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ABSTRACT OF THE DISSERTATION 

 

Development and Utilization of Piezoelectric Scaffold Systems for the Modulation of the 

Physico-Chemical Microenvironment of the Cells to Enhance Their Regenerative 

Behaviors 

 

by 

 

Gerardo Rene Ico 

 

Doctor of Philosophy, Graduate Program in Bioengineering 

University of California, Riverside, December 2018 

Dr. Jin Nam, Chairperson

 

Piezoelectric polymer, poly(vinylidene-trifluoroethylene) (P(VDF-TrFE)), exhibits 

excellent characteristics, such as flexibility and biocompatibility, for various biological 

applications that utilize energy conversion between mechanical strain and electric 

potentials. However, its typically low piezoelectric properties have limited its use as an 

effective piezoelectric platform. To address this, electrospinning was utilized as a 

method to manipulate the nanostructure of P(VDF-TrFE) nanofibers to engineer a high-

performing piezoelectric material. More specifically, we show that the piezoelectric 

performance of P(VDF-TrFE) is size dependent; by dimensional reduction to the 

nanoscale (30 nm), a transformative enhancement in piezoelectric performance was 

achieved by the synergistic effects of flexoelectricity materialization and enhanced 

dipole domain alignment. The electrospun P(VDF-TrFE) at this size scale exhibits an 
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exceptional piezoelectric coefficient, d33, at -108 pm V-1, approaching the same 

magnitude of more traditional inorganic materials, while maintaining its flexibility. 

We exploit these high performing P(VDF-TrFE) nanofibers for specific biological 

applications. In one aspect, the large surface area-to-volume ratio inherent to 

nanomaterials, together with the transformative piezoelectric properties, allowed us to 

use the material as an ultrasensitive, acoustic-responsive, drug delivery platform driven 

by the direct piezoelectric effect. The intrinsic negative zeta potential was utilized to 

electrostatically load cationic drug molecules. We show that the drug release sensitivity 

of the P(VDF-TrFE) nanofibers depends on the fiber diameter, thus piezoelectric 

properties. We further showed that the drug release quantity can be tuned by applied 

acoustic pressure or number of acoustic doses for specific tissue applications.  

Additionally, through the direct piezoelectric effect, we also demonstrated the 

utility of P(VDF-TrFE) nanofibers with an aligned morphology in neural tissue 

engineering. We demonstrate that the piezoelectric P(VDF-TrFE) nanofibers provide a 

means to culture neural stem cells while electrically stimulating the cells by acoustic 

actuation of the scaffold, generating electric potentials that were utilized to modulate 

the cellular behaviors. The electrical stimulation of neural stem cells resulted in neural 

stem cell differentiation towards different phenotypes, including neurons, 

oligodendrocytes, and astrocytes, demonstrating the potential utility of the piezoelectric 

scaffolds for engineering neural tissues composed of multiple cell phenotypes. 
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Finally, a proof-of-concept cell culture platform that can modulate the 

mechanical properties of cell culture scaffolds on demand, was devised based on the 

indirect piezoelectric effect. Microfabricated interdigitated electrodes were designed, 

via computational simulations, to act as an electric field-generating substrate for the 

P(VDF-TrFE) scaffold. We showed that the stiffness of the P(VDF-TrFE) nanofibers 

electrospun onto such interdigitated electrodes can be precisely controlled by 

modulating the applied electric fields across the electrodes. The results demonstrate the 

significant potential of electrospun piezoelectric nanofibers for a cell culture substrate 

with an on-demand change of the physical cellular microenvironment. 
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1. Introduction 

 

1.1 Piezoelectricity 

Piezoelectricity is an electromechanical phenomenon which allows for the direct 

conversion of mechanical energy to electrical energy. This conversion is known as the 

direct piezoelectric effect. Conversely, the conversion of electrical energy to a mechanical 

response yields the indirect piezoelectric effect. Piezoelectricity was discovered in 1880 

by French physicists Jacques and Pierre Curie who hypothesized and proved that 

materials with certain crystal asymmetries would give rise to an electric potential under 

a mechanical strain (the Greek origin of the root of piezoelectric, piezen, meaning to 

press). The strongest conversion at that time came from quartz and Rochelle salt.[1] The 

indirect effect was set forth a year later, first when mathematician Gabriel Lippman gave 

mathematical proof that application of an electric field to these materials should cause a 

mechanical deformation, and later tested successfully by the Curie brothers.[2, 3]  

More recently, the use of piezoelectricity has emerged in various applications such 

as force transducers and actuators governed by the direct and indirect piezoelectric 

effect, respectively. Examples of the former include, automotive knock sensors that 

detect vibrations and adjust engine parameters to prevent catastrophic failure when 

uncontrolled detonation of air and fuel mixtures occur,[4] piezoelectric microphones to 

transduce acoustical waves to electrical signal,[5] and piezoelectric igniters used in push-

button gas grills and lighters.[6, 7] The mechanical to electrical conversion has also enabled 
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the harvesting of wasted mechanical energy for powering low-power devices.[8, 9] For the 

latter, fuel injectors for combustible engines utilize piezoelectric elements to precisely 

introduce fuel via injection needles,[10] inkjet printers that work on the principle of 

piezoelectric-driven volume reduction in reservoirs to expel ink,[11]  and speaker 

technology including equipment buzzers and audio headphones.[12, 13]  

In the field of medicine, micro tweezers utilize both the direct and indirect 

piezoelectric effects for force sensitive and spatially precise surgical tools.[14, 15] Sleep 

apnea detection bands work through the direct piezoelectric effect to record abnormal 

respiration waveforms.[16, 17] The use of piezoelectric elements in ultrasound transducers 

has revolutionized the field of real-time biomedical imaging. [18, 19] In cardiology, 

echocardiograms diagnose and manage common heart diseases,[20] otolaryngology 

utilizes ultrasound imaging to reveal the internal structures of the neck such as the thyroid 

or lymph nodes and diagnose associated diseases,[21, 22] and in ophthalmology, it has 

allowed doctors to detect tumors or make assessments of hidden posterior segment 

lesions in cases of pre-operative cataract.[23-25] Perhaps the most famous use of this 

imaging modality, utilizing piezoelectric elements, involves monitoring the health and 

development of a fetus throughout pregnancy in the field of obstetrics.[26] Through a 

similar principle, use of focused, directional, extracorporeal shockwaves have been 

utilized to fragment hardened biological deposits such as gallstones, kidney stones, and 

plaque buildup in arteries.[27-29] 
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This dissertation begins with a brief introduction on the theory of piezoelectricity. 

The basis and comparison of the materials science between inorganic- and organic-based 

piezoelectric materials is then discussed to reveal the properties responsible for 

piezoelectricity. Next, a discussion of naturally occurring biological piezoelectric materials 

and the effects of endogenous and exogenous electrical stimulation reveals the 

importance of the advancement of engineered biocompatible piezoelectric materials for 

bioengineering applications. In the proceeding chapters, the work conducted to 

contribute to the science of piezoelectricity and field of bioengineering is presented, first 

through the optimization of a biocompatible piezoelectric platform by dimensional 

reduction and proper thermal conditions, and secondly demonstrated by the applications 

of drug delivery and cell-culture scaffolds, respectively. 

 

1.1.1. Fundamentals of piezoelectricity 

The governing physical aspect driving piezoelectricity is the non-centrosymmetric 

nature of a material. There exist 32 classes of crystals for which 21 of them fall into the 

category satisfying asymmetry. Of those, only 20 are considered piezoelectric in the sense 

of the direct piezoelectric effect and further still, only 10 of the 20 can exhibit 

ferroelectricity due to the spontaneous polarization of the unit cell. For the former, the 

electric displacement in response to a mechanical stress due to its asymmetry is what 

leads to the direct effect and the indirect effect only in the presence of a mechanical stress 

that initially converts the asymmetrical non-polarized material into a net polarized 
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material. For the latter, the spontaneous polarization does not necessitate a pre-stress to 

elicit the indirect effect. Additionally, both the direct and indirect effect in this case 

manifests from the change in polarization magnitude and/or direction. 

Physical constants of the material such as electric susceptibility (χe) which relates 

to the relative permittivity (εr) by,  

 𝜖𝑟 = 𝜒𝑒 + 1 (1.1) 

 

quantifies how susceptible a material is in terms of polarization to an applied external 

electric field (φ), which influence the electric displacement of the material by  

 𝑫 = 𝝓휀0휀𝑟 (1.2) 

 

where ε0 is the permittivity of free space. Other physical constants such as the elastic 

constants (s) (e.g., Young’s Modulus (E), Bulk Modulus, Shear Modulus) relate how a 

material responds mechanically to an applied physical stress (σ). For example, the change 

in deformation, or strain (S), of a material induced by a stress is given by, 

 𝑆 =
𝝈

𝑬
 (1.1) 

 

By means of the Linear Theory of Piezoelectricity the coupling between these constants 

(electrostatic and elastic) is presented in the two constitutive equations of 

piezoelectricity, of which there are four forms, where each constitutive equation 
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describes either the direct or indirect piezoelectric effect through the use of the 

piezoelectric coefficients (d, e, g, h; depending on which forms of the constitutive 

equations are used) (Figure 1.1a). Throughout this dissertation the strain-charge form 

(red arrows in Figure 1.1a) with the following constitutive equations is used, 

 𝐷𝑖 = 𝑑𝑖𝑘𝑙𝑇𝑘𝑙 + 휀𝑖𝑘
𝑇 𝜙𝑘, (1.4) 

 

and 

 𝑆𝑖𝑗 = 𝑑𝑘𝑖𝑗𝜙𝑘 + 𝑠𝑖𝑗𝑘𝑙
𝜙

𝑇𝑘𝑙 (1.5) 

 

where d is the piezoelectric charge coefficient with units of m V-1 or C N-1. Equation 1.4 

describes the direct piezoelectric effect that is used for sensing applications such as force 

transduction and energy harvesting. The resulting electric displacement is directly 

proportional to the applied stress, T, by a factor of the piezoelectric coefficient of the 

material. The second term on the right-hand side of the equation goes to zero in cases 

where an external electric field is absent or otherwise contributes to the electric 

displacement in the presence of an electric field proportional to the dielectric constant of 

the material at a constant stress (T superscript). Equation 1.5 describes the indirect 

piezoelectric effect used in fields of actuators such as micro positioners and acoustics. 

The strain induced by an applied electric field is proportional, again, to the piezoelectric 

coefficient while the second term can go to zero for some materials that do not require 

an external pre-stress (i.e., ferroelectric materials exhibiting spontaneous polarization) or 
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proportional to the external stress by the elastic constant (s) at a constant electric field 

(φ superscript). Material characterization in either the direct or indirect effect is directly 

transferable to the other effect since the piezoelectric coefficient is present in both cases.   

The tensor notation presented in Equations 1.4 and 1.5 can be compressed into 

matrix notation, to present the elastic (Sij and sijk) and piezoelectric (dikl and dkij) as matrix 

arrays, such that ij or kl are replaced by p or q. In this way i,j,k,l can be assigned values of 

1,2, or 3 and p and q can be assigned values of 1,2,3,4,5, or 6. Rewriting Equations 1.4 

and 1.5 with this new notation produces, 

 𝐷𝑖 = 𝑑𝑖𝑞𝑇𝑞 + 휀𝑖𝑘
𝑇 𝜙𝑘, (1.6) 

and 

 
𝑆𝑝 = 𝑑𝑘𝑝𝜙𝑘 + 𝑠𝑝𝑞

𝜙
𝑇𝑞. (1.7) 

The numbering is useful when describing the associated directionality of piezoelectric 

materials (Figure 1.1b). By convention, the polarization direction of the material is 

designated as the z- axis of the piezoelectric material and is indicated by the number 3 

and the longitudinal and lateral direction as 1 and 2 respectively. The shear components 

about the 1, 2, and 3 axis are designated as 4, 5, and 6, respectively. For example, a stress, 

T3, imparted on the faces in the plane perpendicular to the polarization axis can induce 

an electric displacement, D3, on the same faces, coupled by the piezoelectric coefficient, 

d33. Similarly, a stress, T1, imparted on the faces in the plane parallel to the polarization 

axis can induce an electric displacement, D3, on the faces in the plane perpendicular to 



  

7 
 

the polarization axis, by the coupling piezoelectric coefficient, d31. Thus, the matrix form 

of Equations 1.6 and 1.7 are,  

 

[
𝐷1

𝐷2

𝐷3

] = [

𝑑11 𝑑12 𝑑13 𝑑14 𝑑15 𝑑16
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]
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𝑇 휀13
𝑇
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𝑇 휀22
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𝑇
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𝑇
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𝜙3

] (1.8) 

and  
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𝜙
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, (1.9) 

which, depending on the macroscopic symmetry of the material, can allow for most of 

the piezoelectric, elastic, and dielectric components to go to zero.   

 

1.1.2. Ceramic-based piezoelectric materials  

One major type of piezoelectric crystal structure for ceramic based materials is the 

perovskite structure both of which lead zirconate titanate (Pb[ZrxTi1-x]O3 (0≤X≤1); PZT) 

and barium titanate (BaTiO3) are (Figure 1.2a). Both materials’ chemical composition are 

in the form A2+B4+X2-
3 where the A atom sits on the four corners of the unit cell, the B 

atoms on the faces of the unit cell in an octahedral from, and the X atom within the 
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octahedral center. An intrinsic displacement of the X atom parallel to the c-axis gives rise 

to the tetragonal structure resulting in a dipole across the unit cell and subsequently 

giving rise to piezo- and ferroelectric properties of these materials. The other major type 

of crystal structure for ceramic based materials are wurtzite structures in which zinc oxide 

(ZnO) configures towards (Figure 1.2b). In this chemical form, AY+BY-, both the cation and 

anion are centered in a tetrahedral cage of the opposite atom of equal charge. As a 

hexagonal crystal, all atoms are tetrahedrally coordinated with a dipole formed along the 

c-axis under stimulation.  

Typical processing of ceramic piezoelectric materials begins with oxidation of the 

proper precursors under high temperatures. The result is a polycrystalline structure, 

which for the case of ferroelectric materials, produces grains each with their own 

polarization orientation known as domains. Thus, the electromechanical response 

depends strongly on the mode of stimulation and most importantly the post-processing 

conditions. For a tetragonal structure-based material, the displacement of the metal ion 

centered in the oxygen octahedral can be towards the six faces of the unit cell. The 

relative polarity direction of each domain for a tetragonal structure can exist at 180° or 

at 90° for which the boundary between the differently oriented domains is known as a 

domain wall. Domain re-orientation and growth can be induced by a strong electric field 

or stress, giving rise to the expansion or the generation of surfaces charges on the surface 

of the material. Specialized processing conditions may induce a monocrystalline structure 

where the entire material exists as a single domain. Typical applications for this special 
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type of ferroelectric material are non-volatile memory applications where inducing a 

controllable remnant polarization can act as binary code for system applications. 

However, the 100% crystallinity of these materials limits their use in applications requiring 

flexible materials.  

 

1.1.3. Polymer-based piezoelectric materials 

The mechanism behind the piezoelectric properties of polymer-based materials 

remains the same as ceramic-based materials where the presence of a net dipole across 

the material drives the piezoelectric response. However, because the polymer chain is 

flexible compared to a 100% crystalline ceramic, the polymer can exist in an amorphous 

state where the chains are randomly oriented from one another. In other areas of the 

material, there can exist an ordered packing of the chains that give rise to a crystalline 

state within the material. Both physical states are not mutually exclusive thus giving rise 

to the semi-crystalline characteristic that is often present in piezoelectric polymers.  

Moreover, as seen in ceramics that there exists distinct phases that are 

responsible for the net dipole across an asymmetric crystal (e.g., tetragonal, wurtzite) in 

comparison to symmetric phases (e.g., cubic), polymers too exist in different phases that 

give the material the ability to exhibit piezoelectricity.  Most piezoelectric polymers are 

based on polyvinylidene fluoride (PVDF) [-(-C2H2F2)n-] which can exist in a few phases, 

including the α-,γ-, and β-phase. In a typical PVDF granule or film that has undergone no 
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special processing, the most energetically favorable phase for formation is the α-phase in 

which the chain exists in a trans/gauche (TGTG’) linkage which situates the pair of fluorine 

atoms on both sides of the polymer chain (Figure 1.3a). The γ- (TTTGTTTG’) and β-phase 

(TTTT) (Figure 1.3b) contain trans linkages which situates most and all of the fluorine 

atoms on one side of the chain, respectively. Thus, due to the electronegativity of the 

fluorine atoms and their concentration on a single side of the chain, chains existing in 

these two phases contain a dipole moment across the polymer chain that is otherwise 

nullified in the α-phase. As a result, it is these two electroactive phases that are primarily 

responsible for the piezoelectricity on PVDF based polymers.  

The secondary factor responsible for the piezoelectric nature of these polymers is 

the crystalline state in which these electroactive phases exist in. An amorphous state 

(random flowing red lines in Figure 1.3c) of the electroactive phases will result in 

nullification of the net dipole of the molecular chains in a similar way that the 

trans/gauche configuration of the α-phase nullifies the dipole created by the 

electronegativity of the fluorine atoms. Thus, a macroscale ordered organization of the 

electroactive chains that give rise to a net dipole across several of these chains (crystalline 

domains; ordered red lines within cubes in Figure 1.3c) is crucial towards the bulk 

piezoelectricity of the material. Moreover, there is a need of alignment of these randomly 

oriented macroscopic polarized domains within the material for the bulk material to 

exhibit both piezoelectric effects (Figure 1.3c). 
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As a result, typical processing of PVDF precursor into a piezoelectric structure 

involves the sophisticated manipulation of the phases and alignment of the crystalline 

domains into an ordered bulk material.[30] To achieve this, stretching allows for the 

molecular chain to transition from a random amorphous state to a more ordered 

structure of a crystalline domain while at the same time providing part of the energy to 

transform the α-phase into the electroactive phases. The remainder of the energy 

required for such transformation comes from a poling process, that is either concurrently 

or subsequently conducted with stretching, which favors a re-orientation of the atomic, 

molecular, and crystalline structures along the same path as the applied electric field. 

Usually the process is conducted at elevated temperatures and maintained while cooled 

through the Curie transition point so that the resulting net polarization of the material is 

locked into the less energetically stable electroactive phases.  

 Various methods exist that employ the strategies of stretching and poling with 

additional methods to promote higher number molecular phase transitions and higher 

content crystallinity. For example, casted films by a method similar to blade coating can 

form the β-phase only when processed in this manner at elevated temperatures[30]. Spin-

coated and quenched samples, to temperatures below room temperature, enable the 

synthesis of films with high β-phase content compared to when the same processing is 

quenched at elevated temperatures.[31] Special attention has also been given to the rate 

of solvent evaporation for spin-coated films. Employing rapid thermal annealing at a 

temperature ramp rate of 30 °C min-1 has been shown to promote directional solvent 
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removal along the normal of the film. This directionality gives rise to ordering of the 

molecular chain parallel to the substrate into the β-phase crystallites.[32] Uniaxial 

stretching of PVDF films have shown that the rate of stretching ratio, stretching 

temperature, and stretching rate has a strong influence on the β-phase content and the 

profile of the polarization hysteresis loops.[33, 34] Subsequent poling of stretched films 

shows an increase transformation from the α-phase to the β-phase while simultaneously 

promoting a re-orientation of the dipoles to create effective PVDF-based sensors and 

actuators.[35]     

 Another method to promote the formation of the electroactive phases is by 

making the α-phase the less energetically stable state. PVDF copolymers created with 

monomers such as tetrafluoroethylene (TFE) or, more popularly, trifluoroethylene (TrFE) 

introduce molarity composition-dependent, periodic units that create steric hindrance 

within the molecular chain (Figure 1.4). As a result, incorporation of these bulky 

monomers creates an energetically favorable configuration of the molecular chain into 

the electroactive phases. This allows for less processing steps to promote a piezoelectric 

molecular structure and more attention to increasing the crystallinity and polarity of the 

material. Typical degree of crystallinity values for P(VDF-TrFE) films range from 65-80% 

compared to PVDF of 45-60%.[36, 37] Though the addition of more fluorine atoms is 

responsible for the phase stabilization by incorporating TrFE, the presence of their 

electronegativity on both sides of the molecular chain induces a smaller dipole across the 

TrFE monomer (5.7x10-30 C m)[38] compared to the VDF monomer in the β-phase (~7.5x10-
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30 C m).[38, 39] Thus, even though the intrinsic piezoelectric coefficients of PVDF copolymers 

are not as large as the homopolymer, the improved processability, degree of crystallinity, 

and temperature stability make it an attractive material for different applications.[40] In 

this regard, the performance of P(VDF-TrFE) can be tuned accordingly by adjusting the 

ratio of VDF to TrFE. For example, the Curie Point can be varied from 80 °C to 140 °C by 

changing the content of TrFE from 35% to 22%.[41]  However, too high of a content can 

prove detrimental to the overall polarity and piezoelectricity of the polymer. 

 

1.1.4. Piezoelectric micro- and nanofibers synthesized by electrospinning 

The development of the electrospinning process has proven a facile method to 

create structures of polymeric or inorganic fibers with their dimensions in the 

nanometer and micrometer range.[42, 43] The technique involves the electrification of a 

charged jet of polymeric solution, by a high voltage source and typically dispensed at a 

fixed flow rate through a syringe via a syringe pump, to be collected on a grounded 

substrate some distance away. Opposing forces between electrostatic repulsion and 

surface tension are balanced until a critical voltage is applied to induce a large enough 

electrostatic repulsion to break the surface of the solution into a thin jet known as the 

Taylor cone (Figure 1.5). This jet further stretches and whips as it is attracted towards 

the grounded collector all while the solutions’ solvent evaporates due to the rapid 

thinning of the charged jet solution. The resulting collected sample is composed of dry 
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polymeric fibers whose diameters can range from a few nanometers to several microns. 

The fiber diameter is dependent upon, first and foremost, on solution properties such as 

viscosity, electrical conductivity, and surface tension, secondly, electrospinning 

conditions including, flow rate, applied voltage and tip-to-collector distance, and finally 

environmental conditions such as temperature and absolute humidity. The versatility of 

this technique has allowed its applicability in various fields including tissue 

engineering,[44] water remediation, [45] and gas sensing technologies.[46] In the case of 

inorganic-based piezoelectric fibers, typical synthesis requires the mixing of the oxide 

precursors, such as barium acetate and titanium isopropoxide as the starting ingredients 

for BaTiO3, together with a polymer carrier during electrospinning.[47] Subsequent 

calcination to burn-off the polymer carrier leaves behind the proper chemistry of oxide 

which can then be annealed to create the proper crystal structure to induce 

piezoelectricity in the remaining fibers.[48] 

In contrast to the multi-step process of synthesizing inorganic-based 

piezoelectric fibers, creating polymeric fibers by electrospinning can be limited to one 

step.  In this context, the ability to draw and stretch polymeric materials using electric 

field-induced attraction from the syringe to collection substrate has similar effects of 

drawing and poling of films that produce piezoelectricity of the proper materials (Figure 

1.6). Electrospinning of PVDF precursor solutions intrinsically induces the formation of 

the electroactive phases and more or less aligns the domains in the resulting PVDF 

fibers, thus creating functional fibrous structures without the need for post-
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processing.[49] Moreover, electrospinning of P(VDF-TrFE) can enhance the piezoelectric 

properties of the material by inducing preferential orientations of the molecular 

chain.[50] 

 

1.2 Piezoelectricity in biology 

1.2.1. Piezoelectric biological materials 

It has been known since 1957 that piezoelectricity exists in dry bone.[51] More 

specifically, it was discovered that the effect was not biological in origin but instead 

arose from the crystalline structure of the collagen fibers present within bone. Only a 

shear force applied to the bone to promote sliding of the collagen fibers past one 

another caused a measurable piezoelectric effect giving rise to the two equal in 

magnitude but opposite in sign piezoelectric coefficients, d14 and d25. The values for ox 

bone measured one-tenth (6x10-9
 c.g.s.e.s.u or 0.2 pm V-1, where  3x10-8 c.g.s.e.s.u.=1 

pm V-1 [52]) the d11 value of quartz and much less for human bone (0.1 pm V-1) . Similarly, 

collagen present in tendon is highly aligned and crystallized in the long axis of tendon 

hence larger piezoelectric coefficients have been extracted for this tissue (d14= -2.7 and -

1.9 pm V-1 for bovine and equine, respectively).[53] The directionality of hydrogen 

bonding between the three collagen chains, forming tropocollagen,[54]  give rise to the 

piezoelectric like properties in dry tendon similar to the rise of piezoelectricity in 

electroactive PVDF and its derivatives.[55] Also similar to piezoelectric polymers, the 
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degree of crystallinity and orientation (e.g., tendon versus bone) are essential for better 

piezoelectric biological materials. More recently, it was revealed that there exists a 

piezoelectric heterogeneity within collagen fibrils that coincide regionally to the D-

periodicity of collagen (~ 67 nm)[56] that consists of gap (0.54D) and overlap areas 

(0.46D).[57] Through piezoresponse force microscopy it was shown that the overlap areas 

of tropocollagen molecular units within a collagen fibril exhibits a shear piezoelectric 

coefficient of approximately 2 pm V-1 while the gap areas show little to no piezoelectric 

response in the amplitude images (value not discernable from noise). The heterogeneity 

at this scale can be described by the crystal structure of quasi-hexagonally (C6) packed 

molecules along the entire length of collagen microfibrils.[58, 59] Interestingly, the 

orientation of the symmetry is highly ordered in the overlap regions and disordered in 

the gap regions (in biological terms, those areas prone to proteolysis).[60] This effect was 

hierarchal in nature, since similar heterogeneity was observed at the macroscale of 

collagen still within the bone matrix, where the random orientation and stacking of 

collagen fibrils gave rise to varying piezoelectric coefficients from 0.1-0.3 pm V-1, similar 

to the value reported by E. Fukada and I. Yusuda (1957). Interestingly, high-resolution 

piezoelectric response probing of isolated collagen fibrils is demonstrated similar in 

magnitude to that reported for macroscale, dry tendon by E. Fukuda and I. Yusuda 

(1964).[56, 61]  

However, the discovery of piezoelectricity in dry tissue have raised the question 

regarding the effects of the electrical phenomenon taking place in the aqueous 
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environment in vivo. Although a piezoelectric response from bone has been measured in 

liquid by the indirect piezoelectric effect (i.e., PFM),[61] the mechanoelectrical 

conversion occurring in vivo can also give rise to another electro-kinetic effect known as 

streaming potential. This phenomenon originates when the diffuse layer, associated 

with an electrical double layer in fluids, flows due to a pressure gradient.[62, 63] As a 

result, an associated streaming potential is created that acts to drive counter ions 

(conduction current) in the same layer in a direction opposite of the current. In this 

manner, the charged species in bone (collagen) act as the charged surface creating the 

electric double layer, which once stressed creates the streaming potential.[64, 65] Despite 

the differences in mechanisms, the fundamental effects of transducing mechanical to 

electrical cues to influence biological behaviors are significant enough to allow for both 

methods to be exploited for tissue regeneration. 

 

1.1.1 Electrical stimulation healing and cellular function enhancement 

Electrical stimulation to promote specific biological functions has garnered great 

interests in the utilization of piezoelectric materials. As a result of the direct 

piezoelectric effect, the creation of potentials due to charge generation has allowed 

many to mimic the effects of biopotentials arising in vivo. The most obvious of effects 

comes from the mobility of charged biological species at the cellular and organismal 

level in response to a potential, or galvanotaxis, which can, for example, promote cite 

targeted wound healing by allowing the migration of epithelial cells, fibroblasts, and 
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macrophages.[66-69] It has been proposed that the voltage generated across the epithelia 

by epithelial cells is capable of driving current out of areas of low resistance such as 

areas where there are breaks in the epithelia (wounds).[70] It is this isotropic flow of ionic 

current around the wound that creates a lateral electric field, essentially indicating the 

site of injury.  The influence of the electrical stimulation may arise from the interaction 

of the cellular surface charge and the interaction of passive ion flux across the cell 

membrane (i.e., Ca2+) .[71, 72] 

In regards to the skeletal system, it has been shown that bone remodeling is 

correlated to the endogenous electronegativity in biopotential surrounding the site. [73]  

Negative potentials have the effect of promoting bone formation, while resorption is 

seen in electropositive environments.[74] In this regard, the basis of Wolff’s Law, which 

states that bone adaptation is directly influenced by the stress exposure via internal and 

external forces,[75]may be in part due to the piezoelectricity of bone. Compression of 

bone leads to the creation of negative potentials while the opposite is true where 

tension creates positive potentials. In addition, exogenous exposure to direct current 

(DC) negative voltages showed enhancement in the rate of non-union bone healing and 

stimulated ossification within the marrow cavity.[76-78] DC stimulation along with 

capacitive coupling and inductive coupling are three popular techniques for fracture 

healing, all based on the endogenous mechanisms for bone formation and healing.[74, 79] 
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Naturally, the nervous system also benefits from the effects of electrical 

stimulation for healing and enhancing function.  There exists endogenous electric fields 

after nerve injury and neural development.[80] In vivo studies have provided proof of the 

efficacy of electrical stimulation in promoting nerve regeneration from damaged nerves 

in rat models. For example, an optimal electrical stimulation of 20 Hz for 1 hour to the 

site of repair, following transection and surgical repair of the femoral trunk nerve, lead 

to a significant increase in dorsal root ganglion (DRG) neurons regenerating back into  

skin and muscle tissue as compared to no or longer than 1 hour electrical stimulation. 

[81] Moreover, it led to an increase in neuron number that were able to regenerate axons 

beyond the repair site which was also correlated to the upregulation of growth-

associated protein 43, GAP-43, in regenerating neurons. Specifically, the molecular basis 

for enhancing the regeneration and function of nerve cells begins with the induced 

elevation of cyclic adenosine monophosphate (cAMP) and increase in expression of 

neurotrophic factors and associated receptors.[82] The electrical stimulated induced 

release of neurotrophic factors, in particular nerve growth factor, by Schwann cells 

indicates that stimulation can promote accelerated outgrowth from the proximal stump 

to the distal stump compared to the innate regenerative rate. Finally, polarity of the 

applied stimulation has been demonstrated to influence the direction of the neurite 

growth cone where negative and positive polarity attracts and deflects the growth cone 

to the direction of the applied electric field, respectively.[83] 
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Another biological process that exhibits innate electrical properties is the action 

potential associated with the sinus rhythm contractions of cardiac cells in response to 

the electrical impulses imposed by the sinoatrial node.[84] A common technique utilizing 

electrical stimulation to restore normal function to the heart is electrical 

cardioversion.[85] An example of this is the delivery of external electrical stimulation to 

induce defibrillation of cardiac dysrhythmias (e.g., ventricular fibrillation) thus restoring 

sustainable normal sinus rhythm by the sinoatrial node. Internal electrical 

cardioversions include implantable cardioinverter defibrillators (ICD) that are surgically 

implanted to prevent arrhythmic, and in severe cases as a dual-functioning unit as a 

pacemaker to maintain rhythmic beating after defibrillation.[86-88] In terms of cardiac 

tissue engineering, studies have shown the ability to promote and maintain functionally 

differentiated cardiac cells, which would otherwise dedifferentiate in vitro,[89, 90] by 

mimicking the electric fields native to the heart.[91, 92] Furthermore, electrical stimulation 

promotes the maturation, alters the automaticity, and enhances expression of the gap 

junction protein, connexin, in human stem cell-derived cardiomyocytes in a three-

dimensional culture.[93] Specialization of these cell types are crucial for in vivo delivery 

since non-synchronous contraction and poor cell-to-cell contact poses the threat of 

arrhythmia.[94, 95] 

Various studies have induced the effects of electrical stimulation of healing and 

enhanced cellular functionality with the use of piezoelectric materials. In regards to 

wound healing, a piezoelectric dermal patch based on aligned zinc oxide nanorods 
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induced electric fields at the wound site in response to animal movement.[96]  The 

generated fields enhanced the effects of the endogenous wound healing process of 

cellular metabolism, the synthesis of wound healing-associated proteins such as 

vascular endothelial growth factor (VEGF) and connective tissue growth factor 

(CTGF/CCN-2), for which the latter promotes fibroblast migration and proliferation. 

Osteoblast cultured on hydroxy 10% hydroxyapatite/90%BaTiO3 and exposed to a 3 Hz, 

60 N cyclic compression showed greater biocompatibility and bone-induction compared 

to pure hydroxyapatite (non-piezoelectric) under the same cyclic regimen.[97] In vitro 

osteogenic studies utilizing mouse bone marrow-derived mesenchymal stem cells 

cultured in spatially controlled piezoelectric constructs made of potassium sodium 

niobite showed a greater differentiation efficiency than hydroxyapatite (non-

piezoelectric) and non-spatially controlled constructs (fully piezoelectric) controls.[98] In 

vivo, the same constructs contributed to bone regeneration without the need for 

seeded stem cells due to the dynamic electrical response of the construct to bodily 

movements and vibration in the rabbit model.   Mouse neuroblastoma cells cultured on 

piezoelectric PVDF substrates showed greater numbers of process outgrowth and 

neurite length compared to neurons cultured on otherwise identical non-piezoelectric 

PVDF substrates.[99] In the context of neuronal differentiation, human neural stem cells 

cultured on aligned, micro fibrous P(VDF-TrFE) scaffolds showed differentiation towards 

neurite-bearing β-III+ cells when compared to laminin-coated culture plates.[100] The use 

of piezoelectric substrates composed of multilayered zinc oxide/PDMS composite layers 
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allowed for cardiomyogenesis of mesenchymal stem cells.[101] The physical bending and 

bending-induced electrical pulses upregulated early stage cardiac phenotype markers 

such as NK2 homeobox 5, myocyte enhancer factor 2, and GATA binding protein 4, as 

well as late stage makers such as sarcomeric α-actinin and gap junction protein. These 

studies prove the efficacy of utilizing a piezoelectric platform to affect biological 

behavior through electromechanical effects similar to endogenous effects. 

 

1.3 Conclusions 

The presence of piezoelectricity in vivo and multi-facet utilization of electrical 

stimulation has allowed for the sophisticated use of piezoelectricity in biological 

applications. In this regard, the overall objective of my study was to investigate the 

fundamental characteristics of a known piezoelectric polymer, P(VDF-TrFE), and utilize 

the electrospinning technique as a means to manipulate these characteristics to 

engineer a high-performing piezoelectric platform for vastly different bio applications. In 

one aspect, use of the large surface area-to-volume ratio inherent to nanomaterials 

together with the transformative piezoelectric properties at this scale, allowed us to use 

the material as an ultrasensitive, stimulus-responsive, drug-release platform driven by 

the direct piezoelectric effect. Additionally, optimization of a balanced high-performing 

piezoelectric and topographical-suitable scaffold allowed for nerve stem cell 

specification through the direct piezoelectric effect. Finally, a proof-of-concept cell 

culture platform was devised, based on the indirect piezoelectric effect, for the on-



  

23 
 

demand change in the cellular microenvironment stiffness in hopes of promoting 

favorable cellular behaviors from physical cues. 

  



  

24 
 

1.4 Figures 

 

 

 

 

 

 

 

 

Figure 1.1 Conceptualization of piezoelectric equations and notations. 

Illustrative mapping between the four dependent components of the constitutive 

piezoelectric equations and the piezoelectric coefficients (solid arrows) used to relate all 

components. (b) Numerical assignment to the direction of the compressed notation 

form used in the constitutive piezoelectric equations. 
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Figure 1.2 Common crystal structures of ceramic-based piezoelectric materials. 

(a) A perovskite unit cell typical of piezoelectric materials such as lead zirconate titanate 

and barium titanate. (b) A wurtzite unit cell typical of piezoelectric zinc oxide. 
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Figure 1.3 Atomic and molecular conformation of polyvinylidene fluoride (PVDF). 

(a) The energetically favorable α-phase exhibits a zero-net dipole across the molecular 

chains due to the TGTG’ configuration as compared to (b) the β-phase in which there is a 

net dipole across the chain as a result of the TTTT configuration. The semi-crystalline 

nature of PVDF can exist in a (c) disordered state where the crystallites (domains) are 

randomly oriented within the amorphous state or (d) an ordered state where the 

domains have a preferential orientation, exemplified by the directionality of the overall 

dipole of each domain. 
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Figure 1.4 Atomic and molecular conformation of polyvinylidene fluoride (PVDF). 

(a) The energetically favorable α-phase exhibits a zero net dipole across the molecular 

chains due to the TGTG’ configuration as compared to (b) the β-phase in which there is a 

net dipole across the chain as a result of the TTTT configuration. The semi-crystalline 

nature of PVDF can exist in a (c) disordered state where the crystallites (domains) are 

randomly oriented within the amorphous state or (d) an ordered state where the 

domains have a preferential orientation, exemplified by the directionality of the overall 

dipole of each domain. 
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Figure 1.5 Schematic illustration of the electrospinning technique. 

A solution-loaded syringe is driven by a syringe pump and charged with a high-voltage 

power supply with a resulting formation of a Taylor cone that is thinned into a dry fiber 

and attracted to a grounded collection substrate. 
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Figure 1.6  In situ processing of PVDF into its piezoelectric form by electrospinning. 

The inherent stretching/thinning of the polymer solution and electric field present 

during electrospinning induces the molecular re-orientation from the α- to β-phase 

along with preferential domain orientation. 
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2. Size-dependent piezoelectric and mechanical properties of electrospun P(VDF-TrFE) 

nanofibers 

 

2.1 Introduction 

Piezoelectric materials have generated a growing interest in the diverse field of 

electromechanical applications for their ability to reciprocally link mechanical and 

electrical energies. Under the direct piezoelectric effect, an external mechanical stress 

induces a charge separation on the material’s surface, whereas the reverse effect allows 

the material to exhibit a mechanical strain in response to an applied external electric 

field.[1] The growing demand for clean and renewable energy sources has driven the 

interest in developing “green” materials and systems based on such novel material 

characteristics for ambient energy harvesting. For example, various configurations of 

devices comprised of piezoelectric materials have demonstrated their ability to harvest 

unutilized mechanical energies.[2-5] 

Inorganic materials, such as barium titanate (BaTiO3), zinc oxide (ZnO), and lead 

zirconate titanate (PZT), are known to exhibit the highest piezoelectric responses.[6, 7] 

Despite their superior electromechanical response, however, these inorganic materials 

are brittle, therefore imposing mechanical limitations for a wide range of energy 

harvesting applications. In contrast, organic piezoelectric materials are mechanically 

resilient, providing an alternative for addressing this issue. Both polyvinylidene fluoride 

(PVDF), and its derivatives (e.g., poly(vinylidene fluoride-trifluoroethylene (P(VDF-TrFE)), 
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are semi-crystalline polymers that possess piezoelectric characteristics due to the polar 

carbon fluorine domains.[8, 9] PVDF normally settles in its α-phase which is composed of 

chain conformation in the trans (T) and gauche (G) linkages (i.e., TGTG’). In order to 

produce the piezoelectric effect, PVDF has to be poled into its electroactive phases, either 

its more pronounced β-phase containing all trans conformation (i.e., TTTT) and/or γ-

phase (T3GT3G’) by physical stretching and/or exposing the linkages to a strong electric 

field.[10] The electroactive phases allow for permanent dipoles within macroscopic 

domains, for which unidirectional re-orientation under a physical stress or an electric field 

leads to the development of a net surface charge accumulation. Trifluoroethylene 

residues in the copolymer, P(VDF-TrFE), act as steric hindrance stabilizers to form the β-

phase[11] which minimizes  the necessity for extra processing (i.e., physical stretching) to 

attain piezoelectric properties  albeit such a post-process can further enhance 

piezoelectricity.[12] 

In this context, electrospinning is advantageous to produce high performance 

piezoelectric polymers because the technique intrinsically subjects the polymers to a high 

electric field. A charged polymer jet under an electric field is attracted to a collection 

plate, resulting in the formation of a fibrous structure whose dimensions are controlled 

from a few microns down to several nanometers in diameter. During the process, the 

fibers are also subjected to a mechanical stretching/poling due to polymer jet elongation 

and whipping, further enhancing piezoelectricity. Indeed, it has been shown that 
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electrospinning enhances piezoelectric properties of P(VDF-TrFE)[9], and even induces 

piezoelectricity in PVDF without the typically required post-poling process.[13] 

The capacity of a piezoelectric material is commonly represented by electric 

charge separation and mathematically represented by the constitutive piezoelectric 

strain-charge equation,  

𝐷𝑖 = 𝑑𝑖𝑗𝜎𝑗 = 𝑑𝑖𝑗𝐸𝑘𝑗휀𝑘 ,                                                                      (2.1) 

 

where Di is the electric charge separation, dij, the piezoelectric coefficient, σj, the applied 

stress, Ekj, the Young’s modulus, εk, the applied strain. Intuitively from the equation, 

changes in dij and/or Ekj would effectively modulate charge separation and affect the 

efficiency of energy harvesting. Thus far, most studies aimed to enhance piezoelectricity 

via modulation of the piezoelectric coefficient, dij, by novel material development. 

Examples include polymer-based piezocomposite materials with inorganic piezoelectric 

materials[14, 15] or multiwalled carbon nanotubes.[16] In spite of an equivalent contribution 

from Ekj to the overall piezoelectric response, the mechanical aspects of piezoelectric 

materials are often neglected. 

It has been recently demonstrated that the energy conversion efficiency of 

electrospun PVDF is superior to that of thin films of the same thickness, and it is further 

enhanced by decreasing fiber diameter.[17] The enhancement was proposed to arise 

from a few possible factors, including fewer defects due to a higher degree of 

crystallinity, size-dependent flexoelectricity, or nonlinear extrinsic responses known as 
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domain wall motion.[17] These phenomenological observations provide critical 

information regarding methodologies to further enhance the performance of 

electrospun organic piezoelectric materials, yet the fundamental mechanisms are still 

elusive. Herein, we take a systematic approach to precisely control the fiber diameter of 

electrospun P(VDF-TrFE) ranging from approximately 1000 nm down to 70 nm. We then 

investigated the electric output of fibrous mats composed of these nanofibers by 

subjecting them to precisely controlled mechanical strains. To determine the underlying 

mechanisms of dimensional dependency of piezoelectricity, we examined both 

electromechanical and mechanical behaviors of electrospun P(VDF-TrFE) at the single 

fiber level by experimentally measuring the piezoelectric constant (d33) and elastic 

modulus (E). Finally, an analysis of the phase and crystallinity content provides further 

explanation as to the enhanced piezoelectric response we observe with nanofibers 

having fiber diameter below 100 nm. The results provide a guide to design efficient 

piezoelectric energy harvesting devices utilizing electrospun nanofibers. 

 

2.2 Experimental 

2.2.1. Synthesis of electrospun P(VDF-TrFE) 

P(VDF-TrFE) (70/30 mole%) (Solvay Group, France) was dissolved in a 60/40 vol. 

ratio of N-N dimethylformamide to acetone (Fisher Scientific, Pittsburgh, PA) at various 

polymer concentrations. For select solutions, pyridinium formate buffer (PF) (Santa Cruz 
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Biotechnology, Dallas, TX) was added at the indicated concentrations. All solutions were 

magnetically stirred for 1 hr until the solution was visually transparent.  

Each solution was separately loaded into a 10 ml syringe attached with a 250 µm 

inner diameter needle. The solution feed rate was controlled at 0.5 ml/hr by a syringe 

pump (New Era Pump Systems, Inc., Farmingdale, NY). The solution was negatively 

charged at 14 kV by a high voltage supply (Glassman High Voltage, Inc., High Bridge, NJ). 

A metal collection substrate was placed 20 cm from the needle, and positively charged 

at a fixed voltage of 0.5 kV for all conditions. Environmental conditions were kept 

constant at 24 °C and absolute humidity of 7.6 g/m3. 

 

2.2.2. Characterization of electrospinning solutions and resulting nanofibers 

The viscosity, electrical conductivity, and surface tension of the electrospinning 

solutions were characterized by a viscometer (Brookfield Engineering Laboratories, Inc., 

Middleboro, MA), a 4-cell conductivity probe (Fisher scientific, Pittsburgh, PA)  and a 

tensiometer (Scientific Gear LLC, Fairfax, VA), respectively. The morphology of resulting 

electrospun nanofibers from the solutions were characterized using a VEGA3 scanning 

electron microscope (SEM) (Tescan Brno, Czech Republic). Fiber diameter (n=30) and 

bead density were assessed using ImageJ software. 
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2.2.3. Electric output measurements of electrospun nanofiber mats 

Electrospun P(VDF-TrFE) having four different average fiber diameters 

(approximately 90, 166, 242, and 859 nm) were separately collected at a thickness of 

approximately 20 µm. A cantilever set up was adopted to induce a controlled strain on 

the fiber samples (Figure 2.1a).[18, 19] The cantilever was composed of a 7.2x 1.6 x 0.01 

cm3 brass shim covered on both sides with polyimide tape to electrically isolate it from 

the electrical system. A 1 x 1 cm2 sample was cut from the 20 μm thick electrospun 

nanofiber mat and fixed to the center of the cantilever with double sided copper tape 

which served as the bottom-contact electrode while a similar size aluminum foil was 

used as the top electrode. Two separate 24 gauge wires were fixed to the contacts, 

sealed with a strip of polyimide tape, and led to a breadboard with inputs to an 

oscilloscope (Lecroy, Chestnut Ridge, NY) to measure the output voltage from the 

nanofiber mat. 

Cantilever bending was enhanced by attaching a 2.3 g proof mass at the end of 

the cantilever and driven by a custom-made vibrational system (Figure 2.1b). The 

system utilizes a cantilever holder mounted on the top of the diaphragm of a subwoofer 

speaker. An ACC103 accelerometer (OMEGA Engineering, Inc., Stamford, CT) and a 

GoPro Hero3+ (GoPro, Inc., San Mateo, CA) were also fixed on the surface, to correlate 

the vibrational acceleration to cantilever surface strain which was calculated by,  

𝑆𝑡𝑟𝑎𝑖𝑛 % =  
𝑡

2⁄

𝑅
 × 100,                                                                        (2.2)  
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where t is the thickness of the assembled cantilever, and R is the radius of curvature of a 

circle overlaid on the curved cantilever surface, measured by the video camera (Figure 

2.1c).[20] A sinusoidal sound wave with controlled frequency and amplitude was 

delivered to the speaker via a custom LabVIEW VI. 10 Hz was the resonance frequency 

of the cantilever set-up determined through a frequency sweep test at a fixed 

acceleration of 30 m/s2 (Figure 2.1d). This frequency was kept constant for all 

subsequent experiments. 

Total current (Itotal) measurements were conducted by measuring the voltage 

drop (V) across the total resistance (𝑅𝑇 =
𝑅𝐼𝑅𝐿

𝑅𝐼+𝑅𝐿
) of the circuit and utilizing the current 

equation, 𝐼𝑡𝑜𝑡𝑎𝑙 =
𝑉

𝑅𝑇
, where RI is the internal resistance of the oscilloscope (10 MΩ) and 

RL is a varying load resistor resulting in RT to be 0.5, 0.9, 1.7, 3.3, 6.88, or 10 MΩ. 

Similarly, power (P) was calculated by 𝑃 =
𝑉2

𝑅𝑇
. 

To demonstrate the feasibility of real-world applications of the device from a 

common source of wasted energy, the assembled cantilever was mounted on a side-

mirror of a moving vehicle and exploited the resulting air-flow around the vehicle for 

energy generation. Measurement of the output voltage was recorded using an 

oscilloscope powered by a power inverter connected to an amplifier in the vehicle. 
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2.2.4. Determination of piezoelectric constant using piezoresponse force microscopy 

(PFM) 

To measure the piezoelectric constant of individual fibers, P(VDF-TrFE) 

nanofibers were sparsely collected on a gold coated silicon (Si) substrate during 

electrospinning. A MFP-3D AFM (Asylum Research, Santa Barbara, CA) in tapping mode 

was used to first visualize and locate individual fibers, followed by precise placement of 

the AFM tip on a fiber. The AFM was then switched to PFM mode where single point 

measurements were conducted by applying an alternating step voltage to the AFM 

cantilever (AC240TM, Olympus). Contact resonance was used to amplify the responding 

signal. At least, five independent fibers were tested at five different locations along the 

fiber length for each condition. Thick P(VDF-TrFE) film (80 µm) was synthesized by drop-

casting a 15 wt.% P(VDF-TrFE) in acetone solution onto a gold coated Si substrate and 

utilized as a reference. 

 

2.2.5. Mechanical characterization of individual electrospun nanofibers 

A nanoscale three-point flexural test was used to determine the Young’s 

modulus of individual nanofibers having different fiber diameters. To serve as a support 

for the suspended fiber, trench grated Si substrates were microfabricated as described 

elsewhere.[21] Briefly, the grated patterns, placed on the Si surface by photolithography, 

were transferred into the Si substrate using a fluorine-based dry etching process. Each Si 

chip contained 0.5, 0.75, 1, 2.5, 5, 10, 25, and 50 µm trenches that are specifically 
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designed for the proper gap distance for measuring the mechanical properties of a fiber 

with a particular fiber diameter.  

Electrospinning on the patterned Si substrate was conducted similar to the fiber 

collection for PFM.  After fiber deposition, the AFM was first used in tapping mode to 

map the location of a suspended fiber across a trench having a desired separation, 

followed by precise placement of the AFM tip at the center of the suspended fiber. The 

AFM was then switched to force mode to collect force-displacement curves. The 

extension and retraction speed of the AFM cantilever (AC160TS, Olympus) was fixed at 5 

µm/s and the trigger force for each measurement was set at 1 µN. 

In order to calculate the Young’s modulus (E) from AFM  force-displacement  

curves, Euler’s beam theory was used by relating the force (F), indentation (δ), fiber 

suspension length (L), and fiber polar moment of inertia (I) in the equation,  

  

𝐸 =
𝐿3(𝐹 𝛿⁄ )

48𝐼
  .                                                                                (2.3)   

 

Fiber radius (r) is taken into account in the inertia terms such that,  

 

𝐼 =  
𝜋𝑟4

4
  .                                                                                       (2.4)   
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Equation 2.3 accounts for non-fixed ends at the ends of the fiber suspension length.[22] 

The trench size was selected for each fiber such that the ratio between suspension 

length and fiber diameter (D) was greater than 16 (i.e., L/D > 16) in order to minimize 

the effects of shear forces in the force measurements.[23] 

 

2.2.6. Phase and crystallinity content determination of electrospun fibers 

Fourier transform infrared spectroscopy (FTIR) of electrospun nanofibers was 

conducted to quantify phase changes depending on nanofiber diameter with an Equinox 

55 FTIR spectrometer (Bruker Corp., Billerica, MA) in absorbance mode from 600 to 

1600 cm-1. Five spectrums per condition were collected and averaged. The electroactive 

phases (β- and γ-phase) percentage was calculated by the following equation utilizing 

the measured absorbance spectrum,  

 

𝐸𝐴% =
𝐴𝐸𝐴

1.3𝐴𝛼 + 𝐴𝐸𝐴
× 100                                                                     (2.5)   

 

where AEA is the absorbance value at 841 cm-1 , Aα is the absorbance at 764 cm-1, and the 

factor 1.3 is the ratio of absorption coefficients at 841 cm-1 (K841= 7.7x104 cm2 mol-1) to 

764 cm-1 (K764 = 6.1x104 cm2 mol-1) at the respective wavenumber.[24]  

The degree of crystallinity of electrospun P(VDF-TrFE) nanofibers having various 

fiber diameters was calculated from X-ray diffraction (XRD) spectra collected with an 
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Empyrean X-ray diffractometer (PANalytical, Almelo, the Netherlands) at 2θ from 10 - 

27°, through the summation of integrated area under each crystallinity phase (α, β, and 

γ) over the total summation of integrated area under both crystallinity and amorphous. 

[25, 26] 

 

2.3 Results and discussion 

2.3.1. Solution properties and fiber morphology 

In order to correlate the electromechanical and mechanical properties of P(VDF-

TrFE) nanofibers as a function of fiber dimension, we first set out to precisely control the 

electrospun fiber dimensions and eliminate defects (i.e., beads) through a systematic 

approach using statistics-oriented design of experiments (DOEs). A two-level full 

factorial design with two factors (i.e., P(VDF-TrFE) and PF solution concentrations) was 

designed. This requires four experimental runs, with factor analysis focusing on fiber 

diameter and bead density (Table 2.1). A fifth run was added to the design to serve as a 

center point to potentially reveal any second order quadratic effects, deviating from the 

general linear model on fiber diameter and bead density.  

The initial low (-) and high (+) values of each design factor were empirically 

determined. The high P(VDF-TrFE) concentration was set based on a solution that 

exhibited a stable Taylor cone during electrospinning (i.e., 15 wt.%), while the low 

concentration was determined from a solution that exhibited an unstable Taylor cone 

with bead formation (i.e., 7 wt.%). A high PF concentration of 1 wt.% was determined 
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from a solubility limit test when PF was mixed with the P(VDF-TrFE) solution while the low 

limit was set to 0 wt.%. The center point solution was synthesized at 11 wt.% P(VDF-TrFE) 

and 0.5 wt.% PF. The five solutions showed the expected trends in solutions properties, 

including concentration-dependent solution viscosity and electrical conductivity with a 

relatively stable surface tension (Table 2.1). Electrospinning the five solutions at the fixed 

electrospinning parameters resulted in various fiber morphologies (Figure 2.2). Without 

or with the presence of PF, the high concentration of P(VDF-TrFE) resulted in uniform 

fibers with smooth surfaces with average fiber diameters of approximately 375 and 457 

nm, respectively (Figure 2.2a and Figure App.A1a; Figure 2.2b and Figure App.A1b). 

When the P(VDF-TrFE) concentration was reduced to 7 wt.% in the absence of PF, thus 

effectively reducing the solution viscosity, electrospinning produced smaller fiber 

diameters of approximately 177 nm (Figure 2.2c and Figure App.A1c). However, these 

fibers exhibited bead formation possibly caused by the unbalance between the 

viscoelastic and electrical properties of the solution leading to Taylor cone instability.[27] 

The addition of 1 wt.% PF to the same 7 wt. % P(VDF-TrFE) solution composition 

effectively increased solution conductivity from 3.2 to 30.4 μS/cm and eliminated the 

formation of beaded fibers, but it increased the fiber diameter from 177 nm to 

approximately 208 nm (Figure 2.2d and Figure App.A1d). Electrospinning of the center 

point solution produced fibers with an average diameter of approximately 255 nm, 

yielding a curvature (quadratic term) of 49 nm or about 16% below the expected (linear) 

value (304 nm) given by averaging the 4-corners (Figure 2.2e and Figure App.A1e).  
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The factor analysis showed that P(VDF-TrFE) concentration exerts the greatest 

effect on fiber diameter, as demonstrated by the stiffest slope in the main effect plot 

(Figure 2.2f and Figure App.A1f). Additionally, the direction of the slope indicates that a 

decrease in fiber diameter is achieved by decreasing P(VDF-TrFE) concentration. PF 

concentration also had an effect on fiber diameter, albeit to a significantly lesser extent 

than P(VDF-TrFE) concentration. The combination of the two factors has a less of an effect 

on fiber diameter as compared to P(VDF-TrFE) concentration . In addition, factor analysis 

revealed that both P(VDF-TrFE) concentration and PF concentration are highly influential 

to bead density (Figure 2.2g and Figure App.A1g). The increased concentration of the 

factors have a similar effect in magnitude and manner, exhibiting a decrease in bead 

formation. Unlike fiber diameter, the interactions between the two factors significantly 

affected the bead density. For example, it is necessary to increase the PF concentration 

in order to prevent bead formation when the P(VDF-TrFE) concentration is lowered to 

promote the reduction of fiber dimensions. These results collectively indicate that both 

P(VDF-TrFE) and PF concentrations should be addressed accordingly to yield the desired 

fiber diameter and morphology. 

Based on these observations, a second DOE was designed to further reduce fiber 

size while limiting the bead formation (Table 2.2). The low and high values for each P(VDF-

TrFE) and PF concentrations were set at 7 and 2 wt.% and  1 and 1.5 wt.%, respectively. 

Similar to the first DOE, the lower bound concentration of P(VDF-TrFE) was determined 

by the Taylor cone instability and formation of beads at the set low value of 1 wt.% PF. 
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The upper-bound limit of PF concentration was tested for solubility in the P(VDF-TrFE) 

solution. A center point solution consisting of 4.5 wt.% P(VDF-TrFE) and 1.25 wt.% PF was 

also included. Similar to the previous sets of solutions in the first DOE, only the solution 

viscosity and electrical conductivity were affected by the changes in the factors. The 

difference in the viscosity of sample 4 from DOE 1 and that of sample 1 from DOE 2 is 

noted. This is due to the additional adjustment of water content depending on the 

amount of added PF concentration.  

SEM imaging of the DOE 2 fibers showed a decrease in the average fiber diameter 

by decreasing the P(VDF-TrFE) concentration from 7 wt.% (approximately 405 nm at 1 

wt.% PF, 481 nm at 1.5 wt.% PF) (Figure 2.3a and Figure App.A2a; Figure 2.3b and Figure 

App.A2b) to 2 wt.%-1 wt.%PF (approximately 71 nm), but with bead formation (Figure 

2.3c and Figure App.A2c ). Increasing the PF concentration to 1.5 wt. % at the low 

concentration of P(VDF-TrFE) led to the elimination of beads with an average fiber 

diameter of approximately 67 nm (Figure 2.3d and Figure App.A2d). The center point 

solution produced fibers with an average diameter of approximately 197 nm, yielding a 

curvature (quadratic term) of 59 nm or about 23% below the expected (linear) value (256 

nm) given by averaging the 4-corners. (Figure 2.3e and Figure App.A2e). Similar to the 

first factor analysis, decreasing P(VDF-TrFE) concentration leads to a decrease in fiber 

diameter (Figure 2.3f and Figure App.A2f) while increasing PF concentration prevents 

bead formation (Figure 2.3g and Figure App.A2g).  The effect of PF concentration on fiber 

diameter was significantly reduced as compared to that in the first DOE, in this fiber size 
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range. The effects of both individual factors and interactions between the factors on bead 

density were similar to the results in the first DOE. Considering that the used PF 

concentration is the maximum allowed for complete solubility, the resulting fiber size 

from 2 wt.% P(VDF-TrFE) concentration is likely in the range of the smallest fiber sizes that 

can be produced without the bead formation in this polymer-solvent system.  

2.3.2. Electric performance of different average fiber diameter nanofiber mats 

After establishing a means to precisely control fiber diameter, the electrospun 

P(VDF-TrFE) nanofiber mats of various fiber diameters were investigated to determine 

size-dependent piezoelectric properties under controlled strains. Five separate 

cantilevers each with either 90, 166, 242, and 859 nm average fiber diameter mats were 

tested in the custom vibrational system. At a fixed frequency of 10 Hz and surface strain 

of 0.18%, the results showed that the voltage generation was exponentially increased by 

decreasing the fiber diameter fibers especially below approximately 200 nm (Figure 2.4a 

and Figure App.A3). At a maximum peak-to-peak voltage of approximately 700 mV, this 

value exceeds the reports from other studies.[7, 28] It should be noted that the electric 

output of piezoelectric materials strongly depends on many factors such as test-

measurement set up and strain rate, making a direct comparison difficult.[29, 30] 

Determination of the maximum peak-to-peak total current (Figure 2.4b) and 

maximum peak-to-peak power (Figure 2.4c) outputs for each nanofiber mat required 

measuring the voltage drop across a total resistance which was adjusted by varying the 

load resistor (Figure App.A4). The potential drop across each total resistance increased 
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as the load was increased from 0.5 MΩ to an open circuit potential (i.e., ∞ MΩ). This 

behavior is expected since the induced charge separation from the piezoelectric 

nanofiber mat is greater for larger resistance values. Further analysis showed that the 

current and power outputs are also fiber size dependent where each measured fiber 

diameter has an optimum output at a particular total resistance. The maximum peak-to-

peak total current and peak-to-peak power, extracted from Figure App.A5, for each 

nanofiber mat having different fiber size is plotted in Figure 2.4b and Figure 2.4c. This 

indicates that, in addition to the fiber diameter, total resistance in the system can be 

adjusted to meet power requirements. 

Additionally, translation of the cantilever assembly to a real world application 

demonstrates the potential of utilizing the nanofibers for harvesting wasted energy 

(Figure 2.5). By mounting the piezoelectric cantilever on the surface of a moving vehicle, 

the mechanical strain produced by the wind turbulence generated approximately 2.5 Vp-

p from the cantilever containing the 90 nm average diameter nanofiber mat (Figure 

2.5c). 

 

2.3.3. Piezoelectric coefficient dependency on nanofiber size 

To elucidate the underlying mechanisms governing the dimension dependent 

piezoelectricity of electrospun P(VDF-TrFE) nanofibers, electromechanical and 

mechanical properties were investigated at the single fiber level. As shown in the 

constitutive strain-charge piezoelectric equation (Equation 2.1), the electrical response 
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of a piezoelectric material depends on the intrinsic piezoelectric coefficient (d33), 

Young’s modulus of the material (E), and an applied strain (ε). Equation 2.1 can be 

further derived to describe the output voltage (V) of varying fiber sizes through the 

voltage equation[31]   

 

 𝑉 =
𝐷3𝑑

𝑘
=

[𝑑33𝜎3 ]𝑑

𝑘
=

[𝑑33(𝐸33휀3) ]𝑑

𝑘
,                                                (2.6)      

 

where k is the permittivity of the material and d is the charge separation distance (i.e., 

fiber diameter). Equation 2.6 indicates that the piezoelectric coefficient, Young’s 

modulus of the material and nanofiber diameter collectively determine electric output 

of the electrospun P(VDF-TrFE) at a particular dimension. 

The fiber size dependent d33 values were determined by PFM (Figure 2.6). The 

PFM phase response image showed a relatively uniform color distribution across the 

fiber surface, indicating a uniaxial oriented dipole moment as expected from other 

studies that demonstrated polarization of PVDF by electrospinning[32] (Figure 2.6a). PFM 

imaging in amplitude mode also showed a relatively uniform amplitude response across 

the same fiber (Figure 2.6b). It should be noted that due to the triangular nature of the 

AFM tip, in-plane scanning leads to a common artifact which makes a fiber appear to be 

larger in width than the measured fiber diameter through other methods such as SEM, 

as described by Schneider et al.[28] Therefore, only the out-of-plane height value was 
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used to properly determine the actual fiber diameter during the PFM measurements. To 

determine the piezoresponse of the fibers in more detail, individual fibers were 

subjected to single point piezoresponse spectroscopy in contact mode. Under an applied 

step voltage (top), representative raw signals of a PFM measurement shows the phase 

(middle) and amplitude (bottom) responses of a P(VDF-TrFE) fiber (Figure 2.6c). Due to 

the direction of the electric field of our electrospinning set up (i.e., from the positive 

collection plate to a negative spinneret) we expected the dipole orientation of 

electrospun P(VDF-TrFE) domains to be perpendicular to, and pointing away from, the 

collection surface. As expected, the phase response shows a 180 degree orientation 

switch in dipole moment when a positive bias is applied while a 0 degree response was 

observed when a negative bias is applied. Amplitude response, however, remains the 

same in magnitude regardless of the polarity of the applied voltage.  

Similarly, the fiber dimension-dependent d33 of electrospun P(VDF-TrFE) fibers 

was determined from the amplitude response of individual fibers having different 

diameters. For the calculation of d33, the quality factor (Q) of the AFM cantilever was 

taken into account since the amplitude responses were amplified by utilizing a 

resonance tracking technique, such that  

 

𝑑33 =
𝐴

𝑉𝑄
 ,                                                                                       (2.7)   
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where A is the amplitude and V is the applied voltage.[33] The results show that any sized 

electrospun P(VDF-TrFE) fibers exhibit a greater d33 as compared to bulk, and the fibers 

between 500 - 1000 nm in diameter exhibit slightly greater or equal d33 value as 

compared to thick film P(VDF-TrFE) (Figure 2.6d). More importantly, there is a 

substantial increase in d33 when the fiber diameter decreases below 500 nm. Curve-

fitting shows a linear log-log relationship between d33 and the inverse of fiber diameter 

as 

  

log 𝑑33 = 1.96 + 0.19 log
1

𝑑
 ,                                                                 (2.8) 

 

where d is the fiber diameter (R2=0.89, Figure 2.6e). To the best of our knowledge, the 

empirically determined maximum d33  perpendicular to the fiber length in this study (-56 

pm/V) exceeds the reported values of PVDF (fiber:45pm/V[14]; film: 33 pm/V[34]) and 

P(VDF-TrFE) (film: -40 pm/V[35, 36]). This is likely due to the effects of substantial 

dimensional reduction that may lead to structural changes such as an increase in the 

electroactive phase, or lowered domain wall barriers.[7] The only comparable d33 (-56.7 

pm/V) value was reported from a single PVDF fiber deposited by near-field 

electrospinning.[37] However, it should be noted that the dipole orientation of the near-

field electrospun fiber runs parallel with the fiber axis, different from the perpendicular 

dipole orientation in the fibers produced by the far-field electrospinning process, 
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utilized in this study. Therefore, a direct comparison between the two values is 

inappropriate.  

 

2.3.4. Young’s Modulus dependency on nanofiber size 

Dimensional reduction of a material typically results in the substantial increase in 

the material stiffness, represented by Young’s modulus.[38, 39] As shown in Equation 2.6, 

such an increase in Young’s modulus can significantly affect the overall charge 

separation, thus the piezoelectric performance. To investigate the effects of 

dimensional reduction on the mechanical properties of individual nanofibers, a three-

point flexural test at the nanoscale was utilized (Figure 2.7). In order to subject an 

individual nanofiber to the three-point bending, a Si substrate having micro-patterned 

trenches with well-defined gap distances was utilized (Figure 2.7a). Individual fibers 

were visualized by AFM in imaging mode prior to being subjected to loading by the AFM 

in force mode (Figure 2.7b). A representative force-displacement curve from these 

measurements is shown in Figure 2.7c. A linear region of the extension curve from the 

force-displacement data and Equation 2.3 were used to calculate the Young’s moduli of 

P(VDF-TrFE) fibers of different diameters (Figure 2.7d). The Young’s moduli of the 

individual fibers having diameters between the range of 800 nm to 1000 nm were 

relatively close in value to that of bulk P(VDF-TrFE) at 1 GPa.  However, fibers showed 

significant increase in Young’s modulus as the diameter was further decreased. As 
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shown in Figure 2.7e, a linear log-log relationship was revealed between E and the 

inverse of fiber diameter (R2=0.89) as 

 

log 𝐸 = 4.89 + 1.62 log
1

𝑑
  .                                                                         (2.9) 

 

These results are comparable to the study in which the dimensional reduction in poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) nanofibers exponentially 

increased Young’s modulus from ~ 0.3 GPa to 2.0 GPa as the diameter was reduced.[39] 

 

2.3.5. Phase and crystal structure content dependency on nanofiber size 

To understand the mechanisms underlying the fiber size-dependent increase in 

piezoresponse and Young’s modulus of electrospun P(VDF-TrFE), electroactive phase 

content and the degree of crystallinity were characterized by FTIR and XRD, respectively 

for the selected fiber diameters (Figure 2.8 and Figure App.A6). An increase in 

electroactive phase formation in electrospun PVDF as compared to thick film was 

observed similar to the reports by others[40, 41]. Interestingly, Fig. 8a shows that the 

electroactive phases ratio increased as the fiber dimension decreased, which is expected 

to contribute to the observed increase in d33. The electroactive content of the 

electrospun P(VDF-TrFE) fibers in this study (up to approximately 89%) exhibited a 

similar, or higher values than the reported values in literature.[9, 16, 40, 42] 



  

61 
 

Simultaneously, the decrease in fiber diameter resulted in an increase in the 

degree of crystallinity (Figure 2.8b and Figure App.A6d). The increase in ordered 

microstructure of polymer chains likely contributed to the enhanced mechanical 

properties of the electrospun P(VDF-TrFE) fibers as has been observed for other polymer 

types.[43, 44] Furthermore, the predicted Young’s modulus by Equation 2.9 can be curve-

fitted to the degree of crystallinity with an R2=0.96 as shown in Figure 2.8b, further 

demonstrating the strong correlation between the crystallinity and the fiber mechanical 

properties. Similarly, the calculated amount of the electroactive phases (i.e., the product 

of electroactive phases content and crystallinity) was curve-fitted by the predicted d33 

using Equation 2.8 (R2 = 0.98) since the electroactive phases of P(VDF-TrFE) is 

responsible for the piezoelectric properties of the polymer[32] (Figure 2.8c). The results 

demonstrate a possibility of further enhancing piezoelectric properties of electrospun 

P(VDF-TrFE) by increasing not only the electroactive phases content but also material 

crystallinity.  

Since both the electromechanical and mechanical properties of electrospun 

P(VDF-TrFE) fibers contribute to energy generation, the interaction of the two on 

electric output at the single fiber level as a function of fiber diameter was numerically 

determined and compared to the measured values (Figure 2.8d). Equations 2.8 and 2.9, 

which correlate piezoelectric constant and Young’s modulus to fiber diameter, were 

combined with Equation 2.6 to predict voltage generated by a single fiber with different 

fiber diameters. A significant correlation was found between the predicted values of 
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single fibers and the measure voltage values of nanofiber mats from Fig. 4a (R2=0.84). 

This correlation strongly indicates that while the piezoelectric coefficient is significant in 

determining the electrical performance of a piezoelectric material, mechanical 

properties of the material equally contribute to piezoelectric efficiency. 

 

2.4 Conclusion 

In summary, a systematic approach using DOE was used to precisely control fiber 

size (from sub-100 nm to 1000 nm) and morphology of electrospun P(VDF-TrFE) fibers. 

The dependency of the electromechanical and mechanical properties of electrospun 

P(VDF-TrFE) on fiber size was demonstrated. Specifically, the electric output of 

electrospun P(VDF-TrFE) nanofiber mats strongly depended on fiber diameter with an 

exponential behavior, where smaller fibers exhibited greater electric output. This is likely 

due to the substantial increases in both piezoelectric constant (approximately 2-fold 

change) and Young’s modulus (80-fold change) at the smaller dimensions. These findings 

are attributed to the combination of increases in the electroactive phase content and 

crystallinity by the dimensional reduction. Both the electromechanical and mechanical 

properties of electrospun P(VDF-TrFE) have demonstrated to be important fundamental 

factors in determining piezoelectric properties of the nanofibers, suggesting a new 

strategy to improve/optimize the piezoelectric performance of electrospun P(VDF-TrFE). 
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2.5 Tables and figures 

  

 

 

 

Table 2.1 . First design of experiment matrix.  

Experimental design variables (P(VDF-TrFE) concentration, PF concentration) each with 

their respective low (-) and high (+) values and their effect on solution properties. 

Viscosity taken at a shear rate 90.5 s-1.  
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Table 2.2. Second design of experiment matrix. 

Modified experimental design variables (P(VDF-TrFE) concentration, PF concentration) 

each with their respective low (-) and high (+) values and their effect on solution 

properties. Viscosity taken at a shear rate 90.5 s-1.  
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Figure 2.1 Custom piezoelectric actuation system. 

(a) A schematic showing a cantilever where electrospun P(VDF-TrFE) nanofiber mat is 

sandwiched between two electrodes and sealed in the middle of the beam with 

polyimide tape. The proof mass aids in bending the cantilever while it is clamped on the 

vibrating surface on (b) which an accelerometer and a video camera are also mounted. 

The surface strain imposed on the sample is calculated using Equation 2, where the 

radius of the curvature is captured in the video and tracing an overlaid circle on the 

bend of the cantilever (red dashed curve). (d) Frequency sweep from 0 to 60 Hz 

correlation to surface strain calculated from Equation 2 shows the optimum frequency 

at 10 Hz.   



  

66 
 

 

Figure 2.2 Morphological characterization of electrospun P(VDF-TrFE) fibers and factor 

effects from the first DOE conditions. 

Resulting fiber morphology of 15 wt.% P(VDF-TrFE) solution with 0 wt.% (a) and 1 wt.% 

(b) PF, 7 wt.% P(VDF-TrFE) solution with 0 wt.% (c) and 1 wt.% (d) PF, and midpoint 11 

wt.% P(VDF-TrFE) solution with 0.5 wt.% PF(e). (Scale bar = 2 µm). Effect of each design 

parameters, P(VDF-TrFE) concentration and PF concentration, low and high on fiber 

diameter (f) (n=30) and bead density (g). The red line indicates the mean value of the 

respective morphology. 
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Figure 2.3 Morphological characterization of electrospun P(VDF-TrFE) fibers and factor 

effects from second DOE conditions. 

Resulting fiber morphology of 7 wt.% P(VDF-TrFE) solution with 1 wt.% (a) and 1.5 wt.% 

(b) PF, 2 wt.% P(VDF-TrFE) solution with 1 wt.% (c) and 1.5 wt.% (d) PF, and midpoint 4.5 

wt.% P(VDF-TrFE) solution with 1.25 wt.% PF (e). (Scale bar = 2 µm). Effect of each 

design parameters, P(VDF-TrFE) concentration and PF concentration, low and high on 

fiber diameter (f) (n=30)  and bead density (g). The red line indicates the mean value of 

the respective morphology. 
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Figure 2.4 The effects of (a-c) fiber diameter and (d) applied strain on the electric 

output of electrospun P(VDF-TrFE) nanofiber mats. 

(a) Peak-to-peak voltage, (b) maximum peak-to-peak current, and (c) maximum peak-to-

peak power of electrospun P(VDF-TrFE) nanofiber mats having various average fiber 

diameter under 0.18% strain. (b) Peak-to-peak voltage generation of  electrospun 

P(VDF-TrFE) nanofiber mats having various average fiber diameter under various applied 

strains. 
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Figure 2.5 Wasted energy harvesting using electrospun P(VDF-TrFE) nanofibers. 

(a) The P(VDF-TrFE) nanofibers having an average fiber diameter of 90 nm were 

assembled to the cantilever system and mounted on the side-view mirror of a vehicle. 

(b) Wires from the mounted cantilever were routed to an oscilloscope powered by a 

power inverter connected to an amplifier. (c) An example of the voltage generation in 

the electrospun P(VDF-TrFE) nanofibers mounted on a moving vehicle over a period of 

200 ms. 
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Figure 2.6 Piezoresponse force microscopy (PFM) on individual P(VDF-TrFE) 

nanofibers. 

PFM contrast mapping with consistent phase response along the fiber (a), and 

amplitude response of the same fiber (b). Amplitude and phase change in response to 

an applied bias over time (c). Measured d33 as a function of fiber diameter from point 

specific PFM (d) and in log-log form (e) showing an increase in d33 with a decrease in 

fiber diameter. The red dashed line indicates the measured d33 of a 80 µm thick film and 

the black dashed line indicates the d33 of bulk P(VDF-TrFE). The solid red line is a linear 

best-fit (Equation 2.7). 
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Figure 2.7 Young’s modulus of individual fiber. 

SEM (a) and AFM topographical image (b) of a representative set up of the three-point 

bending test consisting of an individual suspended fiber across a 10 µm grating (scale 

bar = 5 µm). Force and displacement values are extracted from AFM force curves (c). 

Calculated Young’s modulus, using Equation 3, as a function of fiber diameter (d) and in 

log-log form (e) showing an increase in Young’s modulus with a decrease in fiber 

diameter. The black dashed line represents the bulk Young’s modulus of P(VDF-TrFE). 

The red solid line is a linear best-fit describing the relationship between fiber diameter 

and Young’s modulus (Equation. 2.8). 

  



  

72 
 

 

Figure 2.8 EA-Phase and crystallinity quantification, and EA-phase content correlation 

to d33. 

EA-phase (a) and Young’s modulus dependence, as calculated from equation 2.8, on the 

degree of crystallinity  (b) as a function of fiber diameter. The black dotted line indicates 

the measured EA-percentage and degree of crystallinity, respectively, of the measured 

drop casted thick film. Comparison between the dependence of predicted d33 (Equation 

2.7) and EA-phase content on fiber diameter (c). Comparison between empirically 

determined output voltage of fiber mats and numerically determined output voltage of 

a single fiber (d). 
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3. Transformative piezoelectric enhancement of P(VDF-TrFE) synergistically driven by 

nanoscale dimensional reduction and thermal treatment 

 

3.1 Introduction 

Applications of piezoelectric materials have grown in the broad fields of actuators, 

sensors, and more recently for miniaturized energy harvesting electronics (e.g., wearable 

devices).[1-3] The piezoelectric conversion of salvageable mechanical energy (e.g., bodily 

movements and ambient vibrations) provides a sustainable electric source. Although 

inorganic piezoelectric materials such as lead zirconate titanate (PZT) and barium titanate 

(BaTiO3) exhibit excellent piezoelectric properties, their brittle nature limits the 

applicability and long-term stability in flexible devices and mechanically challenging 

applications. 

In this regard, organic polyvinylidene fluoride (PVDF) and its derivatives including 

a conjugated form with trifluoroethylene, P(VDF-TrFE), have demonstrated promising 

properties for flexible piezo- and ferroelectric applications.[4-7] PVDF is semi-crystalline, a 

critical characteristic for its mechanical compliance, and consists of three main phases 

depending on the conformation of the fluorine atoms to one another.[8] The α-phase is 

energetically favorable and is composed of chains conformed in trans (T) and gauche (G) 

linkages (i.e., TGTG’), which does not exhibit a molecular net dipole charge. The 

electroactive phases of PVDF include the β-phase (TTTT) and γ-phase (T3GT3G’) for which 

the chain exhibits a net dipole charge perpendicular to the chain c-axis. Local crystalline 
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domains, composed of either of the electroactive phases, respond to an external 

mechanical or electrical stimulus to produce the piezoelectric response. Therefore, the 

main approaches to enhance the piezoelectric properties of PVDF have been by increasing 

the electroactive phase content via mechanical/electrical poling [9] and thermal 

treatment.[10] Alternative approaches include stabilization of the electroactive phases at 

room temperature by incorporation of phase stabilizers (e.g., TrFE), which modulates 

polymer chain organization via steric hindrance.[8, 11] With approximately an order of 

magnitude lower piezoelectric coefficient, however, the piezoelectric performance of 

organic-based materials even with such efforts do not compare to their inorganic 

counterparts. 

Recent studies of inorganic piezoelectric materials have shown significant 

piezoelectric enhancement via dimensional reduction below 100 nm.[12] In regards to 

organic-based materials, we have previously shown that a decrease in the fiber diameter 

of P(VDF-TrFE) via electrospinning induced enhancement of the piezoelectric properties, 

primarily due to an increase in the electroactive phase content and Young’s modulus of 

the nanofibers.[13] Nevertheless, the piezoelectric coefficient of P(VDF-TrFE) has not 

reached comparable levels of those found in commonly used inorganic piezoelectric 

materials. 

In this work, the electrospinning process of P(VDF-TrFE) was optimized via solution 

tuning to produce the smallest possible nanofibers with an average fiber diameter of 

approximately 30 nm. Combined with a thermal treatment, the dimensional reduction in 
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the nanofibers unexpectedly resulted in the highest piezoelectric coefficient (d33) from 

any pure organic piezoelectric material, to the best of our knowledge, at approximately -

108 pm V-1. This value approaches the magnitude of the piezoelectric coefficient in 

inorganic piezoelectric materials. We demonstrate that this transformative improvement 

in the piezoelectric properties of P(VDF-TrFE) is largely due to the combination of an 

enhancement of the polarized domain alignment and the materialization of 

flexoelectricity, only realized by synergistic interactions between dimensional reduction 

and thermal treatment. 

 

3.2 Experimental  

3.2.1. Electrospinning of P(VDF-TrFE) nanofibers 

A systematic approach was utilized to optimize solution properties including 

viscosity, conductivity and surface tension, in order to synthesize P(VDF-TrFE) 

nanofibers with an average fiber diameter of approximately 30 nm (Figure App. B1-B4, 

Table App.B1). A solution containing 1.3 wt.% P(VDF-TrFE) (70/30 mol%) (Solvay Group, 

France) dissolved in a 50/50 volume ratio of N,N-dimethylformamide (DMF) (Fisher 

Scientific, Pittsburgh, PA) and tetrahydrofuran (THF) (Sigma-Aldrich, St. Louis, MO), 

supplemented with 1.5 wt.% pyridinium formate (PF) buffer (Sigma-Aldrich, St. Louis, 

MO) and 0.05 wt.% BYK-377 (BYK Additives and Instruments, Wesel Germany) to 

increase and decrease the solution conductivity and surface tension, respectively, was 

utilized. Alternatively, P(VDF-TrFE) nanofibers with an average diameter of 90 nm were 
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synthesized from a 4.0 wt.% P(VDF-TrFE) solution dissolved in 60/40 volume ratio of 

DMF and acetone (Fisher Scientific, Pittsburgh, PA) supplemented with 1.5 wt.% PF 

buffer.[13] Each solution was separately electrospun under optimized conditions of 

electrospinning distance (20 cm), applied voltage (approx. -15 kV) and solution feed rate 

(0.5 ml hr-1) at 23 °C and an absolute humidity of 7.6 g m-3.  

 

3.2.2. Morphological characterization and phase analysis of P(VDF-TrFE) nanofibers 

The morphology of electrospun nanofibers was characterized by scanning 

electron microscopy (FEI NNS450, FEI Corp., Hillsboro, OR). Fourier transform infrared 

(FTIR) of the electrospun fibers was conducted in absorbance mode from 600 to 1600 

cm-1 with an Equinox 55 FTIR spectrometer (Bruker Corp., Billercia, MA). Five 

independent samples per condition were utilized to determine an average value of 

electroactive phase content. X-ray diffraction (XRD) peaks from each condition were 

collected from 2θ of 10-50° using an Empyrean X-ray diffractometer (PANalytical, 

Almelo, the Netherlands), and their patterns were analyzed to determine degree of 

crystallinity. Lattice constants were also determined from the XRD patterns. The 

combination of FTIR and XRD data was utilized to calculate the overall electroactive 

phase content.[13] 
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3.2.3. Piezoelectric coefficient measurement 

To properly measure the piezoelectric coefficient, a standard periodically poled 

lithium niobate (PPLN) with a known piezoelectric coefficient was used to determine a 

correction factor for all subsequent measurements. Nanofibers were sparsely collected 

on a gold coated, thermal-oxide silicon substrate and subjected to single-point 

piezoresponse force microscopy on individual fibers. A MFP-3D AFM (Asylum Research, 

Santa Barbara, CA) was first used in tapping imaging mode to locate an individual fiber. 

Five points were chosen on the scanned fiber and the AFM was switched to PFM where 

single point spectroscopy measurements were conducted. Step voltages from -3 to +3 V 

was applied across the fiber via the AFM cantilever (AC240TM, Olympus) to the 

grounded substrate. Alternatively, the thin film structure was achieved by collecting a 

thin fiber mat of 30 nm average diameter fibers on the same substrate and thermo-

treated at 135 °C, and subjected to PFM measurements. A value of d33 was calculated 

by,  

f
VQ

A
d =33 , 

where A is the amplitude response of the nanofiber in response to an applied voltage 

(V), Q is the quality factor of the AFM cantilever, and f is the correctional factor taken 

from the PPLN standard. 
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3.2.4. Electric output measurements 

Nanofibrous mats of approximately 15 µm thickness were utilized for electric 

output measurements using a vibrational system modified from our previous report 

(Figure App. B5).[13] Briefly, the samples were cut to a rectangle with a size of 47x12 mm2 

and assembled into a cantilever using brass substrates (51x16 mm2) (Figure App.B5). A 

proof mass of 2.3 g was placed at the end of the clamped cantilever to induce a bending 

strain under vibration. Voltage was measured utilizing an oscilloscope (Pico Technology, 

St Neots, United Kingdom) and power was calculated by utilizing the internal resistance 

of the oscilloscope (10 MΩ). 

The same cantilever design was utilized in a custom-made strain cycler to 

demonstrate the durability of the flexible P(VDF-TrFE) after long-term strain exposure. 

Briefly, a 120 rpm gear motor was used as the driving force for an eccentric sheave that 

converts rotary to a linear reciprocating motion on a beam affixed to a ball bearing rail. 

The sample was driven for approximately 85 minutes to cycle the sample at 2 Hz for 

10,000 cycles.  

Alternatively, utilizing the same cantilever setup, the sample was fixed to a fitness 

armband to demonstrate the practical application of turning on low power wearable 

devices. The electrical leads from the cantilever was connected to a full-bridge rectifier to 

convert the AC voltage signal generated from the P(VDF-TrFE) to a DC output to power 

on and off multiple blue LEDs when the arm is repeatedly bent and extended. 
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3.2.5. Strain-gradient computational simulation 

To determine the strain profile induced within an individual nanofiber under the 

compressive strain exerted by the AFM probe during piezoresponse measurements, a 

finite element analysis of structural mechanics by COMSOL Multiphysics was utilized. An 

arbitrary aspect ratio of 5:1 (length: diameter) was used to model the nanofiber. The 

length was large enough to contain the AFM probe, which was modeled as a circular 

punch with a diameter of a 120 nm in order to encompass the 90 nm diameter nanofiber 

but small enough to reduce computational time. The cross section of the fiber was 

modeled as a core-sheath structure which has been shown to arise during electrospinning 

process due to non-uniform solvent evaporation, where the sheath thickness is 

independent and constant over a range fiber diameters.[14, 15] To assign the proper 

mechanical properties of the core and sheath for modelling, measured Young’s Modulus 

data from individual P(VDF-TrFE) fibers having various fiber diameters were fitted with a 

non-linear regression of a rules of mixture model,[15] 

),( 4444

cfsccff DDEDEDE −+=  

where Ef is the measured elastic modulus of the fiber, Ec is the elastic modulus of the core, 

Es is the elastic modulus of the sheath, Df is the fiber diameter, and Dc is the diameter of 

the core. The core and sheath moduli were calculated to be approximately 1 and 6400 

GPa, respectively, with a sheath thickness of approximately 8 nm. The AFM probe and 

underlying supporting substrate for the fiber were assigned with values of silicon within 
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the built-in library. Fixed boundary constraints were applied to the AFM probe and 

substrate, and a fixed displacement of the AFM probe of -15% of the fiber diameter was 

used to impose compression on the fiber. The strain value was selected based on the 

average applied strain between the individual 30 and 90 nm diameter fibers during the 

actual PFM measurements at a fixed force. The third principle strain was observed for the 

analysis of the strain profile with respect to the diameter of the nanofiber and the 

differential of this strain with respect to the z-coordinate through the length of the cross-

section was plotted for strain gradient analysis. 

 

3.3 Results and Discussion 

3.3.1 Synthesis of P(VDF-TrFE) nanofibers and their piezoelectric characterization  

The piezoelectric properties of P(VDF-TrFE) nanofibers with an average fiber 

diameter of 90 nm (Figure 3.1a) or 30 nm (Figure 3.1b) were examined as-spun without 

thermal treatment (23 °C) or subsequently thermo-treated at 90 °C for 24 h. Figures 3.1c 

and Figure 3.1d show that the thermal treatment did not alter the nanostructure of 

electrospun P(VDF-TrFE) for either size of 90 or 30 nm average fiber diameter, 

respectively. To investigate the effects of dimensional reduction and thermal treatment 

on the piezoelectric coefficient, single-point piezoresponse force microscopy (PFM) 

measurements were conducted on individual fibers with approximately 30 or 90 nm fiber 

diameter. Figure 3.1e shows that the amplitude response of an individual 25 nm fiber is 

approximately 2-fold greater than that of an 85 nm nanofiber. Interestingly, the 
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difference in the piezoelectric response between the two fiber sizes was further increased 

by the thermal treatment (Figure 3.1f). The exponential increase of d33 in response to 

reduction of the fiber diameter to a 30 nm range is shown in Figure 3.1g. More 

substantially, the thermal treatment combined with the dimensional reduction, induced 

a synergistic effect on the enhancement of d33, especially below the fiber diameter of 

approximately 45 nm, reaching up to an average of -108 pm V-1 for a 28 nm nanofiber, 

the highest value reported for purely organic piezoelectric materials. 

 

3.3.2. Piezoelectric performance of P(VDF-TrFE) nanofiber mats 

 To compare piezoelectric performance, 15 μm-thick mats composed of various 

electrospun P(VDF-TrFE) nanofibers with an average diameter of 30 nm, thermo-treated 

at 23 °C and 90 °C, or 90 nm at 23 °C were subjected to a controlled mechanical strain for 

energy generation (Figure App.B5). Figure 3.2a and Figure 3.2b show the peak-to-peak 

voltage and electric power generation as a function of applied strain, respectively, 

determined from the raw output voltage of the nanofiber mats under different applied 

strains (Figure App.B6). All measurements were conducted at open circuit, where the 

greatest electric output is observed (Figure App.B7). As expected, an increase in electric 

output is observed by simply reducing the fiber dimension from 90 to 30 nm due to the 

enhanced d33. The thermal treatment of 30 nm nanofibers at 90 °C further increased the 

electric output, producing approximately 38.5 V and 74.1 µW at the maximum applied 

strain of 0.26%, an impressive enhancement of approximately 120% and 350% over those 
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of untreated 90 nm nanofibers. Although a direct comparison to values in literature is not 

fully practical due to diverse testing platforms, the electric output reported here is at least 

an order of magnitude greater as compared to other PVDF piezoelectric based devices.[4, 

16-18] Even with the limitation of applied strains, the observed 2.6 Vp-p µm-1, normalized to 

the thickness of the sample, at a strain of 0.26% outperforms the electric output values 

ranging from approximately 0.19 – 0.26 Vp-p µm-1 in those studies. 

Typical inorganic piezoelectric materials such as PZT and BaTiO3 possess relatively 

low flexural yield strains of well below 0.2%.[19] This limits the application of inorganic 

piezoelectric materials typically to low displacements at high frequency ranges (hundreds 

of hertz).[20, 21] In contrast, we have demonstrated that P(VDF-TrFE) flexible nanofiber 

mats were able to operate at larger strains and at low frequencies (a few to tens of hertz). 

Additionally, the durability of electrospun P(VDF-TrFE) nanofibers was tested by 

subjecting the material to an actuation regimen repeated over 10,000 cycles at 2 Hz. 

Open-circuit voltage measured before and after the 10,000 cycles show that the sample 

maintained its piezoelectricity after the rigorous dynamic straining (Figure 3.2c). 

Considering the fact that the synthesized P(VDF-TrFE) nanofibers at 30 nm in this study 

exhibits a piezoelectric coefficient value similar to that of thin film BaTiO3, we expect the 

organic piezoelectric material to be more efficient in its performance where inorganic-

based materials would otherwise fail.[22-24] The exceptional flexibility with the potent 

piezoelectricity of electrospun P(VDF-TrFE) is demonstrated in an application for a 

wearable device in Figure 3.2d (i). A 15 μm-thick mat of 90 nm diameter fibers without 
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the thermal treatment or 30 nm diameter fibers with the thermal treatment is attached 

to a fitness armband and connected to a full-bridge rectifier with a series of Super Bright 

blue LEDs. When the arm is in the extended static state the LEDs remains off (90 nm: 

Figure 3.2d (ii), 30 nm: Figure 3.2d (iii)). A cycle between arm flexion and extension results 

in the LEDs turning on and off without the need for a capacitor. The mat composed of 90 

nm diameter fibers was only able to turn on a maximum number of 3 LEDs (Figure 3.2d 

(iv)) while the mat composed of the thermo-treated 30 nm diameter fibers was able to 

light 10 LEDs (Figure 3.2d (v)). Therefore, our findings of the synergistic effects arising 

from dimensional reduction and thermal treatment on the piezoelectric performance of 

P(VDF-TrFE) nanofibers present promising potential applications for flexible thin-film-like 

devices. 

 

3.3.3. Electroactive phase content quantification and its correlation to d33 

To understand the mechanism of such transformative enhancement on the 

piezoelectric performance of P(VDF-TrFE) nanofibers, synergistically by dimensional 

reduction and thermal treatment, the overall content of electroactive phases, the major 

determinant of d33, was quantitatively determined by Fourier transform infrared 

spectroscopy (FTIR) and X-ray diffraction (XRD). The FTIR spectra of P(VDF-TrFE) 

nanofibers having an average diameter of 30 or 90 nm, both with and without the thermal 

treatment, are shown in Figure 3.3a, and were utilized to calculate the electroactive 

phase content in the crystalline domains (Figure 3.3b). The electroactive phase content 
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of the as-spun P(VDF-TrFE) nanofibers (23 °C) increased as a function of fiber diameter. 

As expected from the PFM results (Figure 3.1), the thermal treatment further increased 

the electroactive phase content up to a maximum average of approximately 94% at the 

30 nm average fiber diameter. 

The XRD spectra of these fibers (Figure 3.3c) were subjected to peak 

deconvolution to quantify the degree of crystallinity as a function of fiber diameter and 

thermal treatment (Figure 3.3d). As expected, an increase in the degree of crystallinity 

was observed in the thermo-treated samples. The overall piezoelectric response of P(VDF-

TrFE) nanofibers are likely derived from and proportional to the overall electroactive 

phase content, which was calculated from the product of electroactive phase in the 

crystalline and the degree of crystallinity (Figure 3.3e). Surprisingly, the increase in 

electroactive phase content was not proportional to that in the piezoelectric coefficient 

as 5% increase in electroactive phase content at the smallest fiber diameter by the 

thermal treatment resulted in approximately 35% increase in d33. Figure 3.3f shows an 

extrapolation of d33 with respect to electroactive phase content of as-spun (23 °C) 

nanofibers, which predicts a d33 value of approximately -60 pm V-1 at 100% electroactive 

phase content. However, the 25 nm nanofiber shows a deviation from this prediction, 

reaching almost -60 pm V-1 at the electroactive phase content of only 71%. Such deviation 

was further escalated by the thermal treatment, exhibiting a d33 of –108 pm V-1 for a 28 

nm P(VDF-TrFE) nanofiber at an overall electroactive phase content of 76%. The 

unexpected aberration of d33, as much as approximately 35% increase from the prediction 



  

90 
 

by electroactive phase content quantification, led us to investigate alternative 

mechanisms responsible for such a substantial increase. 

 

3.3.4. Piezoelectric dipole alignment 

 Electrospinning has been shown to induce polymer chain alignment by restricting 

the degree of freedom in chain organization due to fiber elongation during the process, 

resulting in the high aspect ratio.[25, 26] It has been also shown that the annealing of 

electrospun fibers further enhances chain alignment via thermo-induced chain re-

arrangement.[27, 28]  To determine the effects of dimensional reduction and/or the thermal 

treatment on polymer chain/dipole alignment, hence piezoelectric performance, PFM 

phase imaging was conducted on P(VDF-TrFE) nanofibers with 30 or 90 nm average fiber 

diameter both as-spun (23 °C) and after the thermal treatment at 90 °C (Figure 3.4). 

Precise fiber location was determined from tapping imaging mode (3D images as shown), 

and the PFM phase imaging was conducted along the length of the fiber (inset) from 

which phase angle distribution profiles were determined. It should be noted that the 

pyramidal geometry of the AFM tip causes an imaging artifact in which the fiber appears 

wider than the actual fiber diameter (height) in the 3D image. Statistical analysis of the 

phase angle histograms from 3 independent nanofibers per condition shows that both 

dimensional reduction and the thermal treatment enhanced the alignment of 

piezoelectric domains in electrospun P(VDF-TrFE). The thermal treatment of 90 nm 

decreased the average phase angle from 15.3 ± 9.9° (Figure 3.4a) to 2.9 ± 2.3° (Figure 
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3.4b) while the dimensional reduction to 30 nm decreased it to 4.0 ± 3.0° (Figure 3.4c). 

More significantly, the thermal treatment of 30 nm fibers further enhanced the 

piezoelectric phase alignment, resulting in an average phase angle of 2.7 ± 2.2° (Figure 

3.4d), partly explaining the observed substantial increase in d33 synergistically by 

dimensional reduction and thermal treatment.  

 

3.3.5. Nanoscaling effects 

To examine if nanostructuring of P(VDF-TrFE) via electrospinning also contributed 

to the substantially enhanced d33, the nanofibers having an average fiber diameter of 30 

nm were alternatively thermo-treated at 135 °C to destroy the nanostructure and 

subsequently subjected to piezoelectric characterization. Figure 3.5a depicts that this 

post-spinning thermal treatment abolished the nanofibrous structure, resulting in a rough 

film morphology. Albeit the loss of the nanofibrous structure, phase and crystallinity 

characterization by FTIR (Figure App.B8a) and XRD (Figure App.B8b) shows an increase in 

the total electroactive phase content (Figure 3.5b and Figures App.B9a, App.B9b). In spite 

of the high electroactive phase content, however, piezoelectric response dramatically 

decreased by the absence of the nanofibrous structure (Figure 3.5c). The d33 of the melted 

fiber mat after the thermal treatment at 135 °C exhibited a significantly reduced 

coefficient of -54 pm V-1 when compared to that of the 90 °C treated nanofibers at -108 

pm V-1. Interestingly, the d33 of an individual 30 nm nanofiber after the thermal treatment 

at 135 °C, which retained its nanofiber structure, exhibited a similar value (-110 pm V-1) 



  

92 
 

to that of the individual nanofibers thermo-treated at 90 °C. Furthermore, when 

compared to the results presented in Figure 3.2a, destruction of the nanofibrous 

morphology by the thermal treatment at 135 °C resulted in a significant decrease in the 

open-circuit voltage production (Figure App.B10) of 38.5 V and 74.1 µW from the 90 °C 

sample down to 30.4 V and 46.2 µW at the highest strain (Figure 3.5d) comparable to the 

23 °C sample whose d33 is also comparable to the melted mat. These results demonstrate 

that the nanostructuring of P(VDF-TrFE) is critical for the enhanced piezoelectric 

performance. 

Possible mechanisms to account for the substantial increase in d33 from 

nanostructuring could be stemmed from piezoelectric crystal lattice change and/or 

flexoelectricity. Computational analysis of hexagonal GaN nanowires of varying diameter 

has shown that the absolute polarization and localized dipole moment are significantly 

affected by the dimension due to interatomic rearrangement with respect to wire 

diameter.[29] To examine if such lattice restructuring caused the transformative 

enhancement in the piezoelectric properties of electrospun P(VDF-TrFE), the unit cell 

lattice constants were calculated from the XRD data (Figure 3.3C and Figure App.B8b). 

We note no significant change in the crystal lattice size for the 30 nm average fiber 

diameter samples thermo-treated at 23, 90 and 135 °C as well as nanofibrous mats of 90 

nm average fiber diameter thermo-treated at 23 and 90 °C (Table App.B1). This may 

indicate insignificant atomic restructuring that affects piezoelectricity in P(VDF-TrFE) 
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nanofibers, different from what was shown for the computationally determined GaN 

nanowire by dimensional reduction.  

Another possible nanoscaling effect is the materialization of flexoelectricity by the 

dimensional reduction due to the close confinement of the surface and interior 

molecules/atoms.[30, 31] More specifically, the same surface stresses imparted on 

nanoscale materials composed of a few to tens of molecular layers induce greater strain 

gradients as compared to those of bulk materials.[32-34] These large strain gradients have 

been shown to impose a reconfiguration of the lattice structure and induce polarity in 

otherwise centrosymmetric materials which results in piezoelectric-like properties.[35] 

Such phenomenon, known as flexoelectricity, is also expected to further enhance 

piezoelectric responses in already piezoelectric materials by a similar mechanism,[32, 36] 

where the large strain gradient may further polarize the material likely in the non-

electroactive phase under mechanical loading.[37] In this regard, electrospinning creates a 

structure that may intensify flexoelectricity as it produces a thin sheath on the surface of 

the fibers due to non-uniform evaporation of solvent during the process.[14, 38] The 

thickness of the sheath, which exhibits a greater molecular density, hence higher 

mechanical modulus compared to the core,[15, 39] has been shown to remain constant 

independent of fiber diameter.[15] To determine the sheath thickness as well as the elastic 

moduli of the core and the sheath from P(VDF-TrFE) nanofibers, the modulus of P(VDF-

TrFE) nanofibers with various fiber diameters was measured and fitted into a rule of 

mixture model (Figure 3.6a).[15] By utilizing the calculated parameters (sheath thickness: 
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8 nm, core modulus: 1 GPa, and sheath modulus: 6400 GPa), computational simulation 

results show that a compressive strain of 15% induces a greater radial strain gradient, 

perpendicular to the fiber length, in the smaller 30 nm fiber as compared to that of the 

90 nm fiber (Figure 3.6b). Specifically, a significantly greater strain gradient in the 30 nm 

fiber near the fiber surface is observed likely due to the increasing contribution of the 

sheath as the overall fiber diameter decreases and the dramatically different moduli of 

the core and the sheath (Figure 3.6c). This indicates that dimensional reduction in 

combination with the native core-sheath structure of electrospun fibers, is critical to 

induce large strain gradients in the smaller nanofibers under mechanical loading, resulting 

in the realization of the flexoelectric phenomenon to augment piezoelectricity.        

 

3.4 Conclusions 

In summary, we investigated the effects of dimensional reduction and thermal 

treatment on the piezoelectric properties of electrospun P(VDF-TrFE). In particular, we 

report the highest piezoelectric coefficient observed for a purely organic-based 

piezoelectric material. With dimensional reduction to approximately 30 nm in diameter 

of electrospun P(VDF-TrFE) nanofibers and post-spinning thermal treatment, we 

unexpectedly achieved a d33 value of -108 pm V-1; an almost 60% increase as compared 

to as-spun nanofibers having a 3 times larger fiber diameter. Such transformative 

enhancement in piezoelectric performance was partly due to increased electroactive 

phase content, quantified by FT-IR and XRD. More significantly, we showed that the 
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combination of dimensional reduction and thermal treatment synergistically induces the 

tightly distributed alignment of the electroactive domains and manifests the 

flexoelectric effect through greater strain gradients. Overall, we demonstrate that 

proper synthesis of organic-based piezoelectric nanofibers at the nanoscale via 

optimized electrospinning and thermal treatment promotes a transformative 

enhancement of piezoelectric properties that are comparable to currently available 

inorganic materials while providing significantly superior mechanical resiliency.  
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3.5 Figures 
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Figure 3.2 Applied strain-dependent electric outputs of P(VDF-TrFE) nanofibrous mats 

composed of fibers with an average diameter of 30 or 90 nm after various thermal 

treatments. 

(a) Peak-to-peak voltage and (b) peak-to-peak power. (c) Open circuit voltage before 

and after 10,000 cycles of 2 Hz strain. (d) Wearable piezoelectric (i) powering a blinking 

LED off (ii) and on (iii). 
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Figure 3.3 Fiber size- and thermal treatment-dependent changes in electroactive 

phase content and their correlation to the piezoelectric coefficient, d33. 

(a) FTIR spectra of electrospun P(VDF-TrFE) mats composed of nanofibers with an 

average diameter of 30 or 90 nm with or without the thermal treatment at 90 °C were 

used to quantify electroactive phase content in (b). (c) XRD spectra of electrospun 

P(VDF-TrFE) mats composed of nanofibers with an average diameter of 30 or 90 nm 

with or without the thermal treatment at 90 °C were used to calculate degree of 

crystallinity in (d). (e) The overall electroactive phase content calculated from (b) and 

(d). (f) Correlation between d33 and overall electroactive phase of as-spun nanofibers. 

Data of 23 °C in Figure (b), (d), (e) and (f) include data from Chapter 2. 
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Figure 3.4 Phase angle distribution of P(VDF-TrFE) nanofibers with an average 

diameter of 90 or 30 nm with or without the thermal treatment at 90 °C.. 

(a) As-spun 90 nm diameter fibers showing a wider phase angle distribution centered 

approximately around 15.3° compared to (b) the thermo-treated 90 nm nanofibers, 

determined from the corresponding representative PFM phase image shown above the 

histogram. (c) The decrease in the fiber diameter from 90 nm to 30 nm narrowed the 

phase angle distribution and (d) was further narrowed by the thermal treatment, 

yielding a tighter distribution around 2.7°. n = 3000 (1000 measurement points, 3 

independent fibers).  
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Figure 3.5 The effects of nanofibrous structure on the piezoelectric properties of 

P(VDF-TrFE). 

(a) Destruction of nanofibrous morphology, from P(VDF-TrFE) nanofibers with an 

average diameter of 30 nm, after the thermal treatment at 135 °C, examined by SEM 

(scale bar = 1µm). (b) Thermal treatment-dependent electroactive phase content of 

P(VDF-TrFE) nanofiber mats with an average fiber diameter of 30 nm. (c) PFM 

comparison of an individual 30 nm fiber and a melted film after the thermal treatment 

of a mat composed of multiple 30 nm fibers both at 135 °C. (d) Peak-to-peak voltage 

comparison of 30 nm nanofiber mats at 23, 90, and 135 °C. 
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Figure 3.6 Fiber diameter dependent strain gradient. 

(a) Measured Young’s modulus of P(VDF-TrFE) nanofibers as a function of fiber diameter 

and fitted with a rule of mixture equation to calculate the sheath thickness, and the 

core/sheath modulus of the nanofibers. (b) The cross-sectional strain distribution within 

the fiber of 30 nm or 90 nm diameter under a fixed −15% mechanical strain, simulated 

by COMSOL. (c) Strain gradient within the fiber of 30 nm or 90 nm diameter as a 

function of cross-sectional length (perpendicular to the length of the nanofiber). 
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4. Acoustic-responsive piezoelectric membrane as a controlled drug delivery system 

 

4.1. Introduction 

The field of drug delivery has been revolutionized in part to the functional 

advancement of biodegradable polymers, allowing sophisticated drug delivery schemes. 

More recently, the use of diverse nanoparticles as drug carriers has enabled the 

precisely timed release of therapeutics to the intended site. However, their otherwise 

favorable surface to volume ratio often leads to substantially high degradation rates, 

and their small sizes promote removal from the system by phagocytosis, resulting in 

rapid drop-off in drug release as compared to more macroscale carriers. More 

significantly, typical nanoparticle-based drug delivery systems only account for the 

pharmacokinetics and pharmacodynamics of a drug delivery/release system. Therefore, 

the total passive release of drugs can only be adjusted by the initial prescribed dose at a 

pre-determined rate. The pharmacogenetics of these drugs in terms of the effective 

dosage at a particular instance is often overlooked and thus do not take into account 

the specific needs of each patient.[1]  

In this regard, stimuli-responsive drug delivery systems are promising methods in 

overcoming the pharmacogenetics associated vulnerabilities in response to systemic 

drug administration, by controlling when, where, and how much drug is released to 

accommodate a more personalized therapy.[2] Understanding the changes in 

homeostasis associated to a particular disease has shifted the focus from utilizing 
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nanoparticles with passive degradation type release to utilizing nanoparticles responsive 

to a particular environment as a method to activate drug release. For example, diseases 

that shift the physiological conditions such as pH, presence of reactive oxygen species, 

or inflammation may be used as triggers to release surface decorated drugs.[3-5] In a 

similar manner, externally controlled triggers such as thermo-responsive release, light-

responsive release, ultrasound-responsive release, and magnetic-responsive release are 

other avenues to circumvent the limitations associated with nanoparticle degradation-

type release.[6-11] Among these stimuli-responsive drug delivery systems, triggering the 

release of adsorbed molecules on the surface of electrically active components is yet 

another method for controlled drug release. For example, graphene oxide 

nanocomposite films can successfully adsorb anionic drug molecules and release them 

on demand with an externally applied negative potential.[12] One of the major 

advantages of such release scheme is its capability for fine-tuning the release kinetics by 

the magnitude of applied potential.  

 Piezoelectric materials may provide a superior platform for the electric potential-

based drug delivery system, due to their ability in generating intrinsic electric potentials 

necessary to release surface adsorbed drugs, therefore bypassing the need for external 

electrical connections. However, significant biotoxicity of typical high-performing 

ceramic piezoelectric materials, e.g., PZT,[13] prevent their use in in vivo drug delivery 

applications. Polyvinylidene fluoride (PVDF), an organic material capable of exhibiting 

piezoelectricity, has excellent biocompatibility that is currently being used as a vascular 
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suture.[14] Its negative surface charge readily induces the adsorption of cationic 

molecules. However, its relatively low piezoelectricity requires a very high magnitude of 

mechanical force to activate the material, diminishing its value for an in vivo drug 

delivery platform. In this regard, we have recently shown a transformative 

enhancement of piezoelectric polyvinylidene-trifluoroethylene (P(VDF-TrFE) polymer via 

dimensional reduction to approximately 30 nm in fiber diameter and thermal treatment 

of the synthesized fibers.[15] The increase in piezoelectric coefficient (108 pm V-1), 

comparable to typical ceramic piezoelectric materials, allows for developing a wide 

range of electromechanically sensitive flexible devices.  

 In this work, we demonstrate the feasibility of utilizing stimulus-responsive 

piezoelectric nanofibers for controlled drug release. We show that the drug release 

characteristics of P(VDF-TrFE) nanofibers can be fine-tuned by modulating their 

piezoelectric properties via fiber size control, thus the sensitivity of the material to the 

magnitude and frequency of the applied pressures. We demonstrate that the release of 

model drug, crystal violet, is fully governed by the piezoelectric-mechanoelectrical 

conversion from the applied mechanical perturbation to change in surface potential, 

regulating the adsorption of electrostatically adhered drug molecules. 
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4.2 Experimental 

 

4.2.1. Electrospinning of P(VDF-TrFE) nanofiber-based membranes 

Fiber membranes composed of approximately 30 nm in diameter P(VDF-TrFE) 

nanofibers were synthesized as described previously.[15] Briefly, a solution containing 4.0 

wt.% P(VDF-TrFE) (70/30 mol%) (Solvay Group, France) dissolved in a 50/50 weight ratio 

of N,N-dimethylformamide (DMF) (Fisher Scientific, Pittsburgh, PA) and tetrahydrofuran 

(THF) (Sigma-Aldrich, St. Louis, MO) was prepared. The solution was supplemented with 

1.5 wt.% pyridinium formate (PF) buffer (Sigma-Aldrich, St. Louis, MO) and 0.05 wt.% BYK-

377 (BYK Additives and Instruments, Wesel Germany) to increase and decrease the 

solution conductivity and surface tension, respectively. Nanofibers with the average fiber 

diameter of approximately 100, 200, and 500 nm fibers were synthesized from a solution 

of 7.0, 11.5, and 17.5 wt.% P(VDF-TrFE), respectively, dissolved in a 60/40 ratio of 

DMF/acetone(Fisher Scientific, Pittsburgh, PA), and 1.5 wt.% PF buffer. As a control, a 

solution of 13.5 wt.% of PVDF dissolved in the same DMF/acetone/PF solvent system was 

created to synthesize fibers of approximately 500 nm. Each solution was electrospun 

under optimized conditions of electrospinning distance (20 cm), applied voltage 

(approximately -15 kV) and solution feed rate (0.2 ml hr-1 for the 4.0 and 7.0 wt.% 

solutions; 0.5 ml hr-1 for the 11.5 and 17.5 wt.% solutions) at 23 °C and an absolute 

humidity of approximately 7.6 g m-3.  Electrospinning duration was adjusted to yield 

roughly 20 µm thick mats on a 76 x 76 mm2 aluminum foil collector. The fibers were 
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subsequently annealed at 90 °C for 24 hours.  The control PVDF fibers, herein called heat-

inactivated PVDF, were thermal treated in a rapid thermal annealing oven (Allwin21 Corp) 

for precise temperature control at 157 °C for 1 hour, followed by quenching in in -20 °C 

ethanol, to induce the β- to α-phase transition for the suppression of piezoelectricity 

without any morphological changes.  

 

4.2.2. Piezoelectric characterization of P(VDF-TrFE) and PVDF nanofibers by piezoresponse 

force microscopy (PFM) 

Piezoelectric coefficient, d33, were measured as described in Chapter 3. Briefly, 

to properly measure the piezoelectric coefficient, a standard periodically poled lithium 

niobate (PPLN) with a known piezoelectric coefficient was used to determine a 

correction factor for all subsequent measurements. Various P(VDF-TrFE) or PVDF 

nanofibers were sparsely collected on a gold coated, thermal-oxide silicon substrate and 

subjected to single-point piezoresponse force microscopy on individual fibers. A MFP-3D 

AFM (Asylum Research, Santa Barbara, CA) was first used in tapping imaging mode to 

locate an individual fiber. Five points were chosen on the scanned fiber and the AFM 

was switched to PFM where single point spectroscopy measurements were conducted. 

Step voltages from -3 to +3 V was applied across the fiber via the AFM cantilever 

(AC240TM, Olympus) to the grounded substrate. A value of d33 was calculated by,  
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f
VQ

A
d =33 , 

where A is the amplitude response of the nanofiber in response to an applied voltage (V), 

Q is the quality factor of the AFM cantilever, and f is the correctional factor taken from 

the PPLN standard. 

 

4.2.3. Zeta potential of membranes 

The zeta potential of each nanofiber membrane was calculated by measuring the 

streaming current formed tangentially to the fibrous surface with an electrokinetic 

analyzer (SurPASS Electrokinetic Analyzer, Anton Paar, Graz Austria). By utilizing the 

streaming current, the zeta potential (ζ) can be calculated by,  

 
휁 =

𝑑𝐼

𝑑𝑃

휂

휀휀0

𝐿

𝐴
,  

    

where I is the measured streaming current, P the pressure difference across the length of 

the sample, η and ε the viscosity and dielectric constant of electrolyte solution, ε0 the 

dielectric constant of free space, L the channel length of the measured sample, and A the 

cross sectional area along the sample. Two- 1 cm x 2 cm cuts of each sample were fixed 

inside an adjustable gap cell of the electrokinetic analyzer and the gap between the two 

opposing faces of the sample was adjusted to approximately 100 µm. An electrolyte 

solution of 1 mM KCl was used to generate a titration curve of the zeta potential for each 
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sample.  The streaming current was logged after 20 seconds of flow through of a given 

titration at a pressure of 400 mbar.  

 

4.2.2. Drug loading into nanofiber membranes 

To promote full wettability of the hydrophobic P(VDF-TrFE) and PVDF nanofiber 

membranes, a 30 second pre-wash in ethanol was conducted on each sample followed by 

a series of three washes in 1x PBS, prior to the subsequent drug loading. To determine 

the saturation capacity of crystal violet, a model drug used in this study, various 

concentrations of crystal violet (Sigma-Aldrich, St. Louis, MO) dissolved in PBS at 15.6, 

31.2, 62.5, and 125.0 µg mL-1 were utilized for its adsorption onto a 1x1 cm2 sample. After 

exposing the sample to the crystal violet solution overnight on a shaker plate, any loosely 

bound dye was removed by a two-step process. The first is a diffusion-based desorption 

in fresh PBS for 24 hours on a shaker plate. The second is a PBS wash of the sample 

through a vacuumed filter. 

 

4.2.3. Drug release calibration and quantification 

From a series of concentrated dye solutions (8, 16, 32, 125, and 250 µg/ml), 1 µl 

of each solution was blotted onto a nitrocellulose paper (5 different blots per solution) to 

determine a standard curve between optical density and drug amount. Optical images of 
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the stained nitrocellulose membrane were scanned by a desktop image scanner at a 

resolution of 3200 dpi and processed in ImageJ for total gray value quantification. Briefly, 

the images were converted to 32-bit, gray values inverted, and LUT values inverted so 

true whites and blacks would pertain to a value of 0 and 256, respectively.  The stain 

regions were manually selected and analyzed for total gray value by multiplying the 

average gray value with the total pixel density of the selected area. The produced 

standard curve of total gray value versus dye amount was used to quantify the amount of 

drug released from the piezoelectric nanofibers.   

 

4.2.3. In vitro drug release quantification 

A 1x1 cm2 samples of the different P(VDF-TrFE) and non-piezo PVDF, loaded with 

the same amount of crystal violet (62.5 µg), were placed between two layers of 

nitrocellulose membrane (Bio-Rad, Hercules, CA) pre-wetted with PBS acting as a drug-

capturing film. This configuration was placed in between two layers of 0.5 cm thick PDMS 

membranes acting as buffer pads between the applied shockwave and the drug-loaded 

membrane. A shockwave system (MP-100 Vet, Storz Medical, Tägerwilen, Switzerland) 

was used to deliver the mechanical stimulation to the samples to induce the piezoelectric 

effect. The number of delivered shockwaves, as well as the applied pressure, was varied 

while maintaining the frequency fixed at 12 Hz. After each regimen, the crystal violet-
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stained nitrocellulose papers were collected to be optically scanned for drug release 

quantification. 

 

4.2.4. In vivo drug release 

 To demonstrate the feasibility of the piezoelectric nanofiber-based drug delivery 

system in an in vivo condition, a rat carcass was used. Specifically, a membrane of crystal 

violet-loaded 30 nm P(VDF-TrFE) nanofibers was either subcutaneously implanted in the 

back or used to wrap around a femur, and connective tissues/muscles, which were 

initially moved away from the implantation sites and carefully put back to cover the 

implants. The membranes were activated by the application of shockwave for either 1000 

or 2000 doses, respectively, at 5 bar/12 Hz. After the shockwave application, the implant 

sites were opened to observe the release of the drug, evident from stains around the 

implants.  

 

4.3. Results and discussion 

4.3.1. Drug release calibration 

The working principle of the mechanical stimulus-responsive piezoelectric drug 

delivery platform is based on the control over electrostatic binding strength between a 

charged molecule and the surface of the P(VDF-TrFE) having a particular zeta potential 
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(Figure 4.1a). Due to the piezoelectricity of P(VDF-TrFE), a mechanical perturbation can 

effectively change the value of zeta potential from the static state value (Figure 4.1b) to 

a value closer to the opposite of the intrinsic polarity (Figure 4.1c). This change in the 

effective zeta potential of the P(VDF-TrFE) surface would induce the release of the 

electrostatically adhered drug molecules; the mechanical perturbation alters the 

microscopic domains of the crystalline electroactive phase causing a shift in polarity which 

results in a net charge change at the surface of the P(VDF-TrFE). Thus, we hypothesize 

that this stimulus-responsive piezoelectric membrane can serve as an on-demand drug 

delivery system, where precise drug release in vivo can be tuned with a particular 

magnitude of mechanical stimulation. 

To quantify the release of adsorbed molecules via the piezoelectric effect, crystal 

violet was used as a model drug due to its simplistic nature of confirming adsorption by 

its color and quantifying release by colorimetry. In this regard, nitrocellulose membrane 

was used to act as a molecule catcher upon the release of drug in solution for the accurate 

detection at low concentration. To generate a standard curve, various concentrations of 

the standard solution (8, 16, 32, 125, and 250 µg mL-1) were prepared and 1 µL of each 

was blotted on a nitrocellulose paper (Figure 4.2a). Once the drop of crystal violet 

solution was dried, the stain of crystal violet on the nitrocellulose with the known amount 

at 8, 16, 32, 125, or 250 ng was optically scanned (Figure 4.2b). Conversion of the scanned 

images of the stains to gray scale allowed for quantification of the intensity values 

between 0 and 255 via the ImageJ software. The varying sizes of stain area were 
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accounted for during the calculation of the total gray value by multiplying the pixel density 

of this area by the average gray value of the selected region. The final standard curve is 

shown in Figure 4.2c, as a log-log plot of the total gray value versus stain amount and 

utilized in the subsequent quantification of the drug molecule release from the 

piezoelectric membranes. 

 

4.3.2. Zeta potential and piezoelectric coefficient comparisons of P(VDF-TrFE) and PVDF 

membranes 

To demonstrate the proof-of-concept of utilizing electrospun piezoelectric 

nanofibers as an on-demand drug delivery platform, several different variations of P(VDF-

TrFE) nanofibers were synthesized and characterized. As demonstrated in our previous 

study,[15, 16] P(VDF-TrFE) nanofibers with different fiber diameters were synthesized by 

controlling electrospinning parameters such as solution concentration, conductivity, and 

surface tension (the nanofibers with the average fiber diameters of 34 ± 18 nm (herein 

referred to 30 nm) and 476 ± 122 nm (herein referred to 500 nm) are shown in Figure 

4.3a and 4.3b as examples). In addition, PVDF control sample of 469 ± 144 nm (herein 

referred to 500 nm) in average fiber diameter was synthesized and thermally treated 

between the Curie and melting temperature to eliminate the piezoelectric phase but keep 

the fibrous morphology (Figure 4.3c). This heat-inactivated PVDF sample was used to 

determine whether the release of the model drug was mechanical dependent, 
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piezoelectrically driven, or the combination of both. As a comparison of three significantly 

different performing nanofibers, the piezoelectric coefficients for the 30 and 500 nm 

P(VDF-TrFE) nanofibers and the 500 nm PVDF nanofibers were determined from PFM 

measurements as 103 ± 22, 37 ± 4, and 6 ± 2 pm V-1 (Figure 4.3d). However, the changes 

in piezoelectric properties did not significantly alter the zeta potential, showing a similar 

value of approximately -50 mV at the physiological pH of 7.4 (30 or 500 nm P(VDF-TrFE) 

or 500 nm PVDF was -48, -54, and -51 mV, respectively) (Figure 4.3e). The zeta potential 

analysis revealed that the surface charge remains negative above pH 3 for all samples. 

These isoelectric points were beyond the titrated concentrations of HCl during the 

measurement and irrelevant to the use of drug release in practical in vivo applications. 

These values agree closely with those reported in literature for PVDF films and 

membranes,[17-20] although the explanation for the persistent negative surface of PVDF 

remains ambiguous throughout literature.[17] One explanation is the hydroxide ion 

accumulation at the interface between the solution (water) and hydrophobic PVDF 

surface, thus the apparent negative zeta potential arises not necessarily from the PVDF 

but the hydroxide ions.[21] It is also suggested that the electronegativity of the C-F moiety 

relative to the hydrogen atom gives the bulk material its negative zeta potential.[22] 

Regardless of the origin of the negative zeta potential, however, the proposed working 

principle for the release of adsorbed drug at the surface of the membranes still stands to 

be affected directly by the piezoelectric response of the nanofibers. Since the zeta 
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potentials across all samples are similar, therefore, the energy barrier that must be 

overcome to release the drug can be considered similar for all samples tested herein.  

 

4.3.3. Tunable drug release from various P(VDF-TrFE) membranes 

The model drug was loaded to various samples including P(VDF-TrFE) with 

different fiber diameters and heat-inactivated PVDF nanofibers, by incubating them in 1 

mL aqueous solution of crystal violet at 62.5 µg mL-1 concentration, determined by a 

preliminary adsorption saturation assessment. To test the release of adsorbed drug 

molecules in response to the mechanical stimulation, an extracorporeal shockwave 

system was utilized (Figure 4.4a), which has been implemented therapeutically in 

reducing pain caused by chronic pelvic pain syndrome,[23] calcifying tendonitis,[24] 

fragmenting kidney stones,[25] or triggering anti-inflammatory actions associated with 

many inflammatory diseases.[26] A 1x1 cm2 membrane of each sample was loaded with 

the drug, pre-washed, and placed in between two nitrocellulose membranes, which was 

then sandwiched between two pieces of PDMS to simulate soft tissues/muscles.  

  To show the size-dependent effects on the  drug release tunability, a study was 

conducted comparing the previously mentioned P(VDF-TrFE) nanofiber membranes of 

diameters 30 and 500 nm in addition to membranes with intermediate fiber sizes of  72 ± 

14, 96 ± 15, and 210 ± 75 nm (herein referred to 70, 100, and 200 nm, respectively) (Figure 

4.4b-f, above dotted line). All samples showed complete adsorption of the same 
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concentration of drug in solution (62.5 µg mL-1) with no apparent change in the fiber 

morphology or fibrous structure (Figure 4.4b-f, bellow dotted line). Additionally, the 

heat-inactivated PVDF was also compared (Figure 4.4g). Furthermore, the apparent 

colors of the membranes of different fiber diameter were indistinguishable (Figure 4.4h). 

A dosage of 1000 shockwaves was delivered at a pressure of 5 bar and frequency 

of 12 Hz, to five replicates of each sample. Due to the piezoelectric performance 

dependency on fiber size, the smaller fibers released the greater amount of drugs under 

the shockwave application (Figure 4.4i).  This increase in drug release can be attributed 

to the transformative enhancement of piezoelectric properties when the nanofibers are 

synthesized well below the nanoscale (<100 nm) and favorably thermal treated to induce 

both greater alignment in piezoelectric domains and materialization of flexoelectricity.[15] 

The effects of difference in surface area due to different nanofiber diameters can be 

disregarded since all samples were loaded with the same amount of the drug. Moreover, 

the heat-inactivated PVDF showed a negligible amount of drug release compared to all 

other samples such that the amount released from the 500 nm P(VDF-TrFE) sample was 

approximately 200-fold more than that of the 500 nm heat-inactivated PVDF sample (red 

dashed line in Figure 4.4i).  These results show that very little, to none, of the released 

drug is due to the mechanical stimulation. This is further affirmed with the similar zeta 

potentials of the sample, together with similarity in the material chemistry, enabling the 

development a mechanical stimulus-responsive platform based purely on 

piezoelectricity. Similar to how other drug delivery platforms based on pore size or 
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material degradation rate have allowed the tunability in the amount of drug released over 

time,[27, 28] these results collectively demonstrate that the sensitivity of the piezoelectric 

fibers to a given mechanical stimulation can be tuned for specific therapeutic applications. 

For example, less sensitive piezoelectric fibers can be used for subcutaneously implanted 

drug delivery system to avoid false activation by accidental impact while highly sensitive 

piezoelectric nanofibers are desired for the use in deep tissues to be activated with a 

physiologically safe magnitude of mechanical stimulation. 

To further demonstrate the utility of piezoelectric nanofibers as a stimulus-

responsive drug delivery system capable of releasing a controlled amount of molecules, 

the high-performing 30 nm fibers were tested as a function of the applied pressure as 

shown in Figure 4.5a. A linear increase in the curve is observed as the pressure of the 

shockwave system is increased from 1 to 5 bar. From 1 to 2.5 bar a linear trend is observed 

which we attribute to the initial linear compression of the PDMS-sample-PDMS in vitro 

construct which may be producing a generated voltage close to, but not, overcoming the 

zero-zeta potential point. Thus, a small amount of dye is released at this range. After the 

full compression of the construct, the applied pressure from 3-5 bar begins to affect the 

compressive elastic region of PDMS. More specifically, as the shockwave is set to a fixed 

pressure acting on a compressible material (i.e., PDMS) the stress transfer to the PDMS, 

and subsequently to the P(VDF-TrFE) membrane, rises exponentially as a function of 

strain applied to the PDMS layer. As a result, the piezoelectric membrane responds 

proportionally to the applied stress (Equation 1.4), thus overcoming the zero-negative 
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potential barrier, and an exponential drug release is observed for pressures above 3 bar. 

Moreover, as the electrostatic attraction between the negatively charged fiber surface 

and cationic drug is switched (zeta potential approaching and going towards positive 

values) the ability for the drug to release and repel from the fiber surface and diffuse 

towards the capturing film is favored. This is similar to materials undergoing ferroelectric 

switching which have been shown to induce switchable forces of attraction and repulsion 

on charged probes within the double layer formed depending on the state of polarization 

of the material.[29] Although the model drug used here is cationic, we propose that the 

use of anionic based molecules is possible with the proper pre-functionalization of the 

P(VDF-TrFE) membrane surface with a cationic linker, still working under the same 

principle. 

The effects of shockwave dosage on drug release (at 500, 1000, 2000, and 4000 

applications at 5 bar/12 Hz ) were also examined (Figure 4.5b). The amount of drug 

released with respect to the number of shockwaves shows a linear increase in the drug 

released, indicative of a controllable release of adsorbed molecules. Compared to more 

traditional drug delivery systems based on degradation or diffusion release that typically 

shows multiphasic profiles with an initial burst release,[28, 30, 31] the linear profile of drug 

release from the piezoelectric-based system allows for the precise administration of drug 

molecules regardless of implantation duration. Moreover, since the same sample was 

used to survey the release response from 1 to 5 bar, the ability for the membrane to 

maintain a consistent release rate independent of the previous release history is also 
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attractive. All together, these observations suggest four different ways of controllable 

drug release from this stimulus-responsive piezoelectric system: 1. number of 

shockwaves, 2. applied shockwave pressure, 3. the combination of number and applied 

pressure of shockwaves, and 4. the aforementioned methods with a different level of 

piezoelectric sensitivity. 

 

4.3.4. In vivo drug delivery  

An in vivo drug delivery test was conducted by implanting drug loaded 30 nm 

membranes either subcutaneously in the back of a rat (Figure 4.6a) or within deep tissue 

wrapped around the femur of the rat (Figure 4.7a). After application of shockwaves at 

1000 or 2000 impulses, respectively, at 5 bar/12 Hz, the staining of the subcutaneous 

tissue (Figure 4.6b) and femur (Figure 4.7b) was optically evident. Moreover, the original 

coloring of the femur (i.e., femur portion outside of the region indicated by arrows of the 

zoomed image in Figure 4.7b) is clearly different in color than the femur portion that was 

wrapped with the drug delivery membrane (region within the indicated arrows). 

Accordingly, in comparison to other electrospun drug delivery systems, [32, 33] the 

piezoelectric membranes present a fully versatile platform that is not limited to 

placement in vivo or environmental conditions. For example, membranes based on 

ibuprofen-loaded, sodium bicarbonate-doped, poly(L-lactide) microfibers were shown to 

take advantage of the acidic spike in inflammatory microenvironments to react with 
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sodium bicarbonate to produce CO2, thus causing the release of ibuprofen from the bulk 

of the microfibers.[34] In this case, this drug delivery system is only applicable where the 

proper acidic environment is present, whereas our platform can perform in various in vivo 

environmental pH, only limited to probably the inside lining of the stomach (pH <3). 

Another example of a stimulus-responsive platform is are temperature responsive, N-

isopropylacrylamide (PNIPAM) and N-hydroxymethylacrylamide copolymer nanofibers 

blended with model drug dextran-FITC . This platform showed controlled cyclic release of 

the drug when the temperature was increased from 10 °C to 45 °C.[35] However, 

depending on the location of the system in vivo, for example reaching deep tissue, may 

necessitate the use of high intensities of heat at the surface of the body to promote 

release. A similar example are blended nanofibers of PNIPAM, silica-coated doxorubicin 

loaded gold nanorods, and polyhedral oligomeric silsesquinoxanes which utilize the 

photothermal effect of the gold nanoparticles to simultaneously activate the temperature 

responsive properties of PNIPAM and release the doxorubicin upon excitation with  near-

infrared (NIR) light.[36] Again, application of this system may be limited by the penetration 

depth of NIR light of a few centimeters.[37] In comparison, since shockwave has been used 

to stimulate anti-inflammatory response of deep tissue, the mode of stimulating our 

piezoelectric fibers is not limited to extreme discomfort needed to achieve release or 

attenuation of stimulus.  
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4.4 Conclusion 

In summary, we have developed a stimulus-responsive drug delivery system based 

piezoelectric nanofibrous membrane. The working principle of this system was tested by 

comparing the release among various piezoelectric membranes having different 

piezoelectric properties as well as to a heat-inactivated PVDF membrane. Although the 

zeta potential for the different membranes are similar, we demonstrate a tunable release 

profile by changing the diameter of the fibers composing the membranes, and a negligible 

release from heat-inactivated PVDF membranes. Overall, we show that the amount of 

drug release can be controlled by either the piezoelectric properties via the size 

dependent properties of P(VDF-TrFE), the applied pressure of stimulus driving the 

piezoelectric effect, as well as the number of stimulus delivered to the membrane.  
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4.5 Figures 

 

Figure 4.1 Schematic of acoustic responsive drug delivery. 

(a) Negative zeta potential (potential at the shear plane) of a P(VDF-TrFE) fiber formed 

by the positively charged Stern layer and gradient of charge towards the diffuse layer. 

(b) Piezoelectric dipole domains of P(VDF-TrFE) (red to blue arrows) at the steady state 

with the associated zeta potential profile in a solution containing cationic drug 

molecules. (c) Piezoelectric response of domain polarity towards positive values (blue) 

under a mechanical perturbation, effectively changing the apparent zeta potential of the 

fiber from negative to positive values, which repels the drug molecules away from the 

surface. 
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Figure 4.2 Drug calibration curve for acoustic responsive drug release from piezoelectric 

nanofibers. 

(a) Schematic of a titration study for aqueous solutions with different concentrations of 

crystal violet, a cationic model drug, blotted onto nitrocellulose paper. (b) Scanned 

optical image of the blot with different crystal violet amount ranging 8-250 ng. (c) Total 

gray value calculated from the converted image in (b) used as the standard curve for all 

subsequent drug release quantification. 
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Figure 4.3 Morphological, piezoelectric and electrochemical characterization of various 

electrospun fibers. 

SEM of (a) 37 ± 18 and (b) 476 ± 122 nm piezoelectric P(VDF-TrFE) nanofibers, and (c) 

469 ± 144 nm heat inactivated PVDF nanofibers (scale bar = 2 µm). (d) Piezoresponse 

force microscopy of individual fibers from the three different samples (a-c) showing the 

decreasing piezoelectric performance of the P(VDF-TrFE) fibers by increasing fiber size, 

and virtually no piezoelectric response from the heat inactivated PVDF fibers. (e) Zeta 

potential of the three samples showing similar values as a function of solution pH. 
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Figure 4.4 Piezoelectric performance-dependent drug release. 

(a) An image and a schematic of the in vitro set up to simulate and quantify drug release 

under mechanical perturbation via shockwave applications. SEM of P(VDF-TrFE) (b-f) 

and PVDF (g) nanofibers before (above red dashed line) and after (below red dashed 

line) drug adsorption having diameters of 37 ± 18 (b), 72 ± 14 (c), 96 ± 15 (d), 210 ± 75 

(e), 472 ± 22 (f), and 496 ± 144 nm (g) (scale bar = 2 µm). (h) Optical image of drug 

loaded membranes of (left to right) 37, 72, 96, 210, and 472 nm P(VDF-TrFE), and 496 

nm PVDF. (i) Dye release of each sample after 1000 shockwave doses at 5 bar/12 Hz as a 

function of fiber diameter (n=4). A red dotted line indicates the drug release from heat 

inactivated PVDF samples. 
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Figure 4.5 Stimuli-dependent drug release. 

Dye release of the membrane composed of 30 nm average fiber diameter as a function 

of shockwave pressure (a) and number of shockwaves (b). 
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Figure 4.6 In vivo drug release - Subcutaneous. 

Optical image of a subcutaneously implanted drug loaded membrane before (a) and 

after (b) mechanical stimulation. Dotted box shows the area stained with dye. 
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Figure 4.7 In vivo drug delivery – Deep tissue. 

(a) Optical image of a deep-tissue site of implantation of drug loaded membrane before 

(a) and after (b) mechanical stimulation.  Region within arrows shows are where 

membrane was wrapped. 
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5. Piezoelectric scaffold for multi-phenotypic differentiation of neural stem cells 

towards neurons and glial cells  

 

5.1 Introduction 

Many neurological diseases/disorders including, multiple sclerosis (MS), 

leukodystrophies, Guillain-Barre syndrome and progressive inflammatory neuropathy, 

as well as spinal cord and peripheral nerve injuries involve damage to- or abnormalities 

of neural structures.[1] Such pathologies result in the demyelination of nerve in which 

the myelin sheath of neurons is damaged, causing a noticeable decrease in sensation, 

movement, cognition and other functional impairments. In addition to myelin damages 

caused by genetics, infectious agents, and autoimmune reactions, normal aging has also 

been shown to affect the health of myelination. Despite the prevalence of myelin-

related diseases/syndromes (over 100 out of 100,000 cases in North America),[2] there is 

currently no cure available other than relieving symptoms or slowing the rate of 

demyelination.  

Due to the limitations of human studies, including restricted access to human 

tissues and unmodifiable experimental conditions for mechanistic studies, various 

animal models have been developed to depict demyelinating diseases in an attempt to 

understand the fundamental pathogenesis and develop effective treatments.[3-5] 

However, a single animal in vivo/ex vivo model cannot accurately represent all aspects 
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of pathological and clinical features of human diseases due to dissimilarities in genetics 

and metabolism.[4] 

Alternatively, in vitro models have been established to begin to dissect the 

underlying molecular mechanisms of neurologic diseases and/or to discover potential 

pharmacological targets by overcoming limitations of in vivo and ex vivo models.[6] 

Despite their simplicity, in vitro models allow researchers to study the role of isolated 

cells of one particular type in a controlled environment that simulates the disease, 

which allows for facilitated screening of potential drugs. In vitro models using patient-

derived cells further demonstrate their significant utility in studying neurological 

diseases as recent studies discovered a strong contribution of genetics to several of 

these diseases that were traditionally considered as non-genetic diseases such as MS.[7] 

Still, many of these in vitro models are limited to a single cell type, failing to accurately 

account for significant cell-cell interactions, for example, myelination of neurons by glial 

cells, which are crucial for nerve physiology. To this effect, several studies have 

attempted to develop in vitro models that address such cell-cell interactions by co-

culturing different cell phenotypes.[8, 9] Although they showed cell-cell interactions, the 

cellular structure was limited to two-dimension, failing to resemble the sophisticated 

structures of the native tissues, i.e., the 3D network of nerves in the brain or the native 

aligned bundles of nerve tracts in the spinal cord. 
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With regard to the morphological characteristics of the cell culture substrate, 

studies have shown that unidirectional grooves promote cellular alignment of neurons 

and subsequent neurite elongation, a physical marker for neurogenesis.[10] Due to the 

innate electrical properties of the nervous system, another controllable in vitro factor is 

that of electrical stimulation as an exogenous stimulating factor which has also been 

shown to enhance neurogenesis from neural stem cells. However, many of these 

techniques require the use of conducting substrates which can interfere with innate 

nerve signal transduction during experimentation. 

In this regard, piezoelectric materials provide a means to electrically stimulate 

the cells without interfering with innate signal transduction. Piezoelectric materials 

generate surface potentials under dynamic mechanical strain while simultaneously 

remaining electric insulators under static conditions. By the direct piezoelectric effect, 

the materials induce an electric charge separation at their surface in response to 

mechanical deformation (tension or compression), providing a means to produce 

electric potentials without the need of an external electric source. As we have recently 

shown, electrospinning is advantageous in producing high performance piezoelectric 

polymers because the technique intrinsically subjects the polymers to a high electric 

field, enhancing their piezoelectric properties.[11, 12] Furthermore, electrospinning has 

the capability of producing an aligned fibrous structure that resembles native ECM and 

which can guide unidirectional cellular orientation as found in spinal nerves.  
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In this study, electrospun P(VDF-TrFE) nanofibers were employed as a cell culture 

scaffold for mouse neural stem cells (NSCs). An acoustic mechanical stimulation was 

used to remotely activate the piezoelectric effect of these scaffolds to induce an 

electrical stimulation on the NSCs to enhance their differentiation capacity. The multi-

phenotypic differentiation towards the neuron and glial cells (oligodendrocytes and 

astroctyes) was assessed by changes in gene expression and difference in protein 

expression. By utilizing a heat-inactivated control scaffold composed of PVDF 

nanofibers, we demonstrate that the electrical stimulation resulting from the 

piezoelectric effect of the scaffold is the main factor affecting the differentiation of NSCs 

towards all three phenotypes. 

 

5.2 Experimental 

5.2.1. Synthesis and morphological characterization of P(VDF-TrFE) scaffolds 

Nanofibrous scaffolds of P(VDF-TrFE) were electrospun from a 11.5 wt.% P(VDF-

TrFE) (Solvay Group, France) dissolved in a 60/40 volume ratio of dimethylformamide 

(DMF, Sigma Aldrich, St. Louis, MO) to acetone (Fisher Scientific, Pittsburgh, PA) solvent 

system, with the addition of 1.5 wt.% pyridinium formate (PF) buffer (Sigma Aldrich). 

The solution was magnetically stirred at 1200 rpm for 3 hr at room temperature until 

the solution turned clear. As a non-piezoelectric control, a solution of 13.5 wt.% of PVDF 

dissolved in the same DMF/acetone/PF solvent system was created. Each solution was 
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electrospun under optimized conditions of electrospinning distance (10 cm), applied 

voltage (approximately -15 to -20 kV) and solution feed rate (6 ml hr-1) at 23 °C and an 

absolute humidity of approximately 7.6 g m-3.  The formed fibers were collected onto a 

high-speed, grounded mandrel rotating at an angular velocity of 47.9 m s-1 for four 

hours to yield scaffolds of aligned fibers having a thickness of approximately 200 µm. 

The P(VDF-TrFE) scaffolds were subsequently annealed at 90 °C for 24 hours which we 

have previously shown to enhance the piezoelectric properties.  The PVDF fibers were 

thermal treated in a rapid thermal annealing oven (Allwin21 Corp) for precise 

temperature control at 157 °C for 1 hour, to induce the β- to α-phase transition without 

causing the melting of the fibrous structure, and immediately quenched in -20 °C 

ethanol to preserve the non-piezoelectric α-phase.  

 

5.2.2. Piezoelectric characterization of electrospun nanofibers 

A piezoelectric cell culture system, based on 3-D printed acrylonitrile butadiene 

styrene (ABS) chambers (Figure 5.1a), was engineered to contain and apply an non-

contact mechanical stimulation to induce the piezoelectric effect of the nanofibrous 

P(VDF-TrFE) scaffold by the vertical translation of a stage fixed on a subwoofer (Figure 

5.1b). The chambers were designed to be accommodated within a typical 6-well tissue 

culture plate. The subcomponents of the chamber consist of top and bottom mating 

surfaces each with o-rings which serve to both create fixed points for the scaffold and 
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create a mechanical seal when both surfaces are mated with stainless steel screws. The 

cylindrical nature of the chambers allows the suspension of the scaffold thus promoting 

an unrestricted region for the scaffold to deflect in response to the indirect mechanical 

stimulation in an aqueous solution. 

To quantify the voltage generated across the P(VDF-TrFE) scaffolds and absence 

of voltage generated across the control PVDF scaffolds, acellular scaffolds were 

subjected to the acoustic stimulation inside the cell culture system. Scaffolds were cut 

to the dimensions of 45 x 5 mm2. Gold electrodes with the dimension 40 x 4 mm2 were 

sputtered on both sides of the scaffolds (Figure 5.1c,left). A hydrophobic poly(styrene-

block-isobutylene-block-styrene) (SIBS, Sibstar, Kaneka, Pasadena, TX) coating was 

applied, via brush from a 30 wt.% SIBS in toluene (Fisher Scientific, Pittsburgh, PA) 

solution, on top of gold sputtered surfaces to prevent an electrical short circuit. The 

processed scaffold was assembled into the cell culture chamber and 2 mL of DI water 

was added into the center region of the chamber submerging the scaffold. The chamber 

was placed on the vertical translating stage and various magnitudes of strains were 

applied indirectly to the scaffold by driving a 3 Hz step signal via a LabVIEW-controlled 

function generator bridged to the subwoofer by an amplifier (Figure 5.1b). The 

generated voltage across the scaffold was simultaneously measured by an oscilloscope 

(Pico Technologies, St. Neots, UK). The magnitude of applied strain was correlated to the 

matched output voltage generated by our previously designed cantilever system 

(Chapters 2 and 3). 
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5.2.3. Cell culture for mechanical/electrical stimulation 

Following thermal treatment of the P(VDF-TrFE) and PVDF scaffolds, 40 x 5 mm2 

strips of each were prepared and a layer of SIBS coasting was applied to the periphery of 

a 7 mm x 5 mm cell culture area isolated at the center of the pristine scaffold (Figure 

5.1c,right). The scaffolds were centered and bridged across the culture chambers, as 

described for the voltage measurement, and assembled to yield the final piezoelectric 

cell culture system which was gamma irradiated at a dose of 10kGy.[13] After 

sterilization, the cell culture area of each scaffold was pre-wetted with 70% ethanol, 

washed in three changes of PBS, and coated overnight with 20% FBS in DMEM.  

C17.2 neural stem cells (NSCs), derived from the cerebellum of neonatal mouse, 

were cultured in high glucose DMEM, supplemented with 10% FBS (VWR, Radnor, PA), 

5% horse serum (Gibco, Gaithersburg, MD), 1% sodium pyruvate (Gibco), and 1% 

penicillin/streptomycin in a standard 37 °C incubator with 5% CO2. The cells were 

cultured up to 70-80% confluency and media replaced every 3-4 days. Once the cells 

reached confluency, the cells were incubated in 0.05% trypsin EDTA/PBS for 2 min at 37 

°C. The NSCs were seeded onto the sterile scaffolds assembled in the cell culture 

chamber at a seeding density of 1,000 cells cm-2 and the cells were allowed to attach for 

2 hours before filling up the chamber with additional media. During the experiment, the 

cells were maintained in the maintenance media with no additional growth factors. 
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The cells seeded on the P(VDF-TrFE) scaffolds were cultured for 48 hours before 

subjecting them to either mechanical stimulation or maintained statically (i.e., no 

stimulation). The cell-seeded scaffold was actuated on the vertical translating stage at 3 

Hz to apply a surface strain of approximately 0.031%, which was determined to 

generate approximately 200 mVp-p for a 200 μm thick P(VDF-TrFE) scaffold. The scaffold-

cell constructs were either stimulated daily for 2 hr for six days or maintained statically 

with no mechanical/electrical stimulation. After 24 hrs from the last mechanical 

stimulation on the sixth day post pre-culture, cells were subjected to RNA extraction for 

gene expression analysis or fixation by 4% paraformaldehyde (PFA) for protein 

expression analysis.  

 

5.2.4. Gene expression analysis 

The effects of piezoelectric stimulation on NSCs were analyzed by gene expression by 

real-time polymerase chain reaction (RT-PCR). Total RNA was extracted using an RNeasy 

Micro Kit (Qiagen, Valencia, CA), and cDNA synthesis was performed using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA) according to manufacturers’ protocols. Real-time 

PCR was performed to determine the gene expression of phenotypic markers for mouse 

NSCs (Table 5.1). Data were analyzed by the comparative threshold cycle (CT) method 

using GAPDH as an endogenous control.  
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5.2.5. Protein expression analysis 

To characterize the differentiation associated protein expression of NSCs 

towards neuronal or glial cells promoted by piezoelectric stimulation, fixed cells were 

immuno-stained with primary antibody markers specific for either neurons (βIII tubulin, 

Thermo Fisher Scientific, Waltham, MA), oligodendrocytes (MBP, Santa Cruz 

Biotechnology, Dallas, TX), or astrocytes (EAAT2, Santa Cruz Biotechnology) with the 

appropriate secondary mouse binding protein marker (m-IgGκ BP-CFL 488, Santa Cruz 

Biotechnology). The samples were counter-stained with DAPI and phalloidin conjugated 

with Alexa Fluor-594 for visualization of the cell nucleus and actin filament, respectively, 

followed by analysis using immunofluorescence microscopy (Eclipse Ti, Nikon, Melville, 

NY).  

 

5.2.6. Statistical analysis 

Statistical analysis was performed with at least three biologically independent 

samples and represented as an average ± standard deviation (SD) or standard error of 

mean (SEM) as indicated. The data were subjected to ANOVA with Tukey’s post-hoc test 

using the SPSS software (IBM) to determine statistical significance (p < 0.05). 
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5.3 Results and discussion 

5.3.1. Morphological characterization of Aligned P(VDF-TrFE) and PVDF scaffolds  

The microstructure of aligned P(VDF-TrFE) and PVDF nanofibers is shown in 

Figure 5.2a and Figure 5.2b, respectively. The thermal enhancement of P(VDF-TrFE) at 

90 °C and the thermal inactivation of PVDF at 157 °C shows no apparent effect on the 

structure of the scaffolds with the resulting fiber diameter of 476 ± 58 and 502  ± 72 nm, 

respectively. The alignment of the neuronal culture substrate has been shown to 

enhance the extension of neuron axis in in vitro experiments,[14, 15] with the combination 

of aligned microstructure with exogenous electrical stimulation having a synergistic 

effect.[16] Thus, the expected enhancement differentiation enhancement due to the 

preferentially aligned piezoelectric-scaffold with the culture topography can be 

determined by comparing the piezoelectric P(VDF-TrFE) scaffold with the heat-

inactivated PVDF scaffold. 

 

5.3.2. Electrical characterization of P(VDF-TrFE) and PVDF scaffolds 

The electrical characteristics of the scaffolds were measured using the 

piezoelectric cell-culture system equipped with scaffolds having deposited thin gold film 

acting as electrical contact and SIBS coating as insulation (Figure 5.1a and Figure 
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5.1b,top). Activation of the piezoelectric effect of the scaffolds was achieved by applying 

acoustic waves via the vertical translation of the speaker-mounted stage. Under these 

controlled acoustic perturbations, the piezoelectric scaffold produces an electric 

potential across its surface (Figure 5.3a). As a function of applied strain, the peak-to-

peak voltage generated at the surface of the scaffolds shows a linear trend for P(VDF-

TrFE) as the strain is increased (Figure 5.3b). Due to the heat-inactivation, a negligible 

voltage generated is observed for the PVDF scaffold up until 0.031% strain. From 

preliminary testing of NSCs to a similar profile of an externally applied AC voltage source 

(Figure 5.4), a minimum voltage of 150 mVp-p was determined as the necessary 

stimulation to induce a phenotypic change in from NSCs to specialized neuronal and glial 

cells (Figure 5.5-5.7). Thus, a strain of 0.030% to produce approximately 150 mVp-p from 

the P(VDF-TRFE) scaffold and an insignificant voltage of approximately the PVDF scaffold 

was chosen for all subsequent studies herein.  

 

5.3.3. Effect of mechano-electrical stimulation on NSC differentiation via piezoelectric 

scaffolds  

 The effects of electrical stimulation by the piezoelectric effect on the 

differentiation capability of NSCs towards neuronal, oligodendrocyte, or astrocyte cells 

were quantitatively determined by rt-PCR (Figure 5.8). Mature neuron markers, Map2 

and Eno2 (Figure 5.8a and 5.8b, respectively), were downregulated from the PVDF 
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scaffolds but significantly upregulated from the P(VDF-TrFE) scaffolds. The upregulation 

of Eno2 was improved by actuating the piezoelectric scaffold to induce an electrical 

stimulation on the NSCs. These results corroborate with the protein expression of β-III 

tubulin in which the piezoelectric scaffolds showed greater expression and formation of 

longer extended axons indicative of maturing neurons, whereas the inactive PVDF 

scaffold showed less mature neurons (i.e., shorter extended axons) (Figure 5.8c). 

 Oligodendrocyte genes, Olig1 and Mog, were both upregulated in all conditions 

as compared to untreated controls (Figure 5.9a and 5.9b, respectively). The former is 

part of the neural stem cell differentiation pathway and thus expressed in 

oligodendrocyte precursors whereas the latter is expressed on the outermost surface of 

myelin sheaths indicative of more mature oligodendrocytes. Though all conditions 

showed some upregulation of both genes, the fold change within each gene for the 

inactive PVDF scaffolds and static (non-actuated) condition of P(VDF-TrFE) scaffold 

showed no statistical significance, in comparison to the statistically significant higher 

expression of the actuated P(VDF-TrFE), especially for Olig1, indicating that the 

electrically stimulated cells have a better differentiation efficiency for both precursor 

and more mature oligodendrocytes. The protein expression of MBP (myelin basic 

protein) (Figure 5.9c) supports the notion that the higher fold change for the electrically 

stimulated cells, by inducing the piezoelectric effect on the P(VDF-TrFE) scaffolds, 

promotes higher efficiency towards myelinating oligodendrocytes in comparison to the 

other conditions where the fold change is similar in level to the control gene.  
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 In regards to the differentiation of NSCs towards the astrocyte phenotype, Gfap 

and Cspg4 (Figure 5.10a and 5.10b, respectively), also show similar level of slight 

upregulation for both conditions of inactive PVDF scaffolds as well as static P(VDF-TrFE) 

scaffold, though not statistically significant from one another. Again, only the actuated 

P(VDF-TrFE) scaffold producing the electrical stimulation to the cells shows a significant 

upregulation for both genes. Gfap encodes a major filament protein in mature 

astrocytes, allowing the ability to distinguish these cells types from the other glial cell 

types (i.e., oligodendrocytes). In regards to the specific astrocyte cell-type, Cspg4 is 

known to be expressed in reactive astrocytes;[17] i.e., astrocytes involved in the 

phagocytosis of synapses, secretion of specific neurotrophins, and clearance of debris 

and dead cells, following injury to the central nervous system (CNS).[18] It has been 

thought that some of these reactive astrocytes prevent full axon regeneration in the 

CNS following injury. However, recently it has been shown that the same scar-forming 

astrocytes also express multiple axon-growth-supporting molecules as well as the CSPG4 

gene necessary for axons regeneration.[19] As expected, the expression of EAAT2, an 

astrocyte marker, at the protein level was observed only in the actuated piezoelectric 

P(VDF-TrFE) condition (Figure 5.10c). Thus a higher level of expression of these genes, 

together with the neuron and oligodendrocyte gene expression, shows that the 

activated piezoelectric scaffold allows for the co-differentiation of NSCs towards all 

neuronal cell types. More specifically the remote activated piezoelectric scaffold 
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promotes the production of mature, elongated neurons in the presence of myelinating 

oligodendrocytes and axon-regeneration promoting astrocytes.   

 

5.4 Conclusion 

 In summary, a piezoelectric scaffold system capable of electrically stimulating 

cells without any physical connections has been developed to enable multi-phenotypic 

differentiation of NSCs in culture. To decouple the effects of the electrical stimulation 

and the mechanical stimulation needed to induce such an electrical stimulation through 

the piezoelectric effect, a heat-inactivated PVDF scaffold was also produced which 

produced negligible amount of electrical stimulation. Using our piezoelectric cell culture 

system, we show that the electrical stimulation promotes the differentiation of NSCs 

towards neuron, oligodendrocyte, and astrocyte cell types. Moreover, the maturity level 

of each cell type is enhanced with this scaffold in comparison to a static P(VDF-TrFE) 

scaffold or heat-inactivated PVDF scaffolds. We show that the resulting glial cells are 

phenotypes supportive of axon growth and elongation. Thus, this platform offers the 

capability of producing functioning neuronal cells for in vitro disease models 

encompassing all neural cell types.  
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5.5 Tables and figures 

 

 

Table 5.1 Primer sets for mouse NSCs used in rt-PCR analysis. 
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Figure 5.1 Piezoelectric cell-culture system. 

(a) Exploded schematic showing the components of the cell culture system. (b) 

Schematic of the system used to actuate the scaffolds by translating a stage vertically 

with a subwoofer. (c) Scaffold preparation method for the electrical characterization of 

the scaffold (left) and use as a cell culture scaffold (right).  
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Figure 5.2 Morphology of aligned scaffolds. 

Scanning electron micrographs of electrospun fibers of P(VDF-TrFE) (a) and heat-

inactivated PVDF (b). (Scale bar = 5µm). 
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Figure 5.3 Electrical characterization of electrospun scaffolds. 

(a) Representative raw voltage output of P(VDF-TrFE) and heat-inactivated PVDF 

scaffolds at 0.030% strain. (b) Voltage versus strain graph of P(VDF-TrFE) and inactive 

PVDF scaffolds. 
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Figure 5.4 Direct electrical stimulation cell culture device. 

(a) Schematic of cell culture device used to deliver a direct electrical stimulation using 

an AC voltage of either 0, 100, 150, or 200 mVp-p. (b) Optical image of cell culture device 

in a 12-well plate format. 
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Figure 5.5 β-III tubulin protein expression of NSCs cultured on scaffolds with direct 

electrical stimulation. 

Immunofluorescence images of cells exposed to 0 (a), 100 (b), 150 (c), or 200 mVp-p (d). 

Magnification 4x.  
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Figure 5.6 Gfap protein expression of NSCs cultured on scaffolds with direct electrical 

stimulation. 

Immunofluorescence images of cells exposed to 0 (a),100 (b), 150 (c), or 200 mVp-p (d). 

Magnification 4x.  
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Figure 5.7 O4 protein expression of NSCs cultured on scaffolds with direct electrical 

stimulation. 

Immunofluorescence images of cells exposed to 0 (a), 100 (b), 150 (c), or 200 mVp-p (d). 

Magnification 4x.  
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6. A piezoelectric scaffold-based device for modulating the dynamic mechanical 

microenvironment of the cells  

 

6.1 Introduction 

The derivation of human iPSCs from adult somatic cells has significantly increased 

the possibility of using pluripotent stem cells in personalized clinical applications.[1] 

However, the high risks of oncogenicity and teratoma formation in vivo still limits their 

therapeutic usage.[2, 3] Among various strategies to reduce the risks, differentiation of 

iPSCs into a required cell type prior to their implantation may limit the adverse effects. 

For example, the feasibility of using iPSCs in cartilage repair in a cartilage explant model 

has been shown by differentiating the cells to chondrocytes by BMP-4 and 

dexamethasone, followed by cell sorting.[4] However, the differentiation efficiency was 

low at approximately 10%. In this regard, development of efficient methods for 

phenotype-specific differentiation is critical for facile clinical applications of pluripotent 

stem cells in regenerative medicine. 

Recent advances of our understanding in developmental molecular biology have 

inspired directed stem cell differentiation schemes by sequential supplementation of 

biomolecules, mimicking the transient changes of endogenous growth factors/cytokines 

during embryo development. Several studies have successfully directed pluripotent stem 

cells into various types of cells, but often resulted in low differentiation efficiencies which 
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may limit translational applications.[5-7] Among many environmental factors, the 

mechanical microenvironment of pluri- and multi-potent cells has shown to be a 

significant contributor in cell function and cell feedback interaction with their 

environment.[8-10] Examples of current techniques of manipulating the mechanical 

microenvironment of cells include variably compliant polyacrylamide gels, [8] cell-

encapsulating three-dimensional hydrogel matrices,[10] or geometrically distinct 

substrates.[11] Interestingly, the aforementioned studies may also indicate that a specific 

stiffness of substrate is necessary for efficient differentiation. More importantly, a recent 

study showed that there’s a specific substrate stiffness for enhanced differentiation in a 

lineage- and phenotype-specific manner. The efficiency of differentiation partly depends 

on the colony morphology that governs cell-cell interactions and cellular adhesion to 

substrates.[12, 13] Although there is mounting evidence that the mechanical 

microenvironment of stem cells significantly influences differentiation through the 

regulation of cell morphology and adhesion, understanding in how the changes of the 

mechanical niche over the course of stage-wise differentiation process is still elusive. 

One of the obstacles to investigate the effect of the mechanical environment on 

the stage-dependent differentiation/development of stem cells is the lack of appropriate 

substrates that can alter their mechanical properties in real time. Unfortunately, multiple 

studies have focused on the effects of varying mechanical properties on cell behavior and 

fate by utilizing multiple separate substrates which involves the use of proteolytic 

enzymes to detach cells from the substrate. This constant perturbation on cells in culture 
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has been shown to have a negative effect on cells, leading to apoptosis and cell loss. 

Therefore, a biocompatible scaffold enabling real-time manipulation of its mechanical 

microenvironment is critical in order eliminate the need for multiple scaffolds to enhance 

differentiation.  

In this regard, piezoelectric poly(vinylidene fluoride) (P(VDF)) or its derivatives 

including poly(vinylidene fluoride)-trifluoroethylene (P(VDF-TrFE)) has the ability to 

respond mechanically to an external electric field (the indirect piezoelectric effect) 

making it an ideal candidate to serve as the basis of such a mechano-modulating scaffold. 

Several studies have demonstrated that the electrospinning process promotes the 

formation of functionally enhanced form of P(VDF-TrFE), including our previous studies 

where tunability of its piezoelectric properties via optimizing electrospinning parameters 

has been shown.[14, 15] Furthermore, electrospinning produces unwoven nanofibrous 

morphology, resembling that of native extracellular matrix.[16, 17] Typically these fibrous 

networks of P(VDF-TrFE) are used in energy applications utilizing the direct piezoelectric 

effect with only select studies showing single nanofibers responding to an external 

electric field through the inverse piezoelectric effect.[18-20] The capability of using P(VDF-

TrFE) nanofibers as a culture substrate has been shown, however only in studies using the 

material for its intrinsically charged surface.[21, 22]  

 Thus, the current lack of a controllable dynamic cell culture substrate for guiding 

stem cell differentiation has motivated the work presented herein. Governed by the goal 
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of controlling the cellular mechanical microenvironment through the indirect 

piezoelectric effect, we utilize electrospun synthesized P(VDF-TrFE) nanofibers as the 

primary culture substrate while developing a system to control their stiffness on-demand. 

Driving the indirect piezoelectric effect is the focus of the design, fabrication, and 

validation of a microfabricated electrode array which controls the mechanical properties 

of overlaying P(VDF-TrFE) scaffold. 

 

6.2 Experimental  

6.2.1. Piezoelectric scaffold synthesis and device integration 

A 15 wt.% P(VDF-TrFE) (70/30 mol%) (Solvay Group, France) dissolved in a 60/40 

volume ratio of N,N-dimethylformamide (DMF) (Fisher Scientific, Pittsburgh, PA) and 

acetone (THF) (Fisher Scientific, Pittsburgh, PA), supplemented with 1.5 wt.% pyridinium 

formate (PF) buffer (Sigma-Aldrich, St. Louis, MO) was used as the electrospinning 

solution. The solution was electrospun under optimized conditions of a needle-to-

collector distance of 20 cm, an applied voltage of approximately -15 kV, and a solution 

feed rate at 0.5 ml hr-1 for 3 hours at 23 °C and an absolute humidity of approximately 7.6 

g m-3.  
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6.2.2 Indirect piezoelectric response measurement by atomic force microscopy (AFM) 

All assembled samples and devices tested for the indirect piezoelectric response 

were measured by AFM in a similar manner. Briefly, an AFM (MFP-3D, Asylum Research, 

Santa Barbara, CA) in contact force mode was utilized to probe the intrinsic mechanical 

properties and dynamic changes in fiber deflection in response to an applied electric field. 

Due to the porosity of the fibrous mesh, a modified cantilever equipped with a 20 µm-

diameter borosilicate bead was used to survey the network of fibers. In this mode, a total 

of five force curves were collected for which the Hertz Model, 

 
𝐸∗ = [

3

4√𝑅
]

𝐹

√𝛿
3  (6.1) 

 

was fitted to extract the Reduced Young’s Modulus (E*) of the sample, where R is radius 

of the bead probe, F is the applied force, and δ is the indentation. Subsequently, a 

modified version of a force measurement was executed by conducting a dwelling period 

of the AFM probe on the fiber mat at a fixed force for a fixed amount of time. During the 

dwelling period, an external electric field was applied and the indentation of the fibers 

was detected by a force feedback loop of the AFM probe. Each sequence of indentation 

was recorded, and added to the original indentation value which was used to find the 
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intrinsic Reduced Young’s Modulus, for a change in Reduced Young’s Modulus as a 

function of applied electric field over time such that, 

 
𝐸(𝑉)∗ = [

3

4√𝑅
]

𝐹

√𝛿 + 𝛿(𝑉)3
 (6.2) 

 

6.2.3. Microfabrication of passivated electrode substrate and final device assembly 

A glass wafer (Corning EAGLE XG wafer 100 mm diameter x 0.5mm thick, 

Corning, NY) was used as the base substrate for all the subsequent microfabrication 

processes (Figure 6.1). All patterns described herein were transferred to the glass via 

photolithography. After developing and checking for a defect free pattern transfer, a 10 

nm adhesion layer of titanium was deposited by electron beam evaporation, followed 

by a 90 nm thick gold layer as the final electrode. Lift-off of the metallized photoresist 

was conducted and checked to ensure a clean substrate, free of electrical contact 

between interdigitated electrodes. 

 For the preliminary testing of the piezoelectric response, the 15 wt.% P(VDF-

TrFE) solution described in section 6.2.1. was electrospun directly onto diced glass 

having a parallel electrode pattern with a separation distance between electrodes of 

150 µm (Top pattern in Masks box of Figure 6.1). The fibers were anchored in the area 

immediately outside of the electrode pattern by UV-curable resin. 
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The process described from this point applies only to the optimized electrode 

pattern (Bottom pattern in Masks box of Figure 6.1 and described in section 6.2.4). Before 

depositing the biocompatible passivation layer, Parylene-C, a silanization process of 3-

(Trimethoxysilyl)propyl methacrylate (A-174) was carried out on the glass/electrodes as 

an adhesion promoter for parylene.[23, 24] Briefly, a bath of 100:100:1 parts 

water:isopropanol alcohol(IPA):A-174 was prepared the day prior. After submerging the 

patterned wafer in the bath for 30 minutes the wafer was removed and allowed to air dry 

for 30 minutes. Following the initial coating, the wafer was washed of excess A-174 by 

submerging in pure IPA for 30 seconds with agitation. The wafer was then dried with N2 

and immediately coated with a 3 µm thick layer of Parylene C by chemical vapor 

deposition at room temperature to ensure a pinhole-free conformal coating. Contact 

pads covered by the parylene coating were exposed first by depositing a sacrificial layer 

of photoresist, by pattern transfer (area of contact pads did not have photoresist). The 

exposed parylene was etched by dry reactive etching with CH4 gas while the rest of the 

device was protected from etching by the photoresist layer. After confirming the 

successful exposure of the contact pads, the sacrificial photoresist was washed with 

acetone leaving a fully passivated circular interdigitated electrode array with exposed 

contact pads.  

 To allow more space for fiber deflection, a fiber layer riser was transferred to the 

final electrode device. Briefly, a sacrificial layer of photoresist was spin coated on a glass 

wafer. A two-part polydimethylsiloxane (PDMS) was mixed at a 10:1 ratio then spin 
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coated on top of the photoresist at 6000 rpm for 120 seconds to achieve a thickness of 

approximately 10 µm. Using a 6 mm biopsy punch and scalpel, the raiser was cut to 

accommodate the underlying electrode pattern and lifted-off by wetting the photoresist 

with isopropanol to achieve a riser as shown in Figure 6.1l.  

P(VDF-TrFE) nanofibers were assembled to the microfabricated electrode device 

via two methods . The first was the direct collection onto the device with the PDMS riser. 

The second was conducted by having a wire frame collector that allowed for a collection 

of fibers suspended across the frame. These fibers were then transferred to the device 

with riser and adhered around the perimeter of the device with UV-curable resin. The two 

separate methods will be described in the discussion section 6.3.3. 

 

6.2.4. Model simulation of optimum electrode dimensions driven by design of experiment 

All modeling and simulation was conducted in COMSOL Multiphysics in the 

AC/DC module. A schematic representation of the model is shown in Figure 6.2. A glass 

substrate of an arbitrary thickness of 1µm was used as the electrode substrate. The 

electrodes were modeled as empty boundaries with a thickness of 100 nm. This 

thickness was chosen as the minimum thickness at the beginning of saturation on a 

resistance versus thickness curve where a thicker electrode would lead to a minimal 

decrease in resistance and an increase in Joule heating due to the relationship of P ∝ 

I2R, where P is the power of heating generated by the current (I) running through a 
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conductor of resistance (R), inversely proportionally to the cross-sectional area of the 

electrode. Since the analysis for optimization considers a normalization with respect to 

the simulated length, an arbitrary number of 8 pairs of electrodes was chosen to reduce 

computational time while still providing a meaningful set of data. A passivation layer of 

parylene was modeled as a 3 µm thick conformal film following the contours of the 

electrode array. A solid boundary, 10 µm thick, representing the porous piezoelectric 

fibrous structure with pore filled media was placed above the parylene and a separate 

solid boundary of an arbitrary thickness representing the pure media on top of the 

piezoelectric material. The interface between the porous piezoelectric material and pure 

media spanning 8 pairs of electrodes was used as the boundary analyzed for the 

generated electric field. The electrical properties of each boundary is presented in Table 

6.1. An arbitrary 5 V was applied to the charged electrode with the other electrodes 

grounded; the electric field is expected to change proportionally to the applied voltage 

thus the chosen 5 V will not affect the optimization analysis. 

The three design factors towards the optimum electrode geometry include the 

electrode width (EW), electrode pair separation (EPS), and electrode pair-pair separation 

(EPPS) (*, †, ‡, respectively in Figure 6.2). Three dependent, full-factorial design of 

experiments (DOEs) were designed around these factors with each subsequent DOE 

designed based on the previous’ results. Table 6.2-6.4 show the lower and upper bounds 

of DOE1, 2, and 3, respectively. The measured responses of all three DOEs was the 
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absolute sum of electric field normalized to the spanning length of the assessed 

electrodes. 

 

6.3 Results and discussion 

6.3.1. Preliminary test of piezoelectric response based on parallel electrodes 

To determine the feasibility of synthesizing mechanically active scaffolds, P(VDF-

TrFE) nanofibers were electrospun on a glass substrate (Figure 6.3a) patterned with 

microfabricated parallel gold electrodes (Figure 6.1a-f). Voltage was applied with a step 

or triangle function from 0 to 70V and fiber network deflection was measured by AFM 

under a constant applied force of 50 nN (Figure 6.3b). The deflection of the nanofiber 

network (or AFM indentation depth change) was positively related to the applied 

voltage (Figure 6.3c), resulting in the inverse relationship (stiffness decreases as applied 

electric field increases) between reduced Young’s modulus and applied electric field 

(Figure 6.3d) calculated from Equation 6.2.  

Though the controllable stiffness range from approximately 85 kPa to 190 kPa is 

a narrower range than what we have previously reported (19 to 313 kPa) as a significant 

influence on enhancing iPSC differentiation efficiency,[25] these results show the 

potential of using piezoelectric based nanofibers as a controllable dynamic cell culture 

scaffold. Yet this current set up, while promising, is limited in two aspects. The first is 

the small effective culture area in between the electrodes (0.015 cm2) which will prove 
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cumbersome in obtaining quantifiable data such as gene expression. Secondly, the 

applied voltage used in this study fails to consider the presence of an aqueous cell 

culture environment. Where the electrolysis of water occurs at 1.23 V, the presence of 

exposed electrodes will pose both a source of direct current and an environment rich in 

hydrogen gas evolution to the cells in culture. Furthermore, it is expected that the 

dielectric difference between air and water (1 and 80, respectively) will lead to a 

substantial decrease in the electric field presented to the nanofibers and thus the 

resulting range in Young’s Modulus.  To address these concerns, an interdigitated radial 

electrode array based on the culture area of a typical 96-well culture plate well was 

designed and optimized through computational simulations to allow for the maximum 

electric field strength at a given applied voltage. Next through a more sophisticated 

microfabrication process, the direct exposure of electrical components of the system 

was passivated from an electrolytic solution to maintain a compatible cell culture 

environment.   

 

6.3.2. Optimum electrode dimensions for final device  

Taking guidance by the criteria set by other similar designs for piezoelectric-

based macro-fiber composite actuators (MFCs),[26, 27] the basis of the first DOE design 

factors were of relatively large electrode widths and separations compared to the 

piezoelectric element thickness. In this regard, our piezoelectric sample with a thickness 
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of approximately 10 µm sets the criteria for a EW of at most 15 µm and EPS of at least 

40 µm. Due to the nature of a DOE, the appropriate trend towards an optimized 

geometry will be revealed as to which criteria is most vital. As the preliminary DOE, we 

set all design factors at the same values to accommodate the criteria of EPS since it 

meets the minimum value (40 µm). The normalized electric field values across the 

fractionated simulated region show distinct profiles for each combination of the three 

factors (Figure 6.4). As the overall electromechanical response of the piezoelectric 

element is proportional to the summation of active, ineffective, and transition zone, the 

absolute electric field summation normalized to the simulated region was used as the 

response for the DOE analysis. The Pareto Chart of Effects indicates that all geometrical 

factors are similarly responsible for the absolute electric field with the EW having a 

slightly smaller effect (Figure 6.5a). Analysis of the Main effects plot (Figure 6.5b), 

reveals that decreasing the EPS, EPPS, and EW values lead towards the greater absolute 

electric field.  

Based on these results, the values for all factors were minimized to similar 

ranges based on the limiting resolution of photolithography at the research level of a 2 

µm feature with the resulting normalized electric field values across the fractionated 

simulated region summarized in Figure 6.6. The Pareto Chart of Effects (Figure 6.7a) and 

the Main effects plot (Figure 6.7b) both reveal that EW has a significant effect on the 

absolute electric field at this range of geometrical parameters. However, the trend lines 
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of EPS, EPPS, and EW in the Main effects plot show that the optimized electrode 

geometry now points to larger geometrical parameters. 

The final DOE design parameters were chosen on two basis. First, DOE 2 showed 

that the EW has the greatest effect on the absolute electric field. Secondly, due to the 

slight vagueness between the design criteria on EW between Beckert & Kreher and 

Bowen et al., (i.e., EW < 1.5x Piezo thickness and EW = 0.5x Piezo thickness) we set our 

final DOE range from 6 to 10 µm. The EPS and EPPS were set to the same design factor 

range and the normalized electric field values across the fractionated simulated region 

determined (Figure 6.8). Again, the EW at this range has the greatest effect on the 

absolute electric field with a trend pointing towards larger values greater than 10 µm 

(Figure 6.9). The EPS and EPPS have similar yet lower significance towards the absolute 

electric field. However, at this range, the factor values for these two factors point 

towards lower values, that is, less than 6 µm.  

Thus, a final parametric sweep (Table 6.5) based on the results accumulated 

from the three DOEs was conducted utilizing the Parametric Sweep function in COMSOL. 

From this a final electrode geometry of an EPS and EPS of 5 µm and EW of 12 µm was 

found to produce the largest absolute electric field normalized to the simulated length 

(Figure 6.10). Interestingly, our results do not align with those found by Bowen et al., 

but do however closely fall in line found by Beckert & Kreher. In the former, the finite 

element was modeled especially for MFCs that have two sets (top and bottom) of 
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interdigitated electrodes for the maximum piezoelectric strain. In the latter, the 

modeling was reduced to half the geometry used for MFC based actuators where only 

one set of interdigitated electrodes is used. Moreover, the design criteria in that study 

was based on the three main regions that are of concern to our design, i.e., active, 

ineffective, and transition zones. More specifically, the optimum EW found in our 

analysis satisfied their criteria of EW < 1.5 Piezo thickness. No specific criteria were set 

for EP in their study, however, our results correlate with their discussion of minimizing 

the separation so that the working voltage can be reduced to produce the same electric 

field values.   

 

6.3.3. Device testing and integration 

  The final electrode chip fabrication achieved through the microfabrication process 

of Figure 6.1a-l is shown in Figure 6.11a with the exposed contact pad and preservation 

of a complete insulation of the remaining working area shown in greater detail in Figure 

6.11b. AFM imaging (Figure 6.11c) shows the conformal nature of the parylene coating 

by maintaining the height profile of the deposited electrodes and glass underneath (i.e., 

∆Height = 100 nm).  

 The passivation performance of the parylene coating was tested using a modified 

IV-test in which a bias was applied to the interdigitated electrodes from 0-20 V while 

measuring the current leakage levels in a drop of electrolyte solution deposited on top of 
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the parylene coating the electrodes. Due to the limitation of the characterization unit, 

only 20 V was applied with a negligible amount of current leakage detected (< 10 nA) 

(Figure 6.12a).  Utilizing a high voltage source, a breakdown voltage of approximately 300 

V was detected by the direct observation of film failure (Figure 6.12b). As a result, a safe 

working voltage up to 250 V can be applied for further testing. 

The working chip with the thin-film PDMS riser is shown in Figure 6.13a;left where 

the white arrows show the outline of the circular opening of the riser. With the 

electrospun nanofibers on the wireframe collector transferred to the assembled device 

(Figure 6.13a;right) observation under SEM of a thin scaffold (Figure 6.13b) shows the 

successful suspension of the fibers due the PDMS riser. The same observation is not 

possible with a thicker scaffold (Figure 6.13c) but due to the technique of assembling the 

scaffold to the final device assembly, we have no reason to believe that the fibers do not 

remain suspended across the entire span of the electrodes. As confirmation, height 

probing of the surface of the fiber mat along the length of the riser (with the fibers in 

contact with the PDMS as our reference point) we noticed a height difference between 

fibers that were electrospun directly onto the device chip with the riser, method 1, versus 

the fiber transfer, method 2 (Figure 6.13d). Since the height profiling was conducted by 

AFM cantilever approach and detect at each point, the slightly erratic positive values for 

method 2 may be due to the attractive forces between the fibers and approaching 

cantilever. Another explanation is that the arbitrary height differences are in line with 

that of the opposite side of the PDMS riser (last point) which may be due to probing of 
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the cantilever of regions with more or less fiber density. However, the patterned dip of 

height values for method 1 show that the fibers collected in this manner were in intimate 

contact (center point) with the parylene surface, thus indicating a non-suspended 

scaffold. 

The final device assembly was tested under AFM to detect the piezoelectric 

response of the P(VDF-TrFE) nanofibers in aqueous conditions at 37 °C. The raw data of 

measured indentation over time in response to an applied voltage shows a magnitude 

dependent response (Figure 6.14a) similar to that observed of the preliminary testing. 

The processed indentation versus applied voltage (Figure 6.14b) was applied to 

Equation 6.2 to yield the resulting change in Reduced Young’s Modulus as a function of 

applied voltage (Figure 6.14c). The electrode device was able to generate a range of 

Reduced Young’s Modulus of 60-170 kPa, a slightly larger range than the preliminary 

data which tested parallel electrodes in air. As mentioned before, a target Modulus 

range of 19-313 kPa allows for significant differences in the differentiation efficiency 

with regard to gene and protein expression analysis. The starting Young’s Modulus of 

170 kPa presented in this work may still have the same implications for gene expression 

as from our previous study since there was a significant difference in fold change for 

both mesendodermal and ectodermal genes between the 20 and 190 kPa scaffolds and 

within error in fold change between 190 and 313 kPa. Protein expression at the 19-190 

kPa range was also qualitatively different for both lineages, though the expression or 

absence of the mesendo- and ecto-dermal markers, respectively, for the 313 kPa 
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scaffold was more apparent. Although the applied voltage difference between the 

preliminary study and optimized study presented here is significant (250 V compared to 

70 V), the effective passivation of electrical charge from the aqueous environment 

should protect the cell culture from ionic flow and hydrogen gas evolution. To at least 

achieve the required 90% decrease in Modulus (190 to 19 kPa) a remaining 25% 

decrease (60 to 17 kPa) must still be realized by the piezoelectric scaffold. Future 

directions can implement a couple of solutions to achieve this goal. First, though we 

limited our applied voltage to 250 V, a thicker parylene coating may allow the working 

voltage to be increased above the current limitation of 300 V. Furthermore, the PDMS 

riser can be reduced to lower the fibers closer to a stronger electric field which is 

present closer to the electrodes. Since the indentation values are in the range of 

hundreds of nanometers, a PDMS thin-film less than the 10 µm film used in this work 

can still achieve the effect we proposed. 

 

6.4 Conclusion 

In summary, motivated by our previous work which showed the influence of 

distinct mechanical properties of the mechanical microenvironment on iPSC 

differentiation efficiency, we designed a mechanically dynamic scaffold based on 

piezoelectric P(VDF-TrFE). We first showed the feasibility of using P(VDF-TrFE) as the 

dynamic scaffold material. Due to the extreme limitations on the preliminary testing, we 
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designed an optimal electrode pattern by way of DOE analysis using computer simulation. 

The pattern was microfabricated and successfully passivated with biocompatible parylene 

coating. The change in the mechanical properties due to the indirect piezoelectric 

response of the P(VDF-TrFE) scaffolds in physiological conditions showed a working range 

of 60-170 kPa. This range may provide insight to the feasibility of using such dynamic 

scaffold for enhancing applications of stem cells, yet further optimization is required for 

truly significant results.  
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6.5 Tables and figures 

 

 

 

 

Table 6.1 Dielectric constant of boundaries used in the design of optimal electrode 

geometry by computer simulation. 

 

  



  

184 
 

 

 

 

Table 6.2 Design of experiment #1. 

Design factors and values used to guide towards the optimum electrode parameters for 

the highest electric field at a fixed voltage. 
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Table 6.3 Design of experiment #2. 

Adjusted design factors and values, based on results from DOE #1, used to guide 

towards the optimum electrode parameters for the highest electric field at a fixed 

voltage. 
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Table 6.4 Design of experiment #3. 

Adjusted design factors and values, based on results from DOE #2, used to guide 

towards the optimum electrode parameters for the highest electric field at a fixed 

voltage. 
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Table 6.5 Fine parametric sweep. 

Values of design factors used for the COMSOL parametric sweep. The boundaries of the 

parameters are set as starting value: increment value: ending value. 
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Figure 6.2 Schematic of geometrical domains for maximal electric field generation. 

COMSOL domain modeling consists of a glass substrate, electrodes, passivation layer, 

media filled porous piezoelectric fibers, and media. The design factors towards 

optimizing the electric field include electrode width (*), electrode pair separation (†), 

and electrode pair-pair separation (‡). 
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Figure 6.3 Piezoelectric responses of electrospun P(VDF-TrFE) nanofibers to applied 

voltages. 

(a) An optical image of the P(VDF-TrFE) nanofibers on top of parallel gold electrodes and 

schematic of AFM testing of piezoelectric response. (b) Fiber deflection measured by 

AFM, under different amplitudes of voltage applied across the electrodes. (c & d) 

Indentation and stiffness of the fibers versus applied voltage plots derived from (b) 

showing a linear relationship between scaffold stiffness and applied electric field 
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Figure 6.4 Absolute electric field strength for design runs in Table 6.1. 

The electric field strength values are taken from the top surface of the fiber domain 

along the region of simulated length spanning across four pairs of electrodes. 
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Figure 6.5 Design of experiment #1 factor analysis on electric field strength. 

(a) Factor influence on electric field strength shows that pair-pair (A) and pair separation 

(B) have equal influence on the electric field generated, with electrode width the least 

influence of the three factors. The interaction between (A) and (B) (i.e., (AB)) has a slight 

influence on electric field while all other interactions are negligible. (b) Trend effect of 

the design factors on electric field strength indicates that a smaller (20 µm) electrode 

pair-pair and pair separation has the largest effect (magnitude of trend line) towards 

maximizing the strength of the electric field. A narrower electrode also has the same 

trend but to a lesser magnitude effect. 
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Figure 6.6 Absolute electric field strength for design runs in Table 6.2. 

The electric field strength values at the top surface of the fiber domain along the region 

of simulated length spanning across four pairs of electrodes. 
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Figure 6.7 Design of experiment #2 factor analysis on electric field strength. 

(a) Factor influence on electric field strength shows that electrode width at this design 

range has the largest influence of the three factors at ~90 %. (b) Trend effect of the 

design factors on electric field strength indicates that a wider (5 µm) electrode width 

has the largest effect (magnitude of trend line) towards maximizing the strength of the 

electric field. Larger electrode separations as this design range also has the same trend 

but to a significantly lesser magnitude. 
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Figure 6.8 Absolute electric field strength for design runs in Table 6.3. 

The electric field strength values at the top surface of the fiber domain along the region 

of simulated length spanning across four pairs of electrodes. 
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Figure 6.9 Design of experiment #3 factor analysis on electric field strength. 

(a) Factor influence on electric field strength shows that electrode width at this final 

design range has the largest influence of the three factors at ~87 %. (b) Trend effect of 

the design factors on electric field strength indicates that a wider (10 µm) electrode 

width has the largest effect (magnitude of trend line) towards maximizing the strength 

of the electric field. Smaller electrode separations, towards 6 µm reveal the opposite 

trend from electrode width to a lesser magnitude. 
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Figure 6.10 Fine parametric sweep of electrode design factors for maximum electric 

field strength. 

All possible combinations of design factors of electrode pair-pair and pair separation 

both between 2-6 µm (increments of 1µm)  and an electrode width between 6-20 µm 

(increments of 1.6 µm)  were simulated to reveal the optimized electrode geometrical 

design of an electrode pair-pair and pair separation of 5 µm and an electrode width of 

~12.2 µm (data point indicated by red arrow). 
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Figure 6.11 Passivated electrode device. 

(a) An optical image of glass wafer having the patterned circular interdigitated 

electrodes that are able to be diced into individual chips or used as a whole for a 96-well 

culture plate. (b). High magnification optical image showing the exposed contact pad 

and full passivation of electrodes with parylene. (c) AFM topographical image showing 

the conformal coating of the parylene on the interdigitated electrodes. 
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Figure 6.12 Passivation testing of parylene coating. 

(a) Leakage current testing of parylene coating from 0-20 V with negligible current (<10 

nA). (b) SEM of film failure after exposure to 300 V applied across the interdigitated 

electrodes. 
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Figure 6.13 Assembly of electrospun piezoelectric scaffold on electrode device. 

Optical images of PDMS riser on microelectrode pattern (a;left) without and (a;right) 

with nanofibers. White arrows in (a;left) show the PDMS riser border around the 

circumference of the microelectrode working area. SEM showing a thin (b) and thick (c) 

scaffold adhered to the device and suspended on PDMS riser; yellow arrows show trace 

of the PDMS riser is located. (d) Height difference comparison of the top layer of the 

P(VDF-TrFE) scaffold across the PDMS riser between method 1 of direct electrospinning 

onto the electrode device and method 2 of fiber transfer to the electrode device. 
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Figure 6.14 Electromechanical response with applied voltage of P(VDF-TrFE) measured 

by AFM and correlated to Reduced Young’s Modulus. 

(a) AFM tip indentation over time driven by an applied voltage from 250-0 V, correlated 

to the electromechanical response of P(VDF-TrFE) nanofibers; inset shows a schematic 

of the indentation response (red arrow) with an applied voltage. (b) Indentation vs 

voltage trend showing a direct correlation. (c) Reduced Young’s Modulus versus voltage 

calculated by Equation 6.2. 
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7. Conclusion 

 

The aim of this work was to develop and utilize piezoelectric scaffold systems to 

modulate the physical and/or chemical microenvironment of cells to enhance cellular and 

regenerative behaviors. The appearance of piezoelectricity or phenomena associated 

with it (e.g., electrical stimulation) was the motivating factor for the work presented in 

this dissertation which utilized engineered piezoelectric P(VDF-TrFE) scaffolds for various 

applications. More specifically, the fundamental properties influencing the piezoelectric 

performance of electrospun P(VDF-TrFE) fibers were varied by electrospinning fibers at 

various diameters. We found that above 100 nm in fiber diameter, the electroactive phase 

content and degree of crystallinity were correlated to the piezoelectric coefficient, d33. At 

a smaller scale (30 nm) the observed transformative enhancement of d33 was governed 

by the synergistic effects of flexoelectricity and preferential domain alignment due to the 

synthesis of the material at this scale and a proper thermal treatment, respectively. With 

these methods of tuning the piezoelectric properties, scaffolds or membranes were 

tailored for specific applications. One application shown was the acoustic-stimulus 

responsive piezoelectric membrane for a controlled delivery system. In this system, the 

amount of drug released was shown to be controllable by utilizing different fiber 

diameters, adjusting the strength of the applied acoustic stimulation, or changing the 

dosage number of applied stimulation. The feasibility of this system was exemplified in 

an in vivo model of a rat carcass for superficial- and deep-tissue applications. The second 

application consisted of utilizing aligned scaffolds, composed of approximately 500 nm in 
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diameter P(VDF-TrFE), in conjunction with a custom-made piezoelectric culture chamber 

to serve as a culture system for mouse neural stem cells (NSCs). Specifically, the 

differentiation capacity of NSCs towards neuron, oligodendrocyte, or astrocyte cell types 

was enhanced on actuated piezoelectric scaffolds delivering an electrical stimulation to 

the cells. The implication for this study is the ability to differentiate NSCs towards the 

three main neuronal cell types as a co-culture by utilizing actuated piezoelectric scaffolds 

for disease in vitro models. The final application shown was the development of a culture 

system consisting of P(VDF-TrFE) nanofibers with the ability to change the stiffness of the 

cellular microenvironment on-demand. For this, interdigitated microelectrodes were 

designed and microfabricated to serve as the source of external electric field driving the 

indirect piezoelectric effect on the P(VDF-TrFE) scaffold. The achievable range of stiffness 

change was in a range previously shown to have some effect on the differentiation 

efficiency of induced pluripotent stem cells, however, further optimization for this system 

is needed for truly significant results.  

Through the exemplified applications presented in this dissertation the 

technologies expandability has been demonstrated. In regard to these examples, the 

future direction for the drug delivery system would be to first devise a cell-culture 

experiment utilizing the membranes as molecule loaded scaffolds. Similar to the way the 

scaffold were stimulated for the NSC differentiation application, the use of these 

membranes to both release and stimulate cells in culture is an attractive combination for 

either neuronal cells or bone forming cells since bone has been shown to be piezoelectric 
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in nature. Moreover, surface functionalization of the negative zeta potential membrane 

to transform it into a positive surface will allow for the use of anionic drug molecules. 

Exploring the release kinetics and their dependence on stimulation frequency and profile 

will also prove useful for further developing a fully tunable drug delivery system. For the 

NSC differentiation application, a longer culture period of applied stimulation is necessary 

to study the development of the cells to a nerve tissue-like model. Moreover, the use of 

this scaffold has been proposed to be used as a nerve guiding conduit for nerve 

regeneration. Finally, as mentioned, the dynamic-stiffness scaffold application needs 

further optimization to find the appropriate processing conditions to increase the range 

of achievable change in stiffness. Moreover, the studies driving the basis of this 

application may not be of the optimum range as well. Thus, exploring different ranges of 

stiffness may prove this application to be worthy as it has been presented in this 

dissertation. Thus, the future directions are manifold regarding the way this system may 

be used for other bioengineering applications.  
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APPENDIX A. SUPPLEMENTARY INFORMATION: Size-dependent piezoelectric and 

mechanical properties of electrospun P(VDF-TrFE) nanofibers 

A.1 Figures 

 

 

 

Figure App.A1. Fiber diameter and bead density with respect to design parameters. 

Resulting fiber diameter distribution of DOE1: 15 wt.% P(VDF-TrFE) solution with 0 wt.% 

(a) and 1 wt.% (b) PF, 7 wt.% P(VDF-TrFE) solution with 0 wt.% (c) and 1 wt.% (d) PF, and 

midpoint 11 wt.% P(VDF-TrFE) solution with 0.5 wt.% PF(e). Fiber diameter (f) and bead 

density (g) vs design parameters, P(VDF-TrFE( concentration (15,11, and 7 wt.%) and PF 

concentration (0, 0.5, and 1 wt.%) (n=30). 
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Figure App.A2. Fiber diameter and bead density with respect to design parameters. 

Resulting fiber diameter distribution of DOE2:  7 wt.% P(VDF-TrFE) solution with 1 wt.% 

(a) and 1.5 wt.% (b) PF, 2 wt.% P(VDF-TrFE) solution with 1 wt.% (c) and 1.5 wt.% (d) PF, 

and midpoint 4.5 wt.% P(VDF-TrFE) solution with 1.25 wt.% PF (e). Fiber diameter (a) 

and bead density (b) vs design parameters, P(VDF-TrFE) concentration (7, 4.5, and 2 

wt.%) and PF concentration (1, 1.25, and 1.5 wt.%) (n=30). 
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Figure App.A3. Representative voltage generation from electrospun P(VDF-TrFE) 

nanofiber mats composed of various average fiber diameters. Voltage output of the 

mats composed of average fiber diameters of 90 (a-d), 166 (e-h), 242 (i-l), and 859 nm 

(m-p) by surface strain of 0.03% (a,e,i,m), to 0.06% (b,f,j,n), to 0.13% (c,g,k,o), to 0.18% 

(d,h,l,p) at 10 Hz. 
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Figure App.A4. Representative voltage generation from electrospun P(VDF-TrFE) 
nanofiber mats composed of various average fiber diameters across varied total 
resistances. Voltage output of the mats composed of average fiber diameters of 90 (a‐f), 
166 (g‐l), 242 (m‐r), and 859 nm (s‐x) under different total circuit resistances of 0.48 
(a,g,m,s), 0.91 (b,h,n,t), 1.67 (c,i,o,u), 3.33 (d,j,p,v), 6.88 (e,k,q,w), and 10 MΩ (f,l,r,x).  
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Figure App.A5. (a) Peak-to-peak voltage, (b) total peak-to-peak total current, and (c) 
peak-to-peak power of electrospun P(VDF-TrFE) nanofiber mats composed of various 
average fiber diameters. 0.18% of strain was applied at 10 H
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Figure App.A6. FTIR and XRD spectra analysis of electrospun P(VDF-TrFE) nanofibers 
having various fiber diameters. Representative (a) FTIR and (b) XRD spectra of 
electrospun P(VDF-TrFE) fibers having different average fiber diameters. Representative 
spectra of drop casted P(VDF-TrFE) thin film are also shown. (c) A representative FTIR 
spectrum with peak assignment for the α- and electroactive phases at 764 and 841 cm-1, 
respectively. (d) An example of peak deconvolution of a representative XRD spectrum.  
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APPENDIX B. SUPPLEMENTARY INFORMAITON: Transformative Piezoelectric 

Enhancement of P(VDF-TrFE) Synergistically Driven by Nanoscale Dimensional 

Reduction and Thermal Treatment 

B.1. Optimization of P(VDF-TrFE) electrospinning conditions, tables, and figures 

A systematic study of solution tuning including solution conductivity, viscosity, and 

surface tension was conducted to produce electrospun P(VDF-TrFE) nanofibers with the 

smallest possible fiber diameter. As a preliminary study, the optimal concentration of salt 

(pyridinium formate (PF) buffer) to control conductivity of the electrospinning solution 

was determined; to produce fiber sizes below 100 nm in a DMF/acetone (60/40 vol/vol) 

solvent system, a maximum of 1.5 wt.% PF, above which electrospraying was exhibited, 

was determined to increase the conductivity of the solution within an electrospinnable 

range. Next, to determine optimal factors for viscosity and surface tension, a two-

parameter experiment was designed, where the concentration of pyridinium formate (PF) 

buffer was maintained at 1.5 wt.% in the DMF/acetone solvent system while varying the 

P(VDF-TrFE) and surfactant (BYK-377)[28] concentrations from 1-2 wt.% and 0.0-0.1 wt.%, 

respectively. The conductivity of the solutions do not significantly change by varying 

either P(VDF-TrFE) or BYK-377 concentration. The solution flow rate through a 25-gauge 

needle at 0.5 ml hr-1 and collector distance of 20 cm were kept constant for this and all 

subsequent experiments, and the applied voltage was adjusted from solution to solution 

(approx., -15 kV for the solutions tested in this experiment), to maintain the most stable 
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Taylor cone. The environmental conditions for this and all subsequent experiments were 

kept at 23 °C and an absolute humidity of 7.6 g m-3. Characterization of the resulting fiber 

morphology was conducted by SEM (Figure App. B1a-e). The fiber diameter as a function 

of both design parameters shows no distinct trend, mainly due to the lack of fiber 

formation at low concentrations of P(VDF-TrFE) (Figure App. B 1f). Bead density exhibits 

the expected trend of bead reduction at higher concentrations of P(VDF-TrFE) (Figure 

App. B 1g). Taken together, there is a significant decrease in fiber diameter at the 

midpoint of each design parameter (i.e., 1.5 wt.% P(VDF-TrFE) and 0.05 wt.% BYK), as well 

as a significant bead reduction at the same point with an average fiber diameter of 45 nm 

and bead density of 43,000 beads per mm2.  
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 (a-e) Fiber morphologies of corresponding solution from design parameters ((a) 1 wt.% 

P(VDF-TrFE)/0 wt.% BYK-377, (b) 1/0.1, (c) 2/0, (d) 2/1, and (e) 1.5/0.05 (scale bar = 2 

µm)). Quantification of (f) fiber diameter and (g) bead density as a function of design 

parameters. 
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Subsequently, a new experiment to tune the proper concentration of P(VDF-TrFE) was 

conducted with concentrations of 1.5, 1.4, 1.2, 1.1 and 1.0 wt.% with 1.5 wt.% PF in the 

DMF/acetone solvent system, while maintaining the BYK-377 concentration at 0.05 wt.% 

determined from the previous experiment. The resulting fiber morphologies are shown 

in Figure App. B2a-f with arrows in Figure App. B2d-f indicating the presence of a thin 

film morphology due to unstable electrospinning and solution droplet deposition. Figure 

App. B2g-j show the fiber diameter distribution and average diameter of each solution 

except for 1.1 and 1.0 wt.% P(VDF-TrFE) for which thin film formation was observed. 

Figure App. B2k shows the effect of P(VDF-TrFE) concentration on bead density. From 

these results, 1.3 wt.%, which resulted in 28 nm average diameter fibers with a bead 

density of 62,300 beads per mm2 and slight signs of film morphology, was utilized for 

further optimization in the next experiments.   
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Electrospun P(VDF-TrFE) with various solution concentration between 1.5 and 1.0 

wt.% to optimize the synthesis of the smallest fibers without defects. SEM images of 

(a) 1.5, (b) 1.4, (c) 1.3, (d) 1.2, (e) 1.1, and (f) 1.0 wt.% P(VDF-TrFE) (scale bar = 3 µm). 
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Corresponding fiber diameter distribution of (g) 1.5, (h) 1.4, (i) 1.3, and (j) 1.2 wt.% 

P(VDF-TrFE) and bead density as a function of P(VDF-TrFE) concentration (k). 

Although it has been shown that utilizing solvents with dielectric constants (ε) of 

>19 prevents the formation of beads on nanofibers >500 nm, such solutions using 

solvents with high dielectric values require greater applied voltages to achieve a stable 

Taylor Cone.[29] The initial solvent system used in this study, composed of DMF (ε=36.7) 

and acetone (ε=20.7), requires a high and narrow voltage range to maintain a stable 

Taylor Cone due to the high dielectric constants. The presence of film morphology (Figure 

App. B2c) likely indicates that the solution requires fine adjustments to prevent solution 

droplet deposition. Tetrahydrofuran (THF) is a partial solvent of PVDF polymers that has 

a low dielectric constant (ε=7.6) which can potentially stabilize the electrospinning 

process. Figure App. B3a shows the fiber morphology from an electrospun solution of 1.3 

wt.% P(VDF-TrFE), 1.5 wt.% PF and 0.05 wt.% BYK-377 in THF, replacing DMF/acetone. 

The fiber size distribution in Figure App. B3b shows that the solution properties still allow 

for the formation of small fibers even with the low dielectric constant of THF. In spite of 

no film formation, we observe slight bead formation as well as large agglomerates of 

polymer, likely due to the partial solubility of P(VDF-TrFE) in THF.  
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Electrospun P(VDF-TrFE) dissolved in THF. Fiber morphology of electrospun solutions of 

1.3 wt.% P(VDF-TrFE) with 1.5 wt.% PF and 0.05 wt.% BYK-377 in (a) THF (scale bar = 

3µm) and (b) the resulting fiber distribution. 

 

To increase P(VDF-TrFE) solubility in a THF based solution, we investigated an 

additive solvent to promote complete dissolution of P(VDF-TrFE) while synthesizing 

defect-free nanofibers. The use of a Teas solubility graph (Figure App. B4a)[30] predicts 

that utilizing a DMF/THF mixed solvent system drives the solubility of P(VDF-TrFE) closer 

to the fractional solubility parameters associated with PVDF (assumed to be similar for 

P(VDF-TrFE). An electrospinning solution in pure DMF with a close match to the solubility 

parameters of P(VDF-TrFE) resulted in particle deposition likely due to the unstable 

electrospinning (Figure App. B4b). By testing various ratios of DMF/THF, we found that 

an electrospinning solution of 1.3 wt.% P(VDF-TrFE), 1.5 wt.% PF, 0.05 wt.% BYK-377 in a 

50/50 (vol/vol) DMF/THF solvent system produced nanofibers with diameters of 32 ± 5 
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nm (Figure App. B4c), within error of the same solution utilizing pure THF (29 ± 6 nm) 

(Figure App. B4d), without defects. The resulting viscosity, electrical conductivity, and 

surface tension of the solution were 2.7 cP, 30.9 µS cm-1, and 22.6 dynes cm-1, 

respectively. From these systematically designed experiments, we achieved the 

conditions to produce defect-free P(VDF-TrFE) nanofibers in the range of 30 nm diameter.  

 

 

 

 (a) Teas graph showing the relative positions of the fractional solubility parameters of 

DMF and THF to the parameters of PVDF polymer with the connecting line indicating the 
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path of the solvent mixture ratios.  Nanofibers electrospun from 1.3 wt.% P(VDF-TrFE), 

1.5 wt.% PF, and 0.05 wt.% BYK-377 in (b) 100% DMF, (c) 50/50 (vol/vol) DMF/THF, and 

(d) 100% THF solution (Scale bar = 1 µm). 
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Table S1. Lattice constants of 30 and 90 nm average diameter P(VDF-TrFE) nanofibers 

with various thermal treatments. 
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Figure App. B5. A schematic of the cantilever assembly for the measurements of electric 

outputs from electrospun P(VDF-TrFE) nanofiber mats. The setup was modified from our 

previous study.[14] A brass substrate (51 x 16 x 0.100 mm3) was used as the bottom 

electrical contact as an exposed area of the brass measured 47 x 12 mm2, whereas 

polyimide tape was used to seal the rest of the exposed brass substrate around the 

working area (51 x 16 x 0.100 mm3). To promote proper fiber adhesion to the bending 

substrate, a rectangular strip of double sided adhesive copper foil tape with the same 

dimensions as the electrode area of the brass was used. The fiber mat sample (47 x 12 x 

0.015 mm3) was placed on top of the adhesive copper. A separate brass piece was 

completely insulated with polyimide tape and placed on top of the bottom assembly to 

act as the top contact electrode working in capacitive mode. Thin lamination tape was 

used to seal the structure in a conformal manner and soldered leads were placed on the 

top and bottom brass pieces to create the final cantilever assembly. 
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Figure App. B6. Voltage production of nanofiber mat samples. Raw voltage output of 30 

nm average fiber diameter mats which were (a-g) thermal-treated at 23 °C, (h-n) 90 °C, 

and (o-u) 90 nm average fiber diameter mats at 23 °C. These selected plots represent 

applied strains of (a,h,o) 0.02%, (b,i,p) 0.05%, (c,j,q) 0.09%, (d,k,r) 0.14%, (e,l,s) 0.19%, 

(f,m,t) 0.22%, and (g,n,u) 0.26%. 
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Figure App. B7. Peak-to-peak voltage and power across varying total resistances. The 

greatest output voltage and power observed at an open circuit (10 MΩ internal 

resistance) under a moderate applied strain of 0.14%.  
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Figure App. B8. (a) FTIR and (b) XRD spectra of electrospun P(VDF-TrFE) mats composed 

of nanofibers with an average diameter of 30 nm after various heat treatments. The 

data were used to quantify electroactive phase content and degree of crystallinity.   
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Figure App. B9. (a) Electroactive phase content and (b) degree of crystallinity of 

electrospun P(VDF-TrFE) mats composed of nanofibers with an average diameter of 30 

nm as a function of temperature. 
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Figure App. B10. Voltage production of 30 nm average fiber diameter mat samples 

thermal treated at 135 ֯C. These selected plots represent applied strains of (a) 0.02%, (b) 

0.05%, (c) 0.09%, (d) 0.14%, (e) 0.19%, (f) 0.22%, and (g) 0.26% 
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