges and the average value and error bars were calculated 

as shown in Figure 6. Interfacial adhesion strength and error bounds between PVDF fibers, 

manufactured by Method A and B, and PDMS were about 0.51MPa and -0.04~+0.03 MPa, 

while those by Method C were 0.54MPa and -0.07~+0.08MPa. Average interfacial adhesion 

strength of PVDF fibers manufactured by Method C was slightly higher than those by Method 

A and B, but it could be assumed to be same if data scattering was considered. 
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Figure 5. Interfacial adhesion strengths between PDVF fibers and PDMS with respect to the wet spinning 

method. 
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Figure 6. Comparison of interfacial adhesion strengths between PDVF fibers and PDMS with respect to the wet 

spinning method. 
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3.3 Discussions 

From the above experiments, three important results were obtained. 

(1) Surface morphologies and chemical compositions of PVDF fibers manufactured by 

three different wet spinning methods were almost same. 

(2) Young’s moduli and tensile strengths of PVDF fibers manufactured by Method A and 

B were almost same and higher than those by Method C. 

(3) Interfacial adhesion strengths between PVDF fibers, manufactured by three different 

wet spinning methods, and PDMS were little difference. 

Differences between Method A and B were the wet spinning temperature and stretching 

amount in the heat treatment process while differences between Method A (or B) and C were 

the temperature and stretching amount in the wet spinning process. According to the 

preliminary experimental results, the wet spinning method affects not the surface morphology 

and chemical composition but the void contents and sectional shape.  

Since mechanical properties can be influenced by internal defects as well as surface integrity, 

there was no difference between surface integrity of three PVDF fibers, and mechanical 

properties of PVDF fibers manufactured by Method A and B were higher than those by 

Method C, the stretching amount was regarded as key parameter for affecting mechanical 

properties. 

On the other hand, it was considered that similar interfacial adhesion strength regardless of 

the wet spinning method was caused by same surface integrity even though the mechanical 

properties of PVDF fibers were quite different. However, measured interracial adhesion 

strength was about 0.5MPa, and relatively low than that between glass fiber and PDMS [10]. 

So a study for improving adhesion characteristics of PVDF fibers to PDMS should be 

followed-up. 

 

4 Conclusions 

In this study, adhesion characteristics of piezoelectric polymer fibers were investigated 

experimentally. Micro-droplet debonding test were conducted to evaluate adhesion 

characteristics between piezoelectric fibers and matrices. In addition, effects of the wet 

spinning method on the surface morphology, chemical composition and adhesion 

characteristics were contemplated. 

From the above experiments, three important results were obtained. 

(1) Surface morphologies and chemical compositions of PVDF fibers manufactured by 

three different wet spinning methods were almost same. 

(2) Young’s moduli and tensile strengths of PVDF fibers manufactured by Method A and 

B were almost same and higher than those by Method C. 

(3) Interfacial adhesion strengths between PVDF fibers, manufactured by three different 

wet spinning methods, and PDMS were little difference. 
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