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Abstract 

Additive manufacturing (AM), or 3D printing of lightweight engineering polymers has  

become a crucial part in the industrial manufacturing process in the past two decades, which allows 

for scalable fabrication of complex geometries with cost and material efficiency. However, 

difficulties have arisen for the AM of high-performance (high-temperature) polymers and 

multifunctional piezoelectric polymers used in aerospace, automotive and electronic industries. 

Existing thermal energy-based AM processes such as material extrusion and powder bed fusion 

have limitations in the quality of produced high-performance polymers due to the huge thermal 

gradient and stress, and they cannot fabricate common piezoelectric polymers with 

thermodynamically unfavorable polar crystalline structures. Therefore, new AM processes can be 

developed to overcome these challenges in high-performance and piezoelectric polymers. 

In this dissertation, a novel solvent-based AM process, termed precipitation printing, is 

developed to enable AM of multiple high-performance engineering and piezoelectric polymers 

with tailorable porosity and mechanical properties. The proposed method utilizes the dissolution 

of a target polymer in a suitable solvent to form a printing solution, and the computer-controlled 

deposition of the printing solution in a non-solvent coagulation bath to induce precipitation and 

solidification of the target polymer and eventually build 3D structures. This precipitation printing 

process has been successfully applied to fabricate high-performance polymeric 3D structures made 

of polysulfone and aramid with exceptional thermal and mechanical properties, and highly 

piezoelectric poly(vinylidene fluoride) as vibration energy harvesters and stress/strain sensors. 

Finally, precipitation printing also plays an integral role in achieving our 3D printed artificial 

feathers with embedded aerodynamic sensing. In summary, precipitation printing provides a new 

concept and a solution to fill a gap in AM of high-performance and multifunctional structures. 
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Chapter 1 Introduction 

 

1.1 Motivation 

Additive manufacturing (AM), also widely known as three-dimensional (3D) printing, is a 

manufacturing process that produces 3D structures by adding materials in layers directly from 

computer-aided design (CAD) [1]. Compared to conventional manufacturing processes, additive 

manufacturing is based on adding materials to form 3D structures instead of subtracting materials 

from existing material stocks. After being first developed in the 1980s, the concept and function 

of AM processes have evolved from rapid prototyping to final product fabrication, and the 

applicable materials have also expanded to polymers, metals, composites, biomaterials, and 

multifunctional materials [1,2]. In particular, with the rapid development of computer and CAD 

technologies, AM has gained significant attention and investment, and its market has grown by 

almost ten times in the last decade (Figure 1.1). Among all types of AM materials, polymers attract 

the most research interest and become the most commercially successful AM material category 

due to their excellent processability, their relatively low-cost AM machine setup, and the capability 

of tailoring final product properties [3]. It has been widely used to produce polymeric structures 

with complex geometries, user-customized shapes, or decorative details that change the design 

frequently, including housings for electronics, glasses frames, shoes, customized automotive parts 

[4], and medical implants [5], where AM can reduce the manufacturing cost for highly complex 

shapes or low-volume production. Standard AM processes for polymers include melting-based 

material extrusion, photocuring-based vat photopolymerization and material jetting, liquid binder-

based binder jetting, laser-based powder bed fusion, and direct energy deposition. Despite the 

variety of existing AM technologies for polymers, currently, most AM-produced parts are made 

of general-purpose grade or some engineering-grade thermoplastics in the polymer pyramid shown 

in Figure 1.2 or photocurable thermosetting resins with similar properties to the engineering-grade 

thermoplastics.  
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Figure 1.1. A) Publication number with keywords “3D printing” and “additive manufacturing” from the year 2000 to 
2022 (data from Web of Science, accessed Dec. 7, 2023). B) Global revenue for additive manufacturing products and 
services from 2008 to 2022 [6]. 

 
Figure 1.2. Pyramid of different grades of polymers. 

Using AM processes like material extrusion and powder bed fusion for the high-

performance grade polymers used in structures, electronics, and aerospace industries is still at the 

research stage. It faces multiple challenges, such as substantial thermal gradients and thermal 

stress. Recently, solvent-based or rheology-based AM processes have emerged as alternatives to 

thermal or laser-based processes for polymers, especially high-performance polymers. Solvated 

thermoplastics, colloidal suspension of polymers, or liquid mixture of polymer precursors can be 

extruded out of a nozzle to form 3D structures, which utilizes either solvent evaporation (in the 

case of solvent cast 3D printing) or simply the rheological property of the printing ink (in the case 

of direct ink writing, DIW) for solidification. Researchers have successfully applied these 
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processes to common AM polymers like polylactic acid (PLA) [7], engineering polymers like 

polysulfone [8], and multifunctional polymer composites [9,10]. Although the solvent-based or 

rheology-based AM processes are currently demonstrated at a laboratory scale and have limitations 

in final structure height, resolution, and printing ink preparation difficulty, the potential of using 

these processes to expand the range of applicable polymers and to improve the printed material 

properties is substantial. 

Another type of polymer that attracts substantial research interest in AM is multifunctional 

polymer, such as piezoelectric polymer. They can be used as sensing components, energy 

harvesting devices, and actuators in electronics and robotics, and the AM of piezoelectric polymers 

can substantially reduce the fabrication complexity of piezoelectric devices. However, due to the 

piezoelectric phase transformation in piezoelectric polymers such as poly(vinylidene fluoride) 

(PVDF), thermal energy-based AM processes are unsuitable for fabricating piezoelectric polymer 

devices. Therefore, new methods can be developed to overcome the challenges of piezoelectric 

polymers in AM. 

In this dissertation, a novel solvent-based AM process, termed precipitation printing, is 

developed to enable AM of multiple engineering and piezoelectric polymers with tailorable 

porosity and mechanical properties. The proposed method utilizes the precipitation of a solvated 

polymer, or a colloidal dispersion of a polymer in a non-solvent coagulation bath to form solidified 

3D structures based on the non-solvent induced phase separation (NIPS) mechanism [11,12]. As a 

result, precipitation printing can fabricate 3D structures made of common engineering polymers, 

high-performance engineering polymers that are difficult to process using existing AM 

technologies, thermally unstable piezoelectric β phase PVDF, thermosetting rubbers, and polymer 

blends. In this chapter, a brief introduction of the existing AM processes for polymers with their 

advantages, limitations, and material selections is provided, which is followed by a literature 

review of high-performance engineering polymers and piezoelectric polymers, as well as the 

current progress and challenges in AM of these materials. Finally, some fundamentals of 

precipitation printing are briefly explained and a dissertation overview is presented. 
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1.2 Additive manufacturing processes for polymers 

1.2.1 Material extrusion 

Material extrusion (MEX) is an AM process that uses heat to extrude thermoplastic 

filaments through a nozzle above the melting point (Tm) for semi-crystalline polymers or the glass 

transition temperature (Tg) for amorphous polymers and selectively deposits the thermoplastic 

layer by layer to form 3D structures [13]. It is also known as fused deposition modeling (FDM) or 

fused filament fabrication (FFF). Due to its simple working mechanism, low cost, and fast 

fabrication speed, most desktop 3D printers for polymers are based on this AM process. A typical 

MEX process in Figure 1.3 includes three main steps: thermoplastic filament melting or softening, 

deposition, and bonding between adjacent paths [14]. First, a thermoplastic filament is fed through 

rollers and heated around the nozzle above Tm or Tg so that its viscosity drops to a level suitable 

for extrusion. The extruded thermoplastic is then cooled down and deposited on the printer bed, 

generally at elevated temperatures, to reduce the first layer of thermal stress. Finally, the deposited 

thermoplastic bonds to the adjacent paths by thermal joining, using the heat transferred from the 

nozzle tip to soften the interfaces between paths or layers for interfacial bonding.  

 
Figure 1.3. A) Material extrusion (MEX) process. B) Illustration of deposited polymer layers and voids formed by 
MEX. 

Despite the previously mentioned advantages, the material selection for MEX is limited to 

low Tm or Tg thermoplastics with low viscosity during extrusion. Common polymers for this 

process include acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polycarbonate (PC), 

polystyrene (PS), polyamide nylon, and thermoplastic polyurethane (TPU), which have Tm or Tg 

below 200 °C [15]. MEX has also been applied to thermoplastic-based fiber-reinforced composites 
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or nanocomposites, like short glass fiber reinforced ABS [16], carbon fiber reinforced ABS [17], 

carbon/glass/Kevlar fiber reinforced nylon [18], graphene-filled PC-ABS [19], iron/ABS and 

copper/ABS composites [20], to improve mechanical properties or allow for multifunctionality. 

Recently, MEX of some high-temperature engineering thermoplastics such as 

polyetheretherketone (PEEK), polyphenylene sulfide (PPS), and polyetherimide (PEI) has also 

been attempted using high-power heaters to generate nozzle temperatures up to 400 °C [21–23]. 

However, the large thermal gradient during printing makes the material extrusion process for high-

temperature polymers no longer as robust as the standard material extrusion process for low Tm or 

Tg thermoplastics. The essential heating process in MEX also restricts it from the application for 

thermally unstable polymers that decompose below Tm or thermodynamically unfavorable polymer 

phases (such as the β phase of neat PVDF [24]). 

During the MEX process, the thermal gradient between the nozzle and printing 

bed/previous layer is the leading cause of defects and challenges. First, the thermal gradient causes 

residual thermal stress in each layer, which can accumulate, eventually leading to warping and 

detachment from the printing bed [25–27]. This phenomenon can be mitigated by heating the 

printing bed, but it becomes more severe when using a higher nozzle temperature. Second, the 

extruded thermoplastic hardens rapidly due to the thermal gradient and cooling rate, which may 

fail to fill all the free space between adjacent paths and create voids (Figure 1.3B). Third, the fast 

cooling and hardening of the deposited thermoplastic also results in weaker thermal joining 

strength as the interfacial bonding mechanism. This is a typical feature of structures produced by 

MEX, which is the origin of mechanical anisotropy. These structures have higher Young’s 

modulus and strength in the printing path direction and lower properties in the direction 

perpendicular to the path interfaces [28–30]. The mechanical properties in the vertical building 

direction are usually the lowest due to the weak interlayer bonding. Therefore, researchers have 

developed a z-pinning strategy to overcome the anisotropy in parts made by MEX [31,32]. 

1.2.2 Vat photopolymerization 

Vat photopolymerization (VPP) is an AM process that uses light to cure small-thickness 

photopolymers layer by layer in a vat full of photopolymers, which has the longest history among 

all AM processes. It has multiple different configurations, including point light source 

stereolithography (SLA), area light source digital light processing (DLP), micro stereolithography 
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(μSL), and two-photon polymerization (TPP) [33,34]. Vat photopolymerization generally 

produces 3D structures with high resolution and good surface finish due to the accuracy of a light 

source and small layer thickness. Still, the process is slow for point light source SLA, μSL, and 

TPP. With the development of semiconductors, especially digital micromirror devices (DMD), 

digitally controlled projectors in the DLP process can project area lights with accurate geometries, 

which accelerates the printing speed significantly by curing an entire layer of photopolymer 

simultaneously (Figure 1.4) [35,36]. More recently, modifications like continuous liquid interface 

production (CLIP) have been developed to remove the discrete layers in the printing process by 

introducing an oxygen-permeable window to produce a liquid dead zone between the window and 

the cured structure  [37,38]. On the other hand, microscale AM was achieved by μSL and TPP, 

where the resolution of printing can reach the scale of 100 nm [39–42]. Thus, vat 

photopolymerization has been developed for decades and has become a versatile AM process with 

high resolution, fast printing speed, and low final product anisotropy [43]. 

 
Figure 1.4. Vat photopolymerization processes. A) SLA setup. B) DLP setup. 

The material selection for vat photopolymerization is limited to photocurable polymers or 

hybrid material systems with photocurable components, which usually form crosslinked 

thermosets after curing. Unlike the thermoplastics used in the MEX processes, the crosslinked 

final parts produced by VAT photopolymerization are non-recyclable. The most common 

photocurable polymers are based on acrylates for free-radical polymerization or epoxies for 

cationic photopolymerization [33,44]. Acrylate-based free-radical polymerization is highly 

reactive and fast but has high shrinkage after curing. Epoxy-based cationic photopolymerization 

has low shrinkage, but the reaction is slow, and the cured parts are brittle. Therefore, most 

commercial photopolymers are a combination of these two types. A photo-sensitive initiator is 
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also needed to trigger the polymerization. As a result of photocuring chemistry, materials produced 

from vat photopolymerization usually do not possess high modulus, strength, or Tg compared to 

engineering plastics produced by conventional manufacturing processes. On the other hand, soft 

and gel-like materials can be made by vat photopolymerization, which is widely used in the 

biomedical field [45,46]. 

1.2.3 Material jetting 

Material jetting is an AM process that selectively deposits thin layers of liquid droplets of 

photopolymers and uses ultraviolet (UV) light for photopolymerization (Figure 1.5) [47,48]. Since 

liquid material is used in material jetting, any overhang geometry needs gel-like support structures 

[49], which can be dissolved after the print is complete. Two commercially available material 

jetting systems are PolyJet by Stratasys and MultiJet Printing (MJP) by 3D Systems. Compared to 

vat photopolymerization, the material jetting process moves the printheads to deposit 

photopolymers in different locations instead of moving the light focus. The advantages of material 

jetting include high printing precision, low surface roughness, easy detachment, and, most 

importantly, the ability to print multiple materials using multiple printheads. 

Like vat photopolymerization, the materials for material jetting are photopolymers, which 

can be either rigid, semi-rigid, or soft. Moreover, the multi-material feature of material jetting 

allows for fabricating polymer composites by combining rigid and soft materials based on the 

specific design [50]. Hierarchical structures like lattices and honeycombs can be designed to have 

different modulus materials in various locations for balanced stiffness, toughness, and wear 

resistance [51,52]. However, due to the high complexity and cost of the material jetting machine, 

materials being used in this process have been mainly commercially available resins designed 

explicitly for PolyJet or MJP. Research on novel materials for material jetting is not as common 

as MEX and vat photopolymerization. 
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Figure 1.5. Material jetting process. A) Single-build material printhead system [47]. B) Multiple build material 
printheads system [48]. 

1.2.4 Binder jetting 

Binder jetting is another type of jetting AM process, where only liquid binder material is 

selectively jetted to a powder bed [53]. For each layer in this process, a thin layer of powder is 

coated on the bed evenly, and the printhead deposits liquid binder to form the desired 2D shape. 

Optional heating to evaporate the solvent in the liquid binder can be used after each layer. After 

all layers are finished, the fragile as-printed part is post-heated for binder curing, and a stronger 

final part is obtained [54]. Binder jetting is a versatile, low-cost, large-scale AM process that can 

be adapted to almost any type of powder, including polymers, metals, ceramics, and hybrid 

powders, which is popular for the AM of high-temperature metals and ceramics in particular. 

Although binder jetting also has applications in polymer powders, the cured binder material cannot 

be burned off entirely due to the potential decomposition of the target polymer powder. Therefore, 

the mechanical properties of binder jetting-produced polymer parts depend on the binder properties 

and the number of remaining pores, which are typically significantly lower than those of the neat 

polymer [55–57]. Post-processes such as hot isostatic pressing and infiltration using other liquid 

materials are adopted by researchers to improve the final part's mechanical properties [56,58,59]. 

Although binder jetting can theoretically be applied to almost any type of powder, the main 

limitation of binder jetting is that multiple steps and post-processes are required for producing 

high-strength final parts. 
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1.2.5 Powder bed fusion 

Laser-based or electron beam-based powder bed fusion (PBF) is an AM process that uses 

a focused beam to thermally fuse or sinter loose powder to form solid structures [60,61]. 

Depending on the degree of melting, this process can also be divided into selective laser melting 

(SLM) or electron beam melting (EBM) using full melting and selective laser sintering (SLS) using 

partial melting. During this PBF process, a thin layer of loose powder is evenly spread on the 

building bed for each layer. One or multiple high-energy beams selectively scan the target area for 

melting or sintering. This is repeated for many layers until the final 3D structure is obtained. Since 

solid powder is used in this process, overhang structures without needing support design and 

complicated interlocked structures can be achieved. Using fine powder and small beam spot for 

PBF, the printing resolution is typically high (at micron level), and the mechanical properties of 

PBF-produced parts are generally higher than binder jetting or MEX.  

PBF can be used on metal, ceramic, or polymer powders like binder jetting. Although PBF 

has significant advantages and a market for metal AM, it is also widely used on high-melting point 

polymers [62], such as polyamides (nylon) and polyaryletherketones (PAEKs) [63–65], due to the 

localized high-temperature generated at the laser focus. However, the limitation of PBF is not only 

from the cost of expensive PBF machines but also from the challenge of producing and recycling 

fine powder for high-quality PBF [62]. As a thermal energy-based process, the multidisciplinary 

physics, including laser irradiation, heat transfer, melting pool characteristics, and material phase 

change, both computational and experimental, are the challenges researchers face to produce 

improved-quality PBF parts [63].  

 
Figure 1.6. Powder bed fusion process and setup. 
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1.2.6 Other processes 

1.2.6.1 Solvent cast 3D printing 

Besides the five well-developed AM processes for polymers defined in ISO/ASTM 52900-

21, researchers have developed solvent-based processes in the last two decades, which are still in 

the laboratory development stage before full commercialization. One solvent-based process is 

solvent cast 3D printing [7,8,64–66]. For each layer, the process starts with dissolving a polymer 

in a suitable solvent as the printing solution, followed by dispensing the printing solution 

selectively on a heated building platform. In contrast, the solvent evaporates (Figure 1.7). This 

process is named solvent cast 3D printing because it shares the exact mechanism as the solvent 

casting process for thin films but repeats casting for multiple layers to form 3D structures. Almost 

all thermoplastics that can be dissolved in a solvent apply to this AM process, yet the solvent 

evaporation rate plays an essential role in the feasibility of 3D structure formation. When using a 

low boiling point solvent (high vapor pressure at room temperature), like acetone, tetrahydrofuran 

(THF), or dichloromethane (DCM), solvent evaporation at room temperature is fast enough for 

each layer to dry out before the deposition of the next layer, making it suitable for building up tall 

3D structures. When using a high boiling point solvent (low vapor pressure at room temperature), 

like water, dimethyl sulfoxide (DMSO), or N,N-dimethylformamide (DMF), the building platform 

must be heated at elevated temperatures to accelerate the evaporation process. This leads to a 

problem: as the layer number increases, the temperature at the top layer is significantly lower than 

the building platform due to the polymer’s low thermal conductivity, which can cause shape 

distortion and structure instability from the remaining solvent. Therefore, if the target polymer 

cannot be dissolved in a low boiling point solvent or a hybrid solvent system, the solvent cast 3D 

printed structures will be limited in height. Another application of this process is to produce all 

metal or all ceramic structures by solvent cast 3D printing of a highly loaded polymer solution 

with metal or ceramic powder, followed by a subsequent sintering and infiltration process [64,67]. 
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Figure 1.7. Solvent cast 3D printing process. A) Isometric 3D view of the solvent cast 3D printing setup. B) Detailed 
solvent cast 3D printing process near the nozzle. 

1.2.6.2 Direct ink writing 

Direct ink writing (DIW) is another new AM process that was developed in the 2000s [9], 

which uses the rheological behavior of the viscoelastic printing ink to form 3D structures (Figure 

1.8A) based on the initial concept of Robocasting [68]. It can be applied to any material as long as 

a viscoelastic printing ink with proper rheological behaviors can be obtained [69]. In particular, 

shear thinning behavior as a non-Newtonian fluid is critical for ink rheology. This means the ink 

has a higher viscosity at rest and a lower viscosity when extruded through a nozzle by shear stress. 

A typical viscosity range for printing inks at a low shear rate (0.1 s−1) is between 0.1 to 1000 Pa·s 

[70–72]. During the DIW process, in situ heat or UV-assisted curing can be applied to improve the 

printed part’s stiffness and stability [73–80]. For example, Aw et al. showed a DIW process of a 

frontally polymerized thermoset using a 100 °C printing bed to trigger the exothermic curing 

reaction, which can provide heat to the newly deposited ink to continue polymerization [80]. 

Sarmah et al. developed a multi-walled carbon nanotubes (MWCNTs) loaded epoxy ink for DIW, 

which enabled thermal curing during the DIW process through radio-frequency heating of the 

MWCNTs [79]. UV-DIW is a more efficient strategy to harden the printed ink, which has been 

applied to acrylate/epoxy hybrid ink [74], fiber-reinforced acrylate/epoxy hybrid ink [75], single-

walled carbon nanotubes (SWCNTs) filled polyurethane ink [76], and bismaleimide (BMI) ink 

[77]. Our research group has demonstrated that the UV-DIW of vinyl ester resin thickened by 

fumed silica using a photo initiator for free-radical polymerization and a subsequent thermal curing 

process can further improve the crosslink density and mechanical properties [78]. DIW without 
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heating or UV curing can also be achieved, although more strict rheological properties are required. 

In this case, the shear storage modulus (G’) of the printing ink needs to exceed the shear loss 

modulus (G’’) under low shear stress, indicating an elastic or solid-like state after extrusion 

[76,77,81]. The shear yield stress (τy) is the shear stress where G’ starts to decrease significantly, 

and a higher τy of the printing ink leads to a more stable and solid-like printed 3D structure (Figure 

1.8B). After DIW, the green parts are usually post-cured for better mechanical performance. The 

limitation of DIW is the challenging design of the printing ink to match the strict rheology 

requirements, which typically need special rheological modifiers. In addition, homogeneous 

printing ink with desired high viscosity is challenging even if a high-power shear mixer is used. 

 
Figure 1.8. A) Direct ink writing (DIW) process [82]. B) Ideal rheology requirement on the DIW printing ink [83]. 

1.3 High-performance engineering polymers 

1.3.1 Types of high-performance engineering polymers 

High-performance engineering polymers, or high-temperature polymers, have attracted 

considerable attention as engineering polymers in the electrical, automotive, aerospace and defense 

industries [84]. As polymers, their density is usually below 2 g·cm−3, lighter than ceramics, metals, 

and alloys. Thus, developing these high-performance polymers can potentially replace ceramics 

and alloys for applications where service temperatures are from 150 to 300 °C and weight 

reduction is desired. Being distinct from general purpose or common engineering polymers such 

as ABS, nylon, polymethyl methacrylate (PMMA), and polyethylene terephthalate (PET), high-

performance polymers typically have Tg above 150 °C or Tm above 300 °C, making them suitable 

for continuous service under elevated temperatures. They can be divided into three categories: high 

Tg amorphous thermoplastics, high Tg amorphous thermosets, and high Tm semi-crystalline 
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thermoplastics (including high Tm highly crystalline thermoplastics). High Tg amorphous 

thermoplastics include polysulfone (PSU), polyethersulfone (PES), polyphenylsulfone (PPSU), 

polyetherimide (PEI), thermoplastic polyimide (TPI) and polyamide-imide (PAI). For high Tg 

amorphous thermosets, the most widely known group is polyimide (PI), especially Kapton® from 

DuPoint. High Tm semi-crystalline thermoplastics include polyphenylene sulfide (PPS), PEEK, 

polyetherketone (PEK), polyetherketoneketone (PEKK), some semi-crystalline TPI, and highly 

crystalline aromatic polyamide (aramid). Aramid can further be classified into para-aramid 

(Twaron® from Teijin and Kevlar® from DuPont) and meta-aramid (Nomex® from DuPont). Table 

1.1 summarizes the thermal properties of the above-mentioned high-performance polymers. It 

should be noted that in the cases of para-aramid and meta-aramid, their highly crystalline structure 

implies the reported Tg is only for the small amorphous portion, and the Tm is usually near or above 

the decomposition temperature. 

1.3.2 Additive manufacturing of high-performance engineering polymers 

The AM processes of high-performance engineering polymers are currently limited to 

MEX, PBF, and customized DIW, which have been successfully applied to the AM of polysulfone 

family (PSU, PES, PPSU), PAEK family (PEK, PEEK, PEKK), PPS, PEI, TPI, and PI. Due to the 

lack of inherent photoreactive chemical structures, high-performance polymers generally cannot 

be adapted to photocuring AM processes, such as vat photopolymerization and material jetting, 

without significant adjustment of the chemical composition [85].  
Table 1.1. Thermal properties of high-performance polymers. 

Polymer type Classification Tg (°C) Tm (°C) 
PSU [86] Amorphous thermoplastic 185 / 
PES [86] Amorphous thermoplastic 220 / 

PPSU [86] Amorphous thermoplastic 220 / 
PEI  [87] Amorphous thermoplastic 217 / 
PAI [88] Amorphous thermoplastic 277 / 

TPI [89] Amorphous/semi-crystalline 
thermoplastic 249 388 

PI (Kapton®) [90] Amorphous thermoset 360 / 
PPS [91] Semi-crystalline thermoplastic 85 285 

PEEK [21,90] Semi-crystalline thermoplastic 147 343 
PEK [92] Semi-crystalline thermoplastic 164 372 

PEKK [90,92] Semi-crystalline thermoplastic 163 360 
Para-aramid (Twaron®) Highly crystalline thermoplastic / >500 

Para-aramid (Kevlar®) [90,93] Highly crystalline thermoplastic 330 560 
Meta-aramid (Nomex®) [90,93] Highly crystalline thermoplastic 285 375 
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The polysulfone family has high thermal stability, strength, low thermal expansion, and 

flame retardancy [86]. The repeating units of the three types of polysulfones, PSU, PES, and PPSU, 

are shown in Figure 1.9. Since the UV resistance of the polysulfone family is low, they cannot be 

processed by any UV-assisted AM methods [94]. In addition, the viscosity of polysulfones above 

Tg is still high, which makes it challenging for MEX and PBF to process polysulfones. The 

commercially available polysulfone family filaments for MEX, produced by 3DXTECH, have 

recommended nozzle temperatures of 360–375 °C for PSU, 340–390 °C for PES, and 390–410 °C 

for PPSU, all at least 150 °C above their Tg. Wu et al. processed PES filaments for MEX from the 

granular PES pellets and used a nozzle temperature of 360 °C for the MEX process [95]. Although 

continuous thermal extrusion of polysulfones can be achieved, the high temperature-induced 

thermal gradient can lead to weak interfacial bonding strength between the paths. As a result, the 

MEX-produced PSU has a tensile strength of around 52 MPa and a Young’s modulus of 2.1 GPa 

in the printing plane (X-Y plane) according to 3DXTECH, which are significantly lower than 

injection molded PSU (70 MPa tensile strength and 2.48 GPa Young’s modulus according to Udel® 

PSU). Moreover, the MEX-produced PPSU has a tensile strength of around 55 MPa and Young’s 

modulus of 2.1–2.3 GPa in the X-Y plane according to 3DXTECH and Stratasys, which are also 

lower than injection molded PPSU (84 MPa tensile strength and 2.65 GPa Young’s modulus 

according to Radel® PPSU). Solvent cast 3D printing has been attempted on PSU and PSU-based 

composites, but internal pores (pore size ranges from 0.3 to 2.8 μm) existed throughout the printed 

samples due to the rapid evaporation of solvents, implying unsatisfying mechanical properties [8]. 

On the other hand, research about processing fine powders for PBF made of polysulfones was 

done by Mys et al. [96], but to date, no polysulfone family powder has yet been used in the PBF 

process. It should be noted that the efforts of PBF on sulfur-containing polymers are mainly 

focused on PPS, a semi-crystalline polymeric sulfide with lower heat resistance to the polysulfone 

family, but is easier to process [97]. 
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Figure 1.9. Chemical structure repeating units of the polysulfone family. 

PAEKs are another important family of high-temperature polymers that attract the most 

interest in high-performance AM polymers due to their semi-crystallinity and good processability. 

They are aromatic polymers with alternating ketone and ether groups on their backbone (Figure 

1.10). Their tunable crystallinity can lead to tailorable melt rheology and mechanical properties. 

The crystalline region in PAEKs restricts the polymer chain movements even above Tg, making 

them suitable for use between Tg and Tm [98]. Unlike the AM of the polysulfone family, which is 

currently limited to MEX, both MEX and PBF can be applied to PAEKs. MEX filaments based 

on PAEKs are provided by multiple companies, like 3DXTECH, JUNHUA, and INTAMSYS, 

among which PEEK is the most popular type. Neat PEEK produced by injection molding has 

excellent mechanical properties, including 98 MPa tensile strength, 4.0 GPa Young’s modulus, 

and 45% elongation at break, according to the Victrex 450G datasheet. For MEX of PEEK, a 

nozzle temperature around 380–420 °C is typically required for continuous extrusion of PEEK 

filament. As for the trials of using MEX to produce PEEK in the literature,  Rahman and Reese 

fabricated PEEK specimens made of Arevo Labs’ PEEK, which resulted in 2.6–2.8 GPa Young’s 

modulus and 54–73 MPa tensile strength (varies based on the printing angle), lower than the 

injection molded PEEK [21]. Yang et al. studied the effect of different thermal processing 

conditions on the mechanical properties of the MEX-produced PEEK made of Victrex 450G and 

found that using a 200 °C annealing process could improve the Young’s modulus from 3.2 to 3.9 

GPa, and the tensile strength from 73 to 82 MPa [99]. Tseng et al. demonstrated screw extrusion-

based MEX of PEEK 90G using a 390 °C nozzle temperature and achieved the highest Young’s 

modulus of 4.13 GPa and tensile strength of 94.7 MPa comparable to the injection molded PEEK 

90G, but the elongation at break is below 3%, significantly lower than the injection molded 

specimens (20%) [100]. However, they also showed that the stiffness and brittleness of PEEK 
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produced by MEX were due to the almost 40% degree of crystallinity, which was much higher 

than that of the injection molded PEEK (20.8%). Another problem of MEX of semi-crystalline 

PEEK is the shrinkage during crystallization. The considerable shrinkage can cause significant 

warping and eventually the detachment of the printed structure from the building platform. 

Therefore, using MEX to produce PEEK with a stable printing process and comparable mechanical 

properties of injection-molded PEEK is still challenging.  

 
Figure 1.10. Chemical structure repeating units of the PAEK family. 

On the other hand, PBF has been widely used to produce 3D PAEK structures since fine 

PAEK powders are commercially available from EOS (HP3 PEK and PEKK 100) and Victrex 

(450PF and 150PF). Berretta et al. studied the PBF process for PEK and PEEK and compared their 

properties to injection-molded PEK [101]. Their results showed that PBF-produced PEK had a 

tensile strength of 88 MPa and PEEK had a tensile strength of 63 MPa, both lower than the 

injection molded PEK (98 MPa), but the PBF process increased the crystallinity of PEK and PEEK 

by more than 15%. Yi et al. prepared new grades of PEEK by modifying the backbone of PEEK 

and compared their mechanical properties with standard PAEK powders processed through PBF 

[102]. While specimens made of common PEK (HP3) and PEEK (450PF) showed comparable 

Young’s modulus but decreased tensile strength and elongation at break compared to the injection-

molded PEK and PEEK, specimens made of their modified PEEK powder showed significantly 

improved elongation at break (up to 13.6%) over standard PAEK powders with slight reduction in 

Young’s modulus and tensile strength. PBF-produced PAEKs generally have a higher degree of 

crystallinity and more brittle mechanical behavior than injection-molded ones due to the 

incomplete melting of the crystalline region by rapid laser heating and slower cooling for more 

crystallization in PBF [102]. Future modification of the PAEK composition is needed to develop 

optimized PAEK powder for the PBF process. 
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PEI is a high-performance amorphous polymer with a famous trade name, Ultem®, popular 

in the MEX industry. Chuang et al. tested the mechanical properties of Ultem® 9085 produced by 

MEX using a 375 °C nozzle, which had a 2.2 GPa Young’s modulus and a 72 MPa tensile strength, 

compared to the injection molded specimens with a 3.4 GPa Young’s modulus and an 83 MPa 

tensile strength [22]. Gardber reported an 89 MPa tensile strength of MEX-fabricated Ultem® 

1010, further reinforced by their carbon nanotube yarn (4.7 wt%) to achieve a tensile strength of 

112 MPa [103]. Other researchers also performed extensive characterization of MEX-produced 

Ultem® parts and found up to 80%–85% mechanical properties relative to the injection molded 

specimens could be realized through MEX [104,105]. Like the amorphous polysulfones, PBF of 

PEI has not been achieved yet, possibly due to the high viscosity above Tg that restricts particle 

coalescence.  

TPI has the highest heat resistance among all high-performance polymers available in the 

current AM market (Tg = 249 °C). Depending on the formulation, it can be either amorphous or 

semi-crystalline. Commercially available amorphous TPI filament for MEX is from 3DXTECH, 

based on SABIC EXTEM™ TPI, which requires an extremely high nozzle temperature of 445 °C 

and a chamber temperature of 225 °C. In the literature, Ye et al. used semi-crystalline TPI 

(AURUM PL450C) for MEX with a nozzle temperature of 388 °C (at Tm), and the resulting TPI 

specimens had a tensile strength of 66.7 MPa and a flexural strength of 97.9 MPa [106]. However, 

cross-section images of the TPI specimens showed many voids between infill lines due to the fast 

cooling of deposited TPI after extrusion. Besides MEX, AM of photocurable TPI for vat 

photopolymerization was also attempted by researchers. Hegde et al. synthesized soluble 

poly(amic ester)s with acrylate groups for photocuring in the vat photopolymerization process, 

followed by a solvent removal and thermal imidization process up to 350 °C [107]. During the 

imidization process, the initial crosslinks decomposed, resulting in a TPI chemical structure. The 

imidized final TPI structures had a dimensional contraction of 53%, and they exhibited 2.2 GPa 

Young’s modulus, 80 MPa tensile strength, and around 380 °C Tg. Other research on DIW or UV-

DIW of thermosetting PI also proved the feasibility of using the two-step process (AM plus 

subsequent imidization) to produce 3D PI structures [108,109]. 

In conclusion, the current challenges in AM of high-performance polymers include strict 

processing temperature requirements, undesired voids (between printing lines for MEX and 

between particles for PBF) induced reduction in mechanical properties, thermal gradient-induced 
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weak interfacial bonding, and heating/cooling rate-related crystallinity change. Moreover, the AM 

of some high-performance polymers, such as aramid, has not been attempted and studied. Existing 

AM processes and materials must be modified to overcome these challenges, and novel AM 

processes can be developed for high-performance polymers. 

1.4 Piezoelectric polymers 

Piezoelectric materials have an electromechanical coupling effect, in which mechanical 

stress applied to the material results in the accumulation of electric charge (ΔQ) (direct 

piezoelectric effect, Figure 1.11). Conversely, using an electric field on the piezoelectric material 

can generate a mechanical strain as deformation (Figure 1.11). This electromechanical coupling is 

essential for the electronic industry, where force/strain sensors and energy harvesters are designed 

based on the direct piezoelectric effect, and actuators used in speakers, laser mirror systems, diesel 

engines, and atomic force microscopes are manufactured based on the converse piezoelectric effect 

[110]. For ferroelectric-type piezoelectric materials, electric field poling is the crucial step to align 

dipoles following the external field direction, leading to apparent piezoelectricity. 

 
Figure 1.11. Direct and converse piezoelectric effects. 

For polymers, piezoelectricity is common in fluoropolymers, polyureas, polyamides, 

polypeptides, polysaccharides, polyesters, and some biopolymers such as collagen and cellulose 

[111–113]. However, most piezoelectric polymers only possess piezoelectricity at the molecule 

level, which commonly results in zero apparent bulk piezoelectricity due to the random orientation 

of dipoles in bulk materials. Thus, aligning the dipoles in bulk materials is crucial to utilizing the 

apparent piezoelectricity. Among all piezoelectric polymers, only some fluoropolymers like 

poly(vinylidene fluoride) and polyamides such as odd-numbered nylons [114–116] display 

ferroelectricity, which means their dipoles can be aligned by applying external electric fields. 



 19 

1.4.1 Poly(vinylidene fluoride) 

Poly(vinylidene fluoride) (PVDF) is a widely studied and used piezoelectric polymer since 

its discovery in 1969 because of its outstanding piezoelectric and ferroelectric properties amongst 

all polymers [117–119]. The strong electronegativity of the fluorine atoms relative to hydrogen 

and carbon atoms forms a strong electric dipole in each repeating unit within the PVDF monomer 

chain, which provides the basis of ferroelectricity [120,121]. Compared to piezoelectric ceramics 

such as lead zirconate titanate (PZT), polymeric PVDF has higher flexibility, higher piezoelectric 

voltage constants (g31 and g33), lower density, and nontoxicity. As a semi-crystalline polymer, 

PVDF has multiple crystalline phases, α, β, γ, δ, and ε, resulting from the different chain 

conformations. The typical α phase has a TGTG’ conformation (T: trans, G: gauche) that is non-

polar, and its polar counterpart δ phase is rarely observed unless induced by high electric fields 

[122]. The γ phase has a T3GT3G’ conformation that is polar, while its nonpolar form, ε phase, is 

again uncommon [123]. The highest polarity phase is the β phase, which has a TTT conformation 

with all dipoles aligned in the monomer chain, making it the best piezoelectric phase among all 

other crystalline phases [124]. In summary, the chain conformation of the three typical phases of 

PVDF is shown in Figure 1.12. Maximizing the β phase content in the PVDF polymer is essential 

to improve the piezoelectric performance of PVDF. Unfortunately, the β phase with a high 

permanent dipole moment in the chain is thermodynamically unfavorable, which means typical 

crystallization of PVDF from melt or solvent evaporation only results in a non-polar α phase or 

less polar γ phase [125]. Therefore, a great deal of research has been done to promote the β phase 

content in PVDF through process and chemical modification. 

  
Figure 1.12. Typical crystalline phases in PVDF. 

Mechanical drawing or stretching is the most common process to promote the β phase 

content in PVDF. Matsushige et al. found that at 75 °C, the α to β phase transformation happened 
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above the necking point during uniaxial drawing [126]. Vijayakumar et al. studied the effect of 

draw ratio and temperature on the α to β phase transformation, and found that at draw ratio = 4 and 

65 °C, the highest β phase fraction obtained was 0.98 [127]. They also observed that the phase 

transformation was due to the deformation of the spherulitic structure under drawing. Elevated 

temperature electric poling can also induce α to β phase transformation, shown by Ye et al. [128], 

using a field strength of 150 MV·m−1 at 95 °C. Solvent casting of PVDF solution using polar 

solvents at low temperatures can lead to the formation of γ phase, and Satapathy et al. showed 

subsequent annealing at 90 °C for 5 h could transform γ phase to β phase [129]. Phase inversion 

of PVDF cast solution in a low-temperature water coagulation bath can also result in β phase 

dominant PVDF [130–132]. In particular, Tao et al. discovered that using a weaker polar solvent 

(hexamethylphosphoramide, HMPA, in this case) for PVDF in the phase inversion process had 

better β phase promotion [133]. Regardless of the processing method, the piezoelectric charge 

coefficient d33 for neat β phase PVDF is around −30 pC·N−1 [128,130,134,135], while the highest 

reported value is −62 pC·N−1 [136]. 

Chemical modification of PVDF results in several PVDF copolymers with better β phase 

content during crystallization. Copolymerization of 60–80 mol% vinylidene fluoride (VDF) with 

trifluoroethylene (TrFE) can produce P(VDF-TrFE), which can spontaneously crystallize into β 

phase [137]. It exhibits a ferroelectric to paraelectric transition Curie temperature from 60 to 140 

°C, depending on the VDF content. The highest reported d33 for P(VDF-TrFE) is −63.5 pC·N−1 

from a 50 mol% VDF composition [138]. Polymerization of VDF, TrFE, and 

chlorotrifluoroethylene (CTFE) to form a P(VDF-TrFE-CTFE) terpolymer with more than 7 mol% 

CTFE can produce a ferroelectric relaxor phase [139]. However, with a low CTFE mol% (below 

5 mol%), Han et al. discovered that the P(VDF-TrFE-CTFE) terpolymer had mixed ferroelectric 

and relaxor phases, which resulted in enhanced piezoelectric charge coefficient (d33 of −55.4 

pC·N−1) due to the introduced CTFE as a structural defect [140]. 

1.4.2 Additive manufacturing of poly(vinylidene fluoride) 

Although most existing research on piezoelectric PVDF focuses on spin-coated, solvent-

cast, or extruded thin films, using MEX, material jetting, or vat photopolymerization-based AM 

processes to fabricate piezoelectric PVDF devices with complex geometries has received 

significant interest from researchers. Multi-material AM processes can also produce piezoelectric 
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devices with conductive electrodes in one step. However, as mentioned before, neat β phase PVDF 

is not thermodynamically favorable, indicating that PVDF structures produced by MEX are α 

phase dominant. Thus, researchers developed MEX with in-situ electric field poling to promote β 

phase and dipole alignment (Figure 1.13A). Lee and Tarbutton [141], Porter et al. [142] and Kim 

et al. [143] used a similar setup for MEX by applying a high voltage (kV level) between the heated 

metal nozzle and the metal printing platform, and the metal platform was covered with insulating 

Kapton® tape to avoid shorting. The printed PVDF with in-situ poling showed improvement of β 

phase content compared to directly printed PVDF, but the conversion from α phase to β phase was 

below 60%, and the d31 coefficients were measured to be 1.19 pC·N−1 and 0.048 pC·N−1 by Porter 

et al. [142] and Kim et al. [143], respectively. More recently, a corona poling-assisted MEX 

process was developed by Fan et al. [144], which improved the d33 coefficient from −0.7 to −1.1 

pC·N−1. In addition, Bodkhe et al. combined solvent cast 3D printing of PVDF with in-situ poling, 

and produced piezoelectric PVDF and PVDF/BaTiO3 nanocomposites for pressure sensing (Figure 

1.13B) [65,145]. However, they discovered that in-situ poling decreased the β phase content for 

the solvent cast 3D printing process. Moreover, adding nanoparticles in PVDF to form 

nanocomposites can produce PVDF with high β phase content, based on the interaction between 

the PVDF chain and nanoparticles for preferred dipole orientation [146,147]. Pei et al. used a 

PVDF/tetraphenylphosphonium chloride (TPPC) nanocomposite filament for MEX and promoted 

the β/γ phase content to 83.8% and a d33 coefficient of −1.85 pC·N−1 due to the ion-dipole 

interaction between the positively charged TPPC and PVDF’s CH2-CF2 dipoles [148]. Similarly, 

Liu et al. used ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate) to assist the formation 

of more than 93% β phase during MEX and successfully fabricated piezoelectric energy harvesters 

based on this method [149]. The main drawback of this method is the significantly increased 

dielectric loss due to the existence of ionic particles or liquids, which has a detrimental effect on 

the piezoelectric output. On the other hand, AM of P(VDF-TrFE) can result in higher β phase 

content than neat PVDF due to the more steric effects induced by adding TrFE. Material jetting of 

P(VDF-TrFE) solution was demonstrated by Haque et al., which had outstanding β phase content 

up to 92.8% [150]. DIW of P(VDF-TrFE) solution was studied by Spanou et al. [151] and Shepelin 

et al. [152], and the results also showed significant β phase content of more than 80%. However, 

P(VDF-TrFE) is a much more expensive material than neat PVDF, limiting its potential 
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application in the industry. Therefore, using AM to produce neat PVDF with high β phase content 

is still challenging. 

 
Figure 1.13. AM of PVDF with in-situ poling. A) MEX with in-situ poling. B) Solvent cast 3D printing with in-situ 
poling. 

1.4.3 Piezoelectric polymer composites 

Piezoelectric polymer composites are a type of composites consisting of a polymer matrix 

and piezoelectric fillers, typically piezoceramic particles, to overcome the brittleness of 

piezoceramics. Many piezoceramics have been produced as micro or nano particles, nanorods or 

nanowires, such as lead zirconium titanate (PZT), barium titanate (BaTiO3), lead titanate (PbTiO3), 

Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) and (K,Na)NbO3 (KNN), to be integrated into polymer 

matrices to form polymer composites or nanocomposites. Zhou et al. developed a scalable 

approach to synthesize PZT nanowires, which could be embedded into polydimethylsiloxane 

(PDMS) to form bending mode energy harvesters with a power density of 2.4 μW·cm−3 [153]. 

Lead-free BaTiO3 and KNN nanoparticles and nanowires were integrated into nanocellulose [154], 

PEI [155], PLA [156], PI [157], and PDMS [158] to form eco-friendly piezoelectric devices. High 

piezoelectric coefficient piezoceramics like PMN-PT were combined with flexible polymer 

matrices to fabricate piezoelectric energy harvesters [159–161]. High-temperature energy 

harvesting was also realized in our group’s previous work by using aligned PbTiO3 nanowires 

distributed in a PAI matrix, which could be used at 200 °C for at least 100 h while producing 20 

μW·m−2 areal power density under random vibration [162]. Compared to PVDF, piezoelectric 

polymer composites require no stretching and lower electric field for poling, but generally have 

lower piezoelectric coefficients than PVDF and its copolymers.  
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1.4.4 Additive manufacturing of piezoelectric polymer composites 

AM of piezoceramics is challenging because they are brittle and difficult to process. 

Current AM processes for piezoceramics are binder jetting, vat photopolymerization, and DIW, 

all of which use a sacrificial polymer before ceramic sintering [163–165]. However, the AM of 

piezoelectric polymer composites attracts more research interest due to the better processability 

and flexibility after adding a polymer matrix. For example, MEX is a popular process to fabricate 

piezoelectric composites using customized composite filaments. Castles et al. produced 50 wt% 

BaTiO3/ABS composite filaments for MEX and showed robustness and reproducibility in 

producing 3D BaTiO3/ABS structures using MEX [166]. Dual material MEX of a TPU/30vol% 

PZT filament and a conductive TPU/carbon black filament was achieved by Tao et al., which could 

produce flexible piezoelectric nanocomposites with d33 up to 5.52 pC·N−1 [167]. DIW is another 

widely used AM process for functional materials and composite materials. Moreover, our group’s 

previous works demonstrated that shear stress during the DIW process could align high aspect 

ratio piezoelectric nanowires in the printing direction (Figure 1.14), which could further improve 

the piezoelectric properties in the preferred direction [156,162]. Dual material DIW of a 

BaTiO3/PDMS piezoelectric ink and a conductive MWCNTs/PDMS ink were achieved by 

Renteria et al. to fabricate flexible force sensors, where a d33 of 11.5 pC·N−1 was obtained by using 

the 50 wt% BaTiO3/PDMS nanocomposites [168]. Vat photopolymerization enables the 

fabrication of piezoelectric polymer composites with complex lattice geometries, such as the PZT-

based nanocomposite by Yao et al. [169] and BaTiO3/polyethylene glycol diacrylate (PEGDA) 

nanocomposites by Kim et al. [170]. Even though various processes have enabled AM of 

piezoelectric polymer composites, improving the piezoelectric properties of printed composites to 

match these of piezoelectric nanocomposite thin films and commercial PVDF films is still 

challenging. 
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Figure 1.14. A) SEM image and fast Fourier transform (FFT) power spectrum of a cast nanocomposite film. B) SEM 
image and FFT power spectrum of a DIW nanocomposite film (arrow indicates the DIW direction). 

1.4.5 Stretchable piezoelectric polymers and polymer composites for sensing 

Stretchable piezoelectric stress/strain sensing materials have gained substantial research 

interest over the past decade due to the development of wearable electronics for biomedical 

applications [171,172], biomechanical study [173], motion capture technology, and soft robotics 

[174]. Compared to piezoresistive materials, piezoelectric materials have excellent sensing 

linearity, ultralow response time, and no intrinsic power consumption, which are suitable for 

dynamic sensing applications. However, since most piezoelectric materials are nearly inextensible 

(elongation<10%), many research studies on stretchable piezoelectric devices focus on pattern 

design that can improve the device stretchability by using meshes [175], wavy shapes [176,177], 

serpentine interconnects [178,179] and kirigami designs [180,181]. For example, Duan et al. used 

DIW of PVDF fiber on pre-stretched PDMS to produce in-plane wavy piezoelectric structures that 

could measure in-plane deformation up to 110% strain [177]. Ji and Zhang showed a serpentine 

patterned PVDF sensor with stretchability up to 35%, and a voltage sensitivity of 0.97 mV·με−1 

that could monitor respiratory and heartbeat signals in real-time [179]. Kim et al. developed 

piezoelectric strain sensors with stretchability up to 320% based on kirigami designs, which were 

demonstrated on virtual reality haptic gloves for finger motion sensing [180]. Although creative 

pattern design allows for high device stretchability using inextensible piezoelectric materials, 

complex geometries also cause limitations such as calibration difficulty, high strain rate 

dependence, and short fatigue life at the joints. 

Developing new piezoelectric materials with intrinsic stretchability is the other approach 

for stretchable piezoelectric sensors, which can be combined with smart pattern designs to further 

boost the device's stretchability. The primary type of stretchable piezoelectric materials are 
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nanocomposites that consist of piezoelectric nanofillers and an elastomer matrix [167,168,182–

185]. Chou et al. mixed 65 vol% PZT particles into silicone rubber and showed that the 

nanocomposite had a high open-circuit voltage output of 20 V and up to 200% stretchability, 

allowing it to be used for energy harvesters or stretchable load sensors [186]. Similarly, Quinsaat 

et al. developed elastic piezoelectric nanocomposites of 38 vol% PZT in a PDMS matrix with d33 

= 3.6 pC·N−1, d31 = −30 pC·N−1 and a strain at break of 254%, which was used as a compression 

detection sensor [187]. Although nanocomposites with piezoelectric ceramic fillers generally have 

high voltage outputs, poor sensing performance under high strain (>50%) can be expected due to 

the significant difference in modulus between the matrix and filler, which results in low stress 

transfer efficiency, slip and interfacial failure. Another type of stretchable piezoelectric material is 

sandwich composites, which contain a piezoelectric center layer sandwiched by two elastomer 

shell layers. Electrospun PVDF and its copolymer P(VDF-TrFE) are popular piezoelectric layer 

materials for the sandwich composite due to their convenient self-polarized electrospinning 

process [188]. Thus, researchers have developed flexible sandwich composites of electrospun 

P(VDF-TrFE) embedded in PDMS for high-resolution pressure sensing applications [189,190]. 

However, most PVDF-based sandwich composites have limited stretchability (~30%) and cannot 

be used in applications that require large extension (strain>50%). 

Besides nanocomposites, polymer blends containing the polar β phase PVDF have been 

widely studied as piezoelectric films and nanofibers, such as PVDF/PMMA [191–193], 

PVDF/polyvinyl alcohol (PVA) [194], PVDF/TPU [195] and PVDF/photopolymers [196]. 

Polymer blending β phase PVDF and another elastomer can be an alternative approach to produce 

novel intrinsically stretchable piezoelectric materials. A polar elastomer, such as polar acrylonitrile 

butadiene rubber (NBR), has been shown to form a compatible polymer blend with PVDF, while 

vulcanization of the NBR phase can further stabilize blend morphology and improve interfacial 

bonding between phases [197,198]. The NBR rich PVDF/NBR blends exhibit outstanding 

elongation at break of more than 300% [198]. Therefore, the potential of using PVDF/NBR 

polymer blend as a highly stretchable (strain>50%) piezoelectric material for dynamic sensing 

should be explored. 
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1.5 Fundamentals of precipitation printing 

In this dissertation, precipitation printing is developed as a novel solvent-based AM process 

for the above-mentioned high-performance engineering and piezoelectric polymers with tailorable 

microstructure and porosity. In this section, the fundamental concepts used in the proposed 

presentation printing process are briefly explained. 

1.5.1 Hansen solubility parameters 

As a solvent-based AM process, solvent selection for the target polymer is the first step of 

precipitation printing. Hansen solubility parameters are widely used in industries as a guide to 

predict material solubility in solvents [199]. According to the theory of Hansen solubility sphere, 

three parameters, dispersion solubility parameter δd, polar solubility parameter δp, and hydrogen 

bonding solubility parameter δh form a three-dimensional space to determine the solubility of a 

polymer in different solvents [199,200]. The distance (Ra) between the polymer coordinates (δd1, 

δp1, δh1) and the solvent coordinates (δd2, δp2, δh2) is given by Equation 1.1. 

𝑅𝑅𝑎𝑎2 = 4(𝛿𝛿𝑑𝑑2 − 𝛿𝛿𝑑𝑑1)2 + �𝛿𝛿𝑝𝑝2 − 𝛿𝛿𝑝𝑝1�
2

+ (𝛿𝛿ℎ2 − 𝛿𝛿ℎ1)2 (1.1) 

For each polymer, it has an experimentally determined solubility radius, R0. A relative energy 

difference (RED) is defined as the ratio Ra/R0. By convention, solvents with RED less than one 

can likely dissolve the polymer, and a lower RED indicates better solubility. On the other hand, 

solvents with RED more than one are generally considered non-solvents for the target polymer. 

1.5.2 Non-solvent induced phase separation 

During the precipitation printing process, the mutual diffusion between the solvent and 

non-solvent can lead to a phenomenon called non-solvent induced phase separation (NIPS), or 

phase inversion. This mechanism has been studied in the porous polymeric membrane fabrication 

process, where a cast polymer solution on a substrate is immersed in a non-solvent bath to form a 

thin membrane [11,12,133,201,202]. Polymer/solvent/non-solvent ternary phase diagrams can be 

used to illustrate the NIPS process, and Figure 1.15 presents a typical ternary phase diagram. In 

Figure 1.15, a binodal curve is the limit where phase separation is thermodynamically favorable, 

and a spinodal curve is the limit for unstable phase separation (spinodal decomposition). The 

region on the left side of the binodal curve is a single-phase stable region, where the polymer is 

either in the form of a solid or a homogenous solution. The region between the binodal and spinodal 
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curves is the metastable region, where liquid-liquid demixing occurs and results in the separation 

of polymer-lean and polymer-rich phases. On the right side of the spinodal curve is the unstable 

region, where the polymer precipitates out as a separate phase. It should be noted that the positions 

of the binodal and spinodal curves can be experimentally determined (cloud points), but in this 

dissertation no direct cloud point measurements were performed. All ternary phase diagrams used 

in this dissertation are illustrations to explain the printing solution phase separation progress based 

on the observed microstructure in SEM images. Three dashed arrows indicate the three possible 

evolution paths of a printing solution during the wet spinning or precipitation printing process. 

They start on the polymer-solvent edge as a homogeneous solution and evolve towards the right. 

The direction of the evolution path depends on the diffusion rate between the solvent and non-

solvent. A faster diffusion of the solvent into non-solvent than the diffusion of the non-solvent into 

non-solvent leads to an upward evolution path to the right. Therefore, the red evolution path means 

a rapid spinodal decomposition, the blue evolution path indicates a metastable liquid-liquid 

demixing process, and the green evolution path presents a single-phase gelation process. 

 
Figure 1.15. A typical ternary phase diagram. Different possible evolution paths are as follows. Red: spinodal 
decomposition. Blue: Metastable liquid-liquid demixing process. Green: single-phase gelation process. 

1.5.3 Solvent welding 

In a solvent-based AM process, solvent welding, or solvent cementing, is the main 

mechanism for interlayer bonding. In a solvent welding process, the solvent softens the surface of 

a thermoplastic part, allowing an increased mobility of polymer chains. When two thermoplastic 

parts softened by the solvent are pressed together, polymer chain diffusion between the parts 

results in a single piece of welded thermoplastic after the complete evaporation of the solvent 

[203,204]. The quality of solvent welding depends on the solvent power to dissolve the 
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thermoplastic and the rate of solvent evaporation. During precipitation printing when the solvent 

is used in a non-solvent bath, instead of solvent evaporation, the solvent diffuses into the non-

solvent bath. Thus, the quality of solvent welding in a non-solvent bath depends on the solvent 

power to dissolve the thermoplastic and the rate of solvent diffusion into the non-solvent. 

1.6 Dissertation overview 

In this section, an overview description of the research in each of the upcoming chapters is 

provided as follows. 

Chapter 2 introduces the concept of precipitation printing, a novel solvent-based AM 

process for polymers, polymer blends, and polymer nanocomposites, and provides a detailed setup 

of the precipitation printing process. Like other solvent-based AM processes, thermoplastics or 

nanocomposites are dissolved or dispersed in a suitable solvent to form a printing solution or 

colloid for precipitation printing. After dispensing the printing solution in a non-solvent 

coagulation bath, the solidification process in precipitation printing is based on the mutual 

diffusion between the solvent and non-solvent and, eventually, the precipitation of the solute 

polymer in the non-solvent bath. Once printing is completed, the printed structures can be post-

processed by drying to evaporate the residual solvent and non-solvent. In addition, with this novel 

mechanism for AM of polymers, the microstructure and porosity of the printed final structures can 

be tailored by controlling the printing conditions. Thus, in the later part of Chapter 2, the effect of 

solvent/non-solvent pairs, the effect of printing solution concentration, and the effect of non-

solvent bath temperature on the microstructure and porosity tailoring using precipitation printing 

are studied based on two polymers: PMMA and PVDF. 

Chapter 3 develops the application of precipitation printing in high-performance polymers. 

Specifically, amorphous thermoplastic PSU and highly crystalline para-aramid (Kevlar®) are used 

as two representatives for precipitation printing to demonstrate the capability of using this process 

to produce 3D structures made of high-performance polymers. In the case of PSU, by selecting 

different solvent/non-solvent pairs and using different PSU solution concentrations, the 

microstructure and porosity of the precipitation printed PSU can be tailored to be either highly 

porous or fully dense. Furthermore, the mechanical and thermal properties of the printed dense 

and porous PSU are characterized. In the second half of this chapter, additive manufacturing of 

all-aramid 3D structures is achieved for the first time through simultaneous precipitation printing 
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and protonation of an aramid nanofiber (ANF) colloid (printing ink). The ANF printing ink is 

prepared through a deprotonation and dissolution process of Kevlar® fabric using a potassium 

hydroxide (KOH)/dimethyl sulfoxide (DMSO)/water system. By precipitation printing the ANF 

printing ink in a propylene glycol (PG) bath, wet ANF structures can be obtained, which can be 

further washed and dried to induce ANF self-assembly and form all-aramid structures. Moreover, 

the dimensional contraction, mechanical and thermal properties of the resulting all-aramid 

structures are studied. 

Chapter 4 focuses on the application of precipitation printing in piezoelectric PVDF. By 

dissolving PVDF in N,N-dimethylformamide (DMF), and precipitation printed in a water bath, 

porous PVDF with dominant β phase is obtained. The mechanism for β phase formation in this 

process is based on the hydrogen bonding between PVDF and water during precipitation printing. 

The phase composition of the resulting PVDF is characterized by multiple characterization 

techniques, including Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

and differential scanning calorimetry (DSC). The directly printed porous PVDF can be 

subsequently hot pressed for densification. After electric poling, the piezoelectric properties of the 

precipitation printed PVDF with and without hot pressing are measured. Finally, the applications 

of precipitation printed piezoelectric PVDF as energy harvesters and strain sensors are 

demonstrated. 

Chapter 5 develops the last application of precipitation printing in producing stretchable 

PVDF-based piezoelectric sensors. Specifically, polymer blends of PVDF and acrylonitrile 

butadiene rubber (NBR) are formed using precipitation printing, where a solution of both PVDF 

and unvulcanized NBR dissolved in DMF is precipitated inside a water bath and solidified as a 

polymer blend that can be vulcanized by subsequent hot pressing. The PVDF phase in the resulting 

PVDF/NBR blends is still β phase dominant after phase characterization. In addition, the rapid 

liquid-solid phase separation at room temperature can produce a unique blend morphology, where 

the PVDF and NBR phases have submicron-level phase separation. After measuring the 

piezoelectric properties of the PVDF/NBR blends, they are used to fabricate stretching mode and 

compression mode piezoelectric sensors, which exhibit excellent dynamic strain/stress sensing 

performance under large strains, without strain/loading rate and pre-stretch dependence. 

The final chapter of this dissertation starts with a brief overview of the detailed findings 

and achievements discussed throughout the dissertation. This overview is followed by the 
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contributions of this dissertation and their possible influence on future research in the field of 

additive manufacturing of high-performance and multifunctional polymers. Finally, a discussion 

of the potential future work to improve and expand the precipitation printing process is provided. 
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Chapter 2  Development and Study of Precipitation Printing 

2.1 Chapter introduction 

This chapter focuses on the development of precipitation printing and a systematic study 

of the parameters in the precipitation printing process [205]. The motivation of developing 

precipitation printing technique is to provide an additive manufacturing approach for polymers 

that are thermally unstable for the existing material extrusion method or require extremely high 

temperature for melting. Instead of using heat to melt thermoplastics to form processable liquid-

state printing materials, the solvent-based precipitation printing technique utilizes solvent power 

to dissolve thermoplastics and form printing solutions. Unlike other solvent-based additive 

manufacturing methods such as solvent cast 3D printing [7,206] that require heat for solidification 

as the solvent evaporates, the solidification process in precipitation printing is based on the mutual 

diffusion between the solvent and non-solvent after dispensing the printing solution in a non-

solvent coagulation bath, and eventually the precipitation of the polymer in the non-solvent bath. 

Thus, in this chapter, the mechanism of the precipitation printing process is proposed and 

explained in detail. In addition, with this novel mechanism for additive manufacturing, the 

microstructure and porosity of the printed final structures can be tailored by controlling the printing 

conditions. Both microporous foam-like structures and fully dense structures can be achieved using 

precipitation printing.  

In the following section of this chapter, the setup of the precipitation printing process and 

the proposed printing mechanism are explained. Various polymeric materials are printed using this 

technique to demonstrate its capability of expanding the applicable polymers for additive 

manufacturing. In the last three sections of this chapter, the microstructure and porosity tailoring 

using precipitation printing is studied. In particular, the effect of solvent/non-solvent pairs, the 

effect of printing solution concentration and the effect of non-solvent bath temperature are 

investigated based on two polymers: poly(methyl methacrylate) (PMMA) and poly(vinylidene 

fluoride) (PVDF). Understanding the effects of precipitation printing conditions on the 
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microstructure and porosity is crucial to predict and control the properties of the prints in future 

applications. 

2.2 Precipitation printing process and mechanism 

2.2.1 Precipitation printing process and setup 

Printing solution is a key component of the precipitation printing process. It is a 

homogeneous solution or a colloid consisting of a polymer dissolved in a solvent, or with 

additional fillers that are uniformly dispersed. To prepare the printing solution for a target material, 

a suitable solvent for the polymer is used to dissolve the polymer and disperse the filler in the case 

of polymer nanocomposites. The choice of solvent will therefore be dependent on the material to 

be printed, but common solvents such as acetone, N,N-dimethylformamide (DMF), dimethyl 

sulfoxide (DMSO), tetrahydrofuran (THF) and N-methyl-2-pyrrolidoneare (NMP) are generally 

used. The polymer is first dissolved in the solvent through a combination of shear mixing 

(FlackTek SpeedMixer) and bath sonication (Branson 2800) until a uniform solution is obtained. 

Any additional reinforcement or multifunctional fillers are added to the obtained solution by its 

weight ratio and uniformly dispersed using an ultrasonic homogenizer (Model 500, Fisher 

Scientific). The printing solution is then loaded into a 10 mL syringe (Nordson EFD) with a 

stainless-steel nozzle (inner diameter varies based on the desired printing resolution). The syringe 

is connected to a high-precision dispensing system (Ultimus V, Nordson EFD) so that the printing 

solution dispensing pressure is controlled during the precipitation printing process. The syringe is 

also fixed onto a gantry system (AGS1500, Aerotech) which controls the printing movement by 

G-code (Figure 2.1). 
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Figure 2.1. A) 3D view of the precipitation printing setup. B) 2D side view of the precipitation printing process. 

A non-solvent for the precipitation printing process is selected such that the solvent in the 

printing solution is miscible and the polymer to be printed has limited or no solubility in it. A glass 

pan containing the non-solvent serves as the coagulation bath for precipitation printing. Due to the 

relatively large amount of non-solvent used in this process, low-cost and non-toxic liquids such as 

water and propylene glycol (PG) are generally used, although other liquids like isopropanol (IPA) 

and 1-butanol can also be used for particular materials. For one target polymer to be printed, 

multiple solvent/non-solvent pairs can be selected to produce structures with different 

microstructure, and the effect of solvent/non-solvent pairs will be studied in Chapter 2.3.  

The printing substrate consists of a glass plate and a surface film layer of the polymer to 

be printed (Figure 2.1). The thin polymer film layer is prepared by doctor-blade casting of the 

printing solution and subsequent drying on a hot plate to evaporate the solvent. By using this thin 

polymer layer, precipitation printed structures have strong adhesion to the printing substrate by 

solvent welding. To prevent the printed structure from sticking irreversibly to the initial film layer, 

the first two layers of all prints are printed as low infill percentage raft layers. Once precipitation 

printing is complete, prints are left in the non-solvent bath for an hour to allow any left solvent to 

diffuse out of the polymer. Finally, printed structures are taken out of the bath with their raft layers 



 34 

removed and dried overnight (Figure 2.2). The specific drying temperatures for different materials 

are listed in the following sections.  

The precipitation printing process is unique compared to other additive manufacturing 

processes for polymers. Unlike the most common material extrusion method (also known as fused 

deposition modeling, FDM) that requires a nozzle temperature higher than the polymer melting 

point, the solvent-based precipitation printing process can be achieved at room temperature, or at 

slightly elevated temperatures (typically below 50 °C) for a faster diffusion rate. The post-

processing temperature for precipitation printed structures is typically 80–120 °C, with some 

exceptions up to 250 °C for high-temperature materials such as para-aramid. When compared to 

solvent-cast 3D printing which has thermal stress and solvent evaporation-induced contraction 

during printing [7], precipitation printing allows for better dimensional stability and less warping 

during the printing process. In addition, when compared to direct ink writing (DIW) [9,69,71], 

which has strict rheological requirements on the printing solution such as shear thinning and 

storage modulus higher than loss modulus at low shear rates, precipitation printing does not have 

such requirements since the non-solvent induced gelation can provide the structural stability of 

precipitation printed polymers. 

 
Figure 2.2. Steps of the precipitation printing process to obtain final structures. 

2.2.2 Precipitation printing mechanism 

The mechanism of precipitation printing is based on the different solubility of the polymer 

or polymer composites in two mutually miscible solvents. When the polymer solution is dispensed 

in a non-solvent bath, the mutual diffusion between the solvent and non-solvent leads to a rapid 

increase of the polymer solution concentration and a reduction of the polymer solubility, which 

results in phase separation and precipitation of the polymer. This mechanism has been previously 

studied in the literature as the non-solvent induced phase separation (NIPS) for membrane 

formation [11,12,201,207]. Depending on the solvent and non-solvent types and precipitation 
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printing conditions such as temperature, the NIPS process can take different paths including single-

phase gelation, liquid-liquid demixing and spinodal decomposition (solid precipitation) [11], 

which controls the final microstructure and porosity of precipitation printed materials. 

Polymer/solvent/non-solvent ternary phase diagrams will be used to explain the microstructure 

formation in the following sections [208].  

Interfacial bonding between infill paths and interlayer bonding in the precipitation printing 

process is based on the solvent welding mechanism for thermoplastics [204,209,210]. The solvent 

in the printing solution can partially dissolve and swell the adjacent infill path and the layer 

beneath, providing a local region with fast polymer diffusion to mix the newly deposited polymer 

solution and the previously printed paths or layers for joining. Since the solvent welding process 

takes place at the same time as the solvent diffuses into the non-solvent, the solvent welding rate 

must be faster than the solvent diffusion rate into the non-solvent to ensure a sufficient interfacial 

bonding strength. 

The post-processing step of precipitation printed structures is a thermal-induced drying 

process to evaporate trapped non-solvent and residual solvent. If there is residual solvent inside a 

printed structure, solvent evaporation will typically result in a dimensional contraction of the 

structure after complete drying. 

In the following three sections of this chapter, the microstructure and porosity tailoring of 

precipitation printed structures are studied on two thermoplastic polymers: PMMA and PVDF. 

PMMA represents an amorphous thermoplastic that has a glass transition temperature (Tg) of 100 

°C (according to the storage modulus curve from dynamic mechanical analysis), which is in the 

glassy state at room temperature. PVDF represents a semi-crystalline thermoplastic that has a Tg 

of −41 °C and a crystalline melting temperature between 160–170 °C [211]. The effect of 

solvent/non-solvent pairs, printing solution concentration and non-solvent bath temperature are 

investigated for the precipitation printing of PMMA and PVDF. 

2.2.3 Precipitation printed representative materials 

Precipitation printing can be applied to various thermoplastic materials such as acrylonitrile 

butadiene styrene (ABS), polylactic acid (PLA), polystyrene (PS), acrylonitrile styrene acrylate 

(ASA), polyethylene (PE) and polycaprolactone (PCL), which has been demonstrated by Karyappa 

et al. [212]. In this section, more thermoplastics, thermosets and polymer nanocomposites of 
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different properties are printed to expand the range of precipitation printable materials. Figure 

2.3A shows precipitation printed rigid PMMA in the form of a wrench and chess samples, with 

printing parameters tabulated in Table 2.1. In this case, the slightly porous microstructure of the 

printed PMMA using a low concentration PMMA printing solution causes the reduction in final 

structure transparency. Figure 2.3B contains two printed highly porous PVDF chesses to highlight 

the dimensional stability and accuracy of precipitation printed structures over the build height. 

Microscale high resolution printing can also be achieved using a small diameter (0.15 mm) 30-

gauge nozzle. In Figure 2.3C and D, a PVDF micro lattice of size 4 mm × 4 mm × 3 mm with a 

printing line width of 100 μm measured by scanning electron microscopy (SEM) imaging is 

presented. The printing resolution is limited by the internal diameter of the nozzle and therefore a 

finer nozzle will further enhance the printing resolution. 

 
Figure 2.3. A) Precipitation printed PMMA chesses and wrench. B) Precipitation printed PVDF chesses. C) PVDF 
micro lattice structure on a dime coin. D) SEM image of the micro lattice. 

Table 2.1. Printing parameters for various materials for 3D structure demonstration. 

 PMMA PVDF MWCNTs/PVDF NBR 
Solvent acetone DMF DMF DMF 

Non-solvent water water water water 
Solution concentration (wt%) 25 15 15 25 

Layer height (mm) 0.05 0.05 0.05 0.05 
Nozzle diameter (mm) 0.25 0.25 0.30 0.25 

Printing speed (mm·s−1) 7 7 7 8 
Line width (mm) 0.40 0.20 0.20 0.20 

Pressure (psi) 2.0 2.5 1.4 30 
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Additive manufacturing of polymer nanocomposites as multifunctional materials can be 

conveniently integrated to precipitation printing. To demonstrate the utility of the precipitation 

printing process for the realization of functional nanocomposites, electrically conductive structures 

have been printed using multiwalled carbon nanotubes (MWCNTs) dispersed in a PVDF matrix. 

Figure 2.4A shows two precipitation printed MWCNTs/PVDF nanocomposite thin-walled tubes 

demonstrating the high aspect ratio and dimensional stability of the printing process. The 

nanocomposite tube can have a wall thickness of only 0.25 mm. Figure 2.4B shows an SEM image 

of the surface of a MWCNTs/PVDF nanocomposite sample and as can be seen in Figure 2.4B, 

MWCNTs are randomly dispersed in PVDF as indicated by the yellow arrows, allowing the 

printing of electrically conductive structures. The electrical conductivity of MWCNTs/PVDF 

nanocomposites with respect to the weight fraction of MWCNTs in PVDF is shown in Figure 

2.4C. As can be seen in the plot, there is a rapid increase in nanocomposite electrical conductivity 

when MWCNTs are increased from 2 wt% to 4 wt%. While the MWCNTs/PVDF nanocomposite’s 

electrical conductivity keeps rising as the MWCNTs weight fraction goes up, the printing solution 

becomes very viscous and prone to clogging of the nozzle when the weight fraction of MWCNTs 

is higher than 6 wt%. After considering the electrical conductivity and printability, 

nanocomposites with 6 wt% of MWCNTs were selected as the optimum for precipitation printing. 

Figure 2.4D shows two small 3D printed MWCNTs/PVDF nanocomposite tower structures with 

a total resistance of 16 kΩ on a neat PVDF base, which serve as the electrodes for a lighted LED. 

In addition, this structure showcases the capability of printing conductive PVDF nanocomposites 

onto an existing PVDF structure, which can be used as a 3D electrode printing process for 

piezoelectric PVDF devices in the future. Polymer nanocomposites containing MWCNTs have 

also been shown to act as piezoresistive sensors to measure strain [213]. The piezoresistivity of 

the precipitation printed MWCNTs/PVDF nanocomposite was measured by printing a strain gauge 

with a fine parallel-grid pattern to increase the accuracy of strain measurement. Figure 2.4E shows 

the printed strain gauge on a polyimide strip that was coated with a thin layer of PVDF applied 

using a doctor blade. To assess the piezoresistivity, the electrical resistance of the printed strain 

gauge was measured under varying levels of strain from 0 to 3.0 % applied to the sample by an 

Instron universal testing systems (model 5982). The electrical resistance-strain relationship is 

shown in Figure 2.4F, with a linear region from 0.8 % to 2.7 % strain (R2 = 0.996). The plot also 

shows two nonlinear regions, one at very low strains where MWCNTs inside PVDF matrix are 



 38 

still coiled or curled in the polymer followed by their extension and orientation and the other at 

larger strains followed by their slipping inside the polymer. 

 
Figure 2.4. A) Precipitation printed MWCNTs/PVDF nanocomposite thin-walled structures. B) SEM image of the 
surface of printed MWCNTs/PVDF sample (6 wt% MWCNTs). C) Electrical conductivity of the printed 
MWCNTs/PVDF nanocomposite increases as the weight fraction of MWCNTs increases. D) Printed 
MWCNTs/PVDF nanocomposite tower structures serve as two electrodes of a lighted LED. E) Precipitation printed 
MWCNTs/PVDF strain gauge during tensile testing. F) Tested electrical resistance-strain relationship of the strain 
gauge. 

In addition to thermoplastics, thermosetting polymers can also be printed through this 

method and have been demonstrated through the printing of acrylonitrile butadiene rubber (NBR) 

and subsequent vulcanization through radical polymerization. Figure 2.5A shows a printed block 

M which was first printed as a mixture of NBR and a latent peroxide catalyst (tert-butyl 

peroxybenzoate) at room temperature and then dried in a vacuum chamber. The color of NBR 

before vulcanization was cream and turned to brown after the vulcanization process at 125 °C in 

an oven for 20 min to allow the tert-butyl peroxybenzoate to form radicals beyond its self-

accelerating decomposition temperature (SADT) of 65.8 °C [214], as shown in Figure 2.5B. The 

precipitation printing method allowed uniform mixing of the liquid catalyst (e.g., peroxide) with 

soluble unvulcanized rubber enabling a uniform cross-linked structure after curing. However, 

although the precipitation printing technique provided high precision 3D printing for an accurately 

finished part, it is difficult to maintain the dimensional stability during the elevated temperature 
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vulcanization process due to contraction. Moreover, NBR is used for the demonstration of a heart 

valve shaped 3D printed check valve. Figure 2.5C–E present the 3D printed check valve’s closed 

and open state. The size of this 3D printed check valve is 15 mm in diameter and 4 mm in height. 

This valve allows flow to pass in one direction when the applied pressure opens the gap 

automatically and blocks flow in the other direction when the gap is sealed by the applied pressure. 

The flow rates in two directions (direction 1: flow comes from the top side, direction 2: bottom 

side of the check valve) at different pressures were measured to verify the effectiveness of this 

check valve. Figure 2.5F shows the flow rate test setup with flow direction from the top side, and 

the experiment result in Figure 2.5G indicates the check valve can restrict the flow rate to a low 

level (about 1 mL/s) from the top of the valve and it allows flow rate to increase as the pressure 

rises in the other direction. 

 
Figure 2.5. A) Precipitation printed NBR block M before curing. B) The NBR block M after curing. C) Precipitation 
printed NBR check valve before curing, top view. D) The NBR check valve after curing, closed state. E) The NBR 
check valve after curing, open state. F) Flow rate test setup (flow comes from the top side). G) Flow rate-pressure 
relationship for two different flow directions. 

2.3 Effect of solvent/non-solvent pairs 

2.3.1 Wet spinning of poly(methyl methacrylate) fibers 

During the precipitation printing process, mutual diffusion takes place between the solvent 

in the printing solution and the non-solvent, resulting in the previously mentioned NIPS 

phenomenon. To select a solvent to form the printing solution of a target polymer, Hansen 
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solubility parameter as a widely used method to predict material solubility is used [199]. In the 

case of PMMA, its Hansen solubility parameters and the relative energy difference (RED) of some 

common solvents relative to PMMA are shown in Table 2.2 [200]. As a result, DMF and acetone 

were selected as two solvents for PMMA printing solutions.  
Table 2.2. Hansen solubility parameters of PMMA (R0 = 11 MPa0.5) and common solvents. 

 δd (MPa0.5) δp (MPa0.5) δh (MPa0.5) RED 
PMMA 17.9 10.1 5.4 / 

N,N-dimethylformamide (DMF) 17.4 13.7 11.3 0.63 
Acetone 15.5 10.4 7.0 0.46 
Ethanol 15.8 8.8 19.4 1.33 

Propylene glycol (PG) 16.8 9.4 23.3 1.64 
Water 15.6 16 42.3 3.42 

 

Previous works on membranes formed by NIPS have shown that the phase separation rate 

(or precipitation rate) and the membrane cross-section morphology depend on not only the 

solubility of the polymer in the solvent and non-solvent, but also the diffusion rate between the 

solvent and non-solvent. The diffusion rate depends on the diffusivity, which is related to the 

viscosity of the liquid based on the Stokes-Einstein relation. Therefore, two non-solvents with 

highly different dynamic viscosity (μ), water (μ = 1 mPa·s at 20 °C) and propylene glycol (PG, μ 

= 56 mPa·s at 20 °C), were studied for the NIPS process of PMMA. To investigate the effect of 

solvent/non-solvent pairs on the microstructure morphology of precipitation printed PMMA, wet 

spinning tests of two types of PMMA printing solutions in two types of non-solvent baths were 

performed. It should be noted that wet spinning was selected as the preliminary test method to 

study the effect of solvent/non-solvent pairs because it is simple and shares the same NIPS 

mechanism with precipitation printing. PMMA (Sigma-Aldrich, average molecular weight 

∼120,000) was dissolved in acetone (ACS reagent, Sigma-Aldrich) and DMF (certified ACS, 

Fisher Chemical) to form 35 wt% PMMA/acetone and PMMA/DMF solutions, respectively. For 

each wet spinning test, the printing solution was loaded in a 10 mL syringe with a 26-gauge (0.25 

mm inner diameter) nozzle, and wet spun into the corresponding non-solvent bath using 25 psi 

pressure (Figure 2.6). After collecting the wet spun fibers, they were dried in a vacuum oven (25 

in. -Hg) at 80 °C for 12 h to evaporate the non-solvent and residual solvent. The cross-sections of 

the wet spun fibers were then examined by a scanning electron microscope (SEM, JEOL JSM-

7800FLV). 
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Figure 2.6. Wet spinning process setup. 

Figure 2.7 shows the cross-section SEM images of the wet spun PMMA fibers using 

different solvent/non-solvent pairs. In the case of PMMA/acetone/water (Figure 2.7A), the fiber 

has an overall dense cross-section with a non-circular shape, with some small voids of sizes below 

1 μm. This means after being dispensed out of a circular nozzle, the PMMA/acetone solution does 

not precipitate (or solid-liquid phase separate) immediately, which allows sufficient time for gel-

state fiber shape change. The gradual increase of the PMMA concentration before solid-liquid 

phase separation by the mutual diffusion between acetone and water leads to the dense 

microstructure in this case. In the case of PMMA/DMF/water (Figure 2.7B), the fiber has a circular 

cross-section with pores larger than 10 μm, which indicates a faster PMMA precipitation rate on 

the fiber surface than the PMMA/acetone/water case. The fixed circular outer surface of the fiber 

restricts the volume contraction of the gel-state fiber, causing the formation of large pores after the 

drying of trapped water. On the other hand, when using the high viscosity PG with a lower RED 

to PMMA as the non-solvent, both PMMA/acetone/PG and PMMA/DMF/PG cases result in fully 

dense and non-circular fibers (Figure 2.7C and D). These dense microstructures indicate the 

PMMA solutions possibly underwent a single-phase gelation path before being removed from the 

bath, where the solution concentration increased up to gelation but never reached the solid-liquid 

phase separation limit [215,216].  
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Figure 2.7. Cross-section SEM images of the wet spun PMMA fibers using the following solvent/non-solvent pairs: 
A) acetone/water, B) DMF/water, C) acetone/PG, D) DMF/PG. 

2.3.2 Tensile testing of precipitation printed poly(methyl methacrylate) 

After the wet spinning tests, two representative solvent/non-solvent pairs, 

PMMA/acetone/water (slightly porous) and PMMA/DMF/PG (fully dense) were used for 

precipitation printing of ASTM D638 type V specimens with printing parameters listed in Table 

2.3. It should be noted that due to the anisotropy of 3D printed parts, three infill configurations, all 

0°, all 90°, and 0°/90° alternating patterns relative to the loading direction were printed. After 

drying all PMMA specimens at 80 °C for 12 h under vacuum (25 in. -Hg), tensile tests were 

performed according to ASTM D638 with a testing speed of 1 mm·s−1. Reference specimens were 

solution cast PMMA films with the laser cut D638 type V shape. Figure 2.8 shows the tensile test 

results from the PMMA/acetone/water system. The Young’s modulus of printed PMMA using this 

system is slightly lower than the reference PMMA films, especially for the 90° specimens (14% 

reduction). However, the tensile strength and tensile toughness (defined as the absorbed strain 

energy before failure) of the printed PMMA in this case are significantly lower than the PMMA 

films due to the low elongation at break originated from the stress concentration at internal voids. 
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It is worth mentioning that defects (voids) in precipitation printed parts generally originate 

from the following three aspects. First, rapid solvent/non-solvent exchange during the precipitation 

process can lead to the formation of a highly porous microstructure through spinodal 

decomposition (will be discussed in Section 2.3.3). Second, bubbles in the printing solution can 

result in big pores in the printed structure due to insufficient infill. However, bubbles can be 

eliminated completely by proper degassing of the printing solution. Third, defects (voids) occur at 

the interfaces between layers or adjacent printing lines due to insufficient solvent welding, which 

is the main source of defects in the case of PMMA precipitation printing. Among all infill 

configurations of printed PMMA, 0°/90° alternating specimens have the best tensile properties 

because they have the fewest interfacial defects between infill lines by using the alternating pattern. 

The alternating pattern provides a self-repairing chance for the upper layer printing solution to 

cover and fill the voids between the printing lines of the lower layer. The tensile fracture surfaces 

of the printed PMMA were examined by SEM imaging in Figure 2.9. Although the PMMA cross-

sections have an overall dense microstructure, macroscale voids caused by insufficient infill 

between paths can be seen, especially in all 0° and all 90° specimens. The voids induced stress 

concentration is considered the main source of low elongation at break and low tensile toughness.  
Table 2.3. Printing parameters for PMMA using different solvent/non-solvent pairs. 

 PMMA/acetone/water PMMA/DMF/PG 
Solution concentration (wt%) 35 35 

Layer height (mm) 0.04 0.06 
Nozzle diameter (mm) 0.30 0.41 

Printing speed (mm·s−1) 5 7 
Line width (mm) 0.40 0.40 

Pressure (psi) 5 6 
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Figure 2.8. Tensile test results of PMMA printed from the PMMA/acetone/water system: A) Young’s modulus, B) 
tensile strength, C) elongation at break, D) tensile toughness. 

 
Figure 2.9. SEM images of the tensile fracture surfaces of PMMA printed from the PMMA/acetone/water system. A) 
0° specimen. B) 0°/90° alternating specimen. C) 90° specimen. 

Figure 2.10 contains the tensile test results of the precipitation printed PMMA from the 

PMMA/DMF/PG system. In this case, the Young’s moduli of precipitation printed PMMA 

specimens have negligible difference compared to the PMMA films (one-way ANOVA p = 0.69), 
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while the tensile strengths are 80–90% of the PMMA films. Elongation at break and tensile 

toughness of the printed PMMA are comparable or even higher than the PMMA films. Compared 

to the PMMA/acetone/water case, the improved tensile properties in the PMMA/DMF/PG case are 

attributed to the slow precipitation rate and dense microstructure of the printed PMMA. Among 

the three infill configurations, since defects are significantly reduced in all specimens, 0° 

specimens exhibit the highest elongation and tensile toughness due to the higher ductility in the 

printing direction. The lower tensile strength but higher elongation at break of printed PMMA 

relative to the PMMA films can be explained by the residual high-boiling point PG (188 °C) even 

after 80 °C vacuum drying. The SEM images in Figure 2.11, which are the tensile fracture cross-

sections of the printed PMMA using the PMMA/DMF/PG system, exhibit fully dense and rough 

surfaces without any printing paths for all printing configurations, indicating a low anisotropy. 

 
Figure 2.10. Tensile test results of PMMA printed from the PMMA/DMF/PG system: A) Young’s modulus, B) tensile 
strength, C) elongation at break, D) tensile toughness. 
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Figure 2.11. SEM images of the tensile fracture surfaces of PMMA printed from the PMMA/DMF/PG system. A) 0° 
specimen. B) 0°/90° alternating specimen. C) 90° specimen. 

2.3.3 Wet spinning of poly(vinylidene fluoride) fibers 

The other thermoplastic polymer used in this study is PVDF, which is semi-crystalline and 

highly hydrophobic. The Hansen solubility parameters and the RED of some common solvents 

relative to PVDF are shown in Table 2.4 [200]. As a result, DMF, NMP and N,N-

Dimethylacetamide (DMAc) are considered good solvents for preparing PVDF printing solutions, 

and water and PG are two non-solvents. For wet spinning tests, PVDF powder (Kynar 301F) was 

first dissolved in DMF (certified ACS, Fisher Chemical), NMP (99+%, Thermo Scientific) and 

DMAc (certified ACS, Fisher Chemical) to form 20 wt% PVDF/DMF, PVDF/NMP and 

PVDF/DMAc solutions, respectively. The three printing solutions were again loaded in a 10 mL 

syringe with a 26-gauge (0.25 mm inner diameter) nozzle, and wet spun into the corresponding 

non-solvent bath using 40 psi pressure. The drying process was 120 °C vacuum (25 in. -Hg) drying 

for 12 h.  

Figure 2.12 shows the cross-section SEM images of the wet spun PVDF fibers using three 

different solvents and water as the non-solvent. The PVDF fiber cross-sections are non-circular 

when using DMAc and DMF as the solvent, and the one using NMP as the solvent is circular. This 

can be explained that DMAc and DMF are better solvents (lower RED) for PVDF than NMP, 

which leads to delayed fiber surface phase separation and allows shape change and contraction. 

All three fibers in Figure 2.12 are porous, with a relatively less porous surface layer, large finger-
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shapes pores in the radial direction, and a microporous core. This unique microstructure has been 

discovered in asymmetric membrane formation via NIPS in the literature [12,217,218]. In these 

three cases, the solvent and non-solvent are highly miscible with low viscosity, causing the rapid 

formation of a precipitated microporous surface layer. The internal solvent from the polymer 

solution then has the tendency to diffuse towards the outer surface of the gel-state fiber quickly, 

which causes the formation of finger-shapes pores in the radial direction [219,220]. As the amount 

of internal solvent decreases due to diffusion, the polymer concentration and viscosity of the core 

increases, resulting in a slower phase separation rate and a sponge-like microporous core. 
Table 2.4. Hansen solubility parameters of PVDF (R0 = 4.1 MPa0.5) and common solvents. 

 δd (MPa0.5) δp (MPa0.5) δh (MPa0.5) RED 
PVDF 17.0 12.1 10.2 / 

N,N-dimethylformamide (DMF) 17.4 13.7 11.3 0.51 
Dimethyl sulfoxide (DMSO) 18.4 16.4 10.2 1.25 

N,N-dimethylacetamide (DMAc) 16.8 11.5 9.4 0.26 
N-methyl-2-pyrrolidoneare (NMP) 18 12.3 7.2 0.88 

Propylene glycol (PG) 16.8 9.4 23.3 3.26 
Water 15.6 16 42.3 7.92 

 

Polymer/solvent/non-solvent ternary phase diagrams can used to describe the NIPS process 

and its mechanism. It should be noted that all ternary phase diagrams used in this dissertation are 

illustrations to explain the printing solution phase separation progress based on the observed 

microstructure in SEM images. Figure 2.13A explains the NIPS mechanism that forms the PVDF 

microstructure in Figure 2.12, where similar mutual diffusion rate between the solvent (DMAc, 

DMF or NMP) and water causes a relatively flat evolution path, which results in fast crossing of 

the spinodal curve and spinodal decomposition of both the fiber surface and core. In addition, the 

evolution path end point for the fiber core usually does not reach the right edge of the ternary phase 

diagram, since the mutual diffusion between the solvent and non-solvent eventually turns into a 

steady-state solvent/non-solvent mixture.  
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Figure 2.12. Cross-section SEM images of the wet spun PVDF fibers using the following solvent/non-solvent pairs: 
A) DMAc/water, B) DMF/water, C) NMP/water. 

 
Figure 2.13. Ternary phase diagrams of PVDF/solvent/non-solvent systems. A) DMAc, DMF or NMP as the solvent, 
water as the non-solvent. B) DMAc, DMF or NMP as the solvent, PG as the non-solvent. 

On the other hand, when using PG as the non-solvent, the high viscosity of PG hinders the 

mutual diffusion between the solvent and non-solvent. All wet spun fiber cross-sections in Figure 

2.14 have a uniformly porous microstructure with porous broccoli-shaped spherulites (about 1–10 

μm diameter). The outer surface of the PVDF/DMAc/PG and PVDF/DMF/PG fibers are non-

circular, while the PVDF/NMP/PG fiber has a circular shell due to a faster precipitation of the 
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surface layer. The diameter and porosity of the broccoli-shaped spherulites increase as the solvent 

RED to PVDF increases (NMP > DMF > DMAc). This microstructure originates from the liquid-

liquid demixing of PVDF-rich and PVDF-lean phases in the metastable region, where nuclei of 

PVDF-rich phase forms and slowly grows into the porous broccoli-shaped spherulites [221,222]. 

The evolution paths in the ternary phase diagram are indicated in Figure 2.13B. Since high 

viscosity PG diffuses slowly into the PVDF gel-state fiber, both the fiber skin and core experience 

steep evolution paths that stay in the metastable region, and no spinodal decomposition happens 

in these three cases in Figure 2.14.  

 
Figure 2.14. Cross-section SEM images of the wet spun PVDF fibers using the following solvent/non-solvent pairs: 
A) DMAc/PG, B) DMF/PG, C) NMP/PG. 

2.3.4 Tensile testing of precipitation printed poly(vinylidene fluoride) 

Two representative solvent/non-solvent pairs, PVDF/DMF/water (high porosity) and 

PVDF/DMAc/PG (low porosity) were used for precipitation printing of ASTM D638 type V 

specimens with printing parameters listed in Table 2.5. Drying of PVDF specimens was at 120 °C 

vacuum (25 in. -Hg) for 12 h. Prior to tensile testing, the density of the PVDF prepared from this 

system was measured to be 0.746 g·cm−3, 42% of fully dense PVDF (1.78 g·cm−3). The tensile test 

procedure was following ASTM D638, the same as the previous PMMA case. Figure 2.15 shows 
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the tensile test results from the PVDF/DMF/water system. Due to the high porosity, the Young’s 

modulus and tensile strength of the precipitation printed PVDF in this case are lower than 40% of 

the corresponding ones of the PVDF films. However, the elongation at break of the printed PVDF 

is comparable or even higher than dense PVDF films, which can be explained by the microstructure 

with interconnected PVDF networks surrounding the finger-shape pores and the pore shape change 

under tension. Among the three configurations, 0° specimens have the highest Young’s modulus 

and tensile strength, while 90° specimens have the lowest tensile properties. The anisotropic tensile 

properties indicate that this porous material is stronger in the longitudinal continuous printing 

direction than the transverse direction.  

 
Figure 2.15. Tensile test results of PVDF printed from the PVDF/DMF/water system: A) Young’s modulus, B) tensile 
strength, C) elongation at break, D) tensile toughness. 

Table 2.5. Printing parameters for PVDF using different solvent/non-solvent pairs. 

 PVDF/DMF/water PVDF/DMAc/PG 
Solution concentration (wt%) 20 20 

Layer height (mm) 0.04 0.04 
Nozzle diameter (mm) 0.25 0.30 

Printing speed (mm·s−1) 7 7 
Line width (mm) 0.20 0.40 

Pressure (psi) 9.5 8.0 
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The tensile fracture surface SEM images in Figure 2.16A and B show that printed PVDF 

specimens have substantial pull-outs in the 0° layers as the continuous printing direction, but have 

weak interfaces between 90° infill lines (Figure 2.16C). In addition, layer stratification can be 

observed in all specimens, in particular the 0°/90° alternating specimens and all 90° specimens, 

confirming the highly anisotropic microstructure of printed PVDF using the PVDF/DMF/water 

system. The weak interface between infill lines and layers is caused by the insufficient solvent 

welding power, because the solubility of PVDF in DMF is readily reduced with the presence of 

water.  

 
Figure 2.16. SEM images of the tensile fracture surfaces of PVDF printed from the PVDF/DMF/water system. A) 0° 
specimen. B) 0°/90° alternating specimen. C) 90° specimen. 

The PVDF precipitation printed from the PVDF/DMAc/PG system has a higher density of 

1.21 g·cm−3, 68% of fully dense PVDF. In this case, a higher degree of anisotropy can be seen in 

the tensile test results in Figure 2.17. The Young’s modulus and tensile strength of 0° specimens 

is 55% and 79% higher than those of the 90° specimens, respectively, while the 0°/90° alternating 

specimens have intermediate tensile properties. Although the overall Young’s moduli in this case 

are improved compared to the previous PVDF/DMF/water case due to the lower porosity, the 

elongations at break are decreased more than 50%. This can be explained by the PVDF 

microstructure printed from the PVDF/DMAc/PG system, where internal porous spherical cells 

(or sponge-shape pores) have weak interconnection with each other and allow easy fracture 

between cells. Like wet spinning, the outer surface of each printing line has the lowest porosity, 

resulting in highest strength along the continuous printing line direction. SEM images of the tensile 
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fracture surfaces in Figure 2.18 show less significant layer stratification than the 

PVDF/DMF/water case, but the interface between infill lines is still weak due to the poor solvent 

welding effectiveness onto the weakly connected PVDF spherulites, which can be seen as some 

relatively smooth adhesive failure sites in the 90° specimen (Figure 2.18C).  

 
Figure 2.17. Tensile test results of PVDF printed from the PVDF/DMAc/PG system: A) Young’s modulus, B) tensile 
strength, C) elongation at break, D) tensile toughness. 
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Figure 2.18. SEM images of the tensile fracture surfaces of PVDF printed from the PVDF/DMAc/PG system. A) 0° 
specimen. B) 0°/90° alternating specimen. C) 90° specimen. 

Combining the SEM images, density measurements and tensile test results, we can see that 

the solvent/non-solvent pair used for the precipitation printing plays a significant role in the 

microstructure and mechanical properties of a printed target polymer. In general, a good solvent 

with low RED to the target polymer and a weak non-solvent with high viscosity can avoid spinodal 

decomposition and produce structures with a dense microstructure and high mechanical properties, 

while a strong non-solvent with low viscosity can be used to prepare porous and lightweight 

structures. However, depending on the phase separation type, such as liquid-liquid demixing and 

spinodal decomposition, different porous microstructures can lead to large variations in 

mechanical properties. Therefore, precipitation printing allows microstructure and mechanical 

property tailoring of the prints, but preliminary studies (like wet spinning) of different solvent/non-

solvent pairs need to be applied to a wider range of thermoplastic polymers as a guide for future 

applications. 

2.4 Effect of printing solution concentration 

2.4.1 Poly(methyl methacrylate) 

The effect of printing solution concentration on the precipitation printed PMMA was 

investigated using the PMMA/acetone/water system. The PMMA/acetone printing solution 

concentration varied from 25 to 40 wt%, and the printing parameters are listed in Table 2.6. It 
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should be noted that the pressure used for printing different concentration solutions was adjusted 

for the maximum infill, considering the viscosity difference among the solutions. After 

precipitation printing of five 14 mm × 8 mm × 1 mm rectangular bars for each concentration, the 

same drying process at 80 °C for 12 h under vacuum was applied to all PMMA specimens. The 

final dimensions of the PMMA specimens were measured using calipers and micrometers and used 

to calculate the dimensional contraction relative to the design value. Due to the removal of the raft 

layers that caused inaccurate specimen thickness measurement, average dimensional contraction 

was calculated using the in-plane contractions in x and y-directions. The mass of each PMMA 

specimen was also weighed on an analytical scale (Mettler Toledo) to calculate the final density. 

Figure 2.19 contains the average dimensional contraction and final density of PMMA 

printed from different concentration solutions. When the PMMA solution concentration increases 

from 25 to 40 wt%, the average dimensional contraction is within 3.7%–4.9% with no statistically 

significant change (ANOVA p = 0.17), but the final density increases from 0.89 to 1.08 g·cm−3. 

Since the PMMA has a density of 1.18 g·cm−3, precipitation printed PMMA using all tested 

concentrations still contain voids or remaining solvents after drying.  

 
Figure 2.19. Dimensional contraction and final density of PMMA printed from different concentration PMMA/acetone 
solutions in a water bath. 
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Table 2.6. Printing parameters for different concentration PMMA/acetone solutions in a water bath. 

Parameters Values 
PMMA solution concentration 

(wt%) 25 30 35 40 

Layer height (mm) 0.04 0.04 0.04 0.04 
Nozzle diameter (mm) 0.30 0.30 0.30 0.30 

Printing speed (mm·s−1) 5 5 5 5 
Line width (mm) 0.40 0.40 0.40 0.40 

Pressure (psi) 0.4 1.6 5.0 22 
 

 
Figure 2.20. Ternary phase diagrams and cross-section SEM images of PMMA printed from low and high 
concentration solutions. A–C) PMMA printed from a low concentration (25 wt%) solution. D–F) PMMA printed from 
a high concentration (40 wt%) solution. 

To explain the concentration effect, ternary phase diagrams and SEM images of the PMMA 

cross-sections are presented in Figure 2.20. In Figure 2.20A, when using a low concentration (25 
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wt%) solution, although the starting point on the PMMA-acetone edge is low, the evolution paths 

stay in the single phase stable region as mostly dense microstructures in Figure 2.20B and C are 

observed. The macroscale voids in Figure 2.20B are found mainly on the layer interfaces or gaps 

between infill lines, which are caused by the insufficient polymer infill between printing lines 

using low concentration solutions. Specifically, when using a low concentration solution, more 

acetone and water are trapped inside the printed wet structure, and they tend to form internal voids 

after drying in this case because the low boiling point acetone and water on the structure outer 

surface evaporate immediately after removing from the bath and form a dense PMMA shell that 

has low mobility for contraction (also explained in Chapter 2.5.1). In Figure 2.20D, when using a 

high concentration (40 wt%) solution, the evolution paths again end in the stable region before 

crossing the binodal curve, resulting in a dense microstructure. SEM images in Figure 2.20E and 

F also confirm the fully dense microstructure of PMMA without visible voids, due to a sufficient 

polymer infill between printing lines. Therefore, in the case of a ternary system where a dense 

microstructure is usually formed during the NIPS process, like this PMMA/acetone/water system, 

higher printing solution concentration reduces the defects between printing lines and improves the 

density of printed polymer. However, as a dense PMMA shell usually immediately forms on the 

structure outer surface after removing from the bath due to the fast evaporation of surface acetone 

and water, the dimensional contraction is quickly defined at the same time, which is not influenced 

by the printing solution concentration. 

2.4.2 Poly(vinylidene fluoride) 

The effect of printing solution concentration on the precipitation printed PVDF was studied 

using the PVDF/DMF/water system. The PVDF/DMF printing solution concentration varied from 

10 to 25 wt%, and the printing parameters are listed in Table 2.7. After precipitation printing of 

the same size rectangular specimens as the previous PMMA section, all PVDF specimens were 

dried at 120 °C for 12 h under vacuum. Figure 2.21 shows the average dimensional contraction 

and final density of PVDF printed from different concentration solutions. When the PVDF solution 

concentration increases from 10 to 25 wt%, the average dimensional contraction increases from 

10.8% to 16.5%, and the final density also increases from 0.478 to 0.978 g·cm−3. Considering the 

density of neat PVDF that is 1.78 g·cm−3, the density percentage of printed PVDF specimens 

ranges from 27% to 55%.  



 57 

Table 2.7. Printing parameters for different concentration PVDF/DMF solutions in a water bath. 

Parameters Values 
PVDF solution concentration 

(wt%) 10 15 20 25 

Layer height (mm) 0.04 0.04 0.04 0.04 
Nozzle diameter (mm) 0.25 0.25 0.25 0.25 

Printing speed (mm·s−1) 7 7 7 7 
Line width (mm) 0.20 0.20 0.20 0.20 

Pressure (psi) 1.0 2.5 9.5 28 
 

 
Figure 2.21. Dimensional contraction and final density of PVDF printed from different concentration PVDF/DMF 
solutions in a water bath. 

The dimensional contraction and density trends with respect to the PVDF printing solution 

concentration can be explained using the ternary phase diagrams in Figure 2.22. In the case of a 

low concentration (10 wt%) solution, the evolution paths start from the lower end of the PVDF-

DMF edge, quickly undergo spinodal decomposition and end in the unstable region with a high 

fraction of water and DMF (Figure 2.22A). The cross-section SEM images of PVDF printed from 

this low concentration solution in Figure 2.22B and C exhibit a highly porous microstructure with 

randomly distributed pores, which verifies the spinodal decomposition mechanism. On the other 

hand, when using a high concentration (25 wt%) solution, the evolution paths start from a higher 

point on the PVDF-DMF edge, but still undergo spinodal decomposition (Figure 2.22D). 

Compared to the low concentration case, the high concentration printing solution has a high 

viscosity that hinders DMF/water diffusion, which results in higher residual DMF content after 

precipitation printing. The evaporation of high residual DMF content in a porous PVDF structure 

during the drying process causes PVDF contraction and densification by capillary forces. This 

explanation is supported by the cross-section SEM images of PVDF printed from the high 
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concentration solution in Figure 2.22E and F, where the porous PVDF microstructure produced by 

spinodal decomposition becomes more compact after contraction compared to the low 

concentration case in Figure 2.22B and C. Thus, for a ternary system where a highly porous 

microstructure is formed by spinodal decomposition, such as this PVDF/DMF/water system, 

higher printing solution concentration increases the dimensional contraction after drying, but also 

increases the final structure density. 

 
Figure 2.22. Ternary phase diagrams and cross-section SEM images of PVDF printed from low and high concentration 
solutions. A–C) PVDF printed from a low concentration (10 wt%) solution. D–F) PVDF printed from a high 
concentration (25 wt%) solution. 
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2.5 Effect of non-solvent bath temperature 

Non-solvent bath temperature is one important environment condition of the precipitation 

printing process, or specifically the NIPS process. Since the NIPS process is based on mass 

diffusion, the non-solvent bath temperature affects the kinetics, in particular the diffusivity 

according to the Stokes-Einstein relation, following the Equation 2.2: 
𝐷𝐷𝑇𝑇1
𝐷𝐷𝑇𝑇2

=
𝑇𝑇1
𝑇𝑇2

𝜇𝜇𝑇𝑇2
𝜇𝜇𝑇𝑇1

 (2.2) 

where D is the diffusivity, T1 and T2 are the corresponding temperature in Kelvin, and μ is the 

dynamic viscosity. As the temperature increases, the dynamic viscosity of the solvent and non-

solvent decreases, which further increases the diffusivity in Equation 2.2. In general, higher non-

solvent bath temperature can lead to faster solvent/non-solvent exchange and phase separation 

during the precipitation printing process. 

2.5.1 Poly(methyl methacrylate) 

To study the non-solvent bath temperature effect on the precipitation printing of PMMA, 

the PMMA/DMF/PG system was used instead of using acetone as the solvent in the previous 

section due to the limited temperature range that can be used on acetone (boiling point 56 °C). The 

testing temperature was controlled by a hot plate under the non-solvent bath and a thermocouple 

immersed in the non-solvent bath, and four different temperatures (20, 30, 40 and 50 °C) were 

tested. The printing parameters in Table 2.8 for different temperatures were kept the same. Five 

14 mm×8 mm×1 mm rectangular bars were printed for each temperature case, and the 

corresponding dimensional contraction and final density after 120 °C vacuum drying for 12 h were 

measured.  
Table 2.8. Printing parameters for the PMMA/DMF/PG system with different temperatures. 

Parameters Values 
Non-solvent bath temperature (°C) 20, 30, 40 and 50 

Solution concentration (wt%) 30 
Layer height (mm) 0.06 

Nozzle diameter (mm) 0.41 
Printing speed (mm·s−1) 7 

Line width (mm) 0.40 
Pressure (psi) 2.5 
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The results in Figure 2.23 show that as the temperature increases from 20 to 50 °C, the 

dimensional contraction of printed PMMA reduces significantly from 18.9% to 3.4%, while the 

final density after drying increases from 0.95 to 1.09 g·cm−3, which is from 80% to 92% of the 

density of neat PMMA. The mechanism behind these trends is explained using the ternary phase 

diagrams in Figure 2.24. According to the wet spinning results in Section 2.3.1, since PG is a weak 

non-solvent for PMMA with a relatively low RED value, the binodal and spinodal curves in Figure 

2.24A are far from the PMMA-DMF edge, indicating a large single-phase stable region on the left. 

In the case of a low non-solvent bath temperature (20 °C), the cross-section SEM images in Figure 

2.24B and C exhibit an overall dense PMMA microstructure with few voids. This means the 

evolution paths in Figure 2.24A end in the single-phase stable region without crossing the binodal 

curve. The few voids can be caused by insufficient infill between printing lines due to the higher 

viscosity of the printing solution at low temperatures. Moreover, the low temperature of the NIPS 

process hinders the core of the printed PMMA from completing DMF/PG exchange, which results 

in an evolution end point with a large amount of residual DMF. The high dimensional contraction 

in the low temperature case is also attributed to the evaporation of DMF during the drying process.  

 
Figure 2.23. Dimensional contraction and final density of PMMA printed from the PMMA/DMF/PG system with 
different temperatures. 

On the other hand, when using a high temperature (50 °C), the binodal and spinodal curves 

in Figure 2.24D move further away from the PMMA-DMF edge, due to the higher solubility of 

polymers in both the solvent and non-solvent under a higher temperature [223,224]. In this larger 

single-phase stable region, the PMMA solution undergoes a single-phase gelation process without 

phase separation, which again results in the dense and compact microstructure in Figure 2.24E and 
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F. The PMMA printing solution has lower viscosity at higher temperatures, which ensures better 

infill quality between printing lines and explains the density improvement. Because of the higher 

diffusivity at this temperature, the end point of the evolution path for the printed PMMA core 

region has less DMF than the low temperature case, and the dimensional contraction decreases. 

 
Figure 2.24. Ternary phase diagrams and cross-section SEM images of PMMA printed at low and high temperatures. 
A–C) PMMA printed at a low temperature (20 °C). D–F) PMMA printed at a high temperature (50 °C). 

It is worth mentioning that for the PMMA/DMF/PG system, the residual DMF trapped 

inside the printed PMMA can cause significant contraction, which is different from the generally 

low level of contraction (below 5%) in the PMMA/acetone/water system (Section 2.4.1). This is 

because both DMF and PG have high boiling points and low vapor pressures. When using a 120 

°C vacuum oven for drying, the PMMA molecules have a high mobility above its Tg (100 °C), 

while trapped DMF and PG can move towards the surface of the structure and evaporate slowly. 
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This slow but relatively uniform drying process is the cause of contraction and densification 

(Figure 2.25). However, as explained in Section 2.4.1, in the case of the PMMA/acetone/water 

system, acetone and water have low boiling points and high vapor pressures. After being removed 

from the water bath, the printed PMMA outer surface dries out quickly even at room temperature, 

which forms a dense PMMA shell on the outer surface that defines the dimensional contraction. 

When using an 80 °C vacuum oven for drying, the evaporation of the internally trapped acetone 

and water then leads to the formation of internal voids.  

 
Figure 2.25. Explanation of the different PMMA contraction after drying using the PMMA/DMF/PG system and the 
PMMA/acetone/water system. 

2.5.2 Poly(vinylidene fluoride) 

The non-solvent bath temperature effect on the precipitation printing of PVDF was studied 

using the PVDF/DMF/water system, and the printing parameters are tabulated in Table 2.9. It 

should be noted that two sets of printing pressure were tested, one is constant pressure for all 

temperatures, the other is different pressures for different temperatures to maximize infill. 

Rectangular specimens were printed for each temperature case, and the corresponding dimensional 

contraction and final density after 120 °C vacuum drying for 12 h were calculated.  
Table 2.9. Printing parameters for the PVDF/DMF/water system with different temperatures. 

Parameters Values 
Non-solvent bath temperature (°C) 20, 30, 40 and 50 

Solution concentration (wt%) 20 
Layer height (mm) 0.04 

Nozzle diameter (mm) 0.30 
Printing speed (mm·s−1) 7 

Line width (mm) 0.20 
Pressure (psi) Indicated in Figure 2.26 

 



 63 

In Figure 2.26A, if using a constant 3.0 psi pressure for PVDF printing, the dimensional 

contraction reduces from 15.4% to 11.7% when the temperature increases from 20 to 50 °C. 

However, the final density of PVDF does not have a significant change around 0.7 g·cm−3 with 

respect to temperature (ANOVA p = 0.15). This is mainly caused by the fast phase separation 

(spinodal decomposition) of the PVDF/DMF/water system which usually produces a highly 

porous microstructure according to the wet spinning results in Section 2.3.3. When at a low 

temperature (20 °C) in Figure 2.27A, the binodal and spinodal curves are very close to the PVDF-

DMF edge since water is an extremely strong non-solvent with a high RED value to PVDF. 

Inevitable spinodal decomposition makes both the printed PVDF core and skin porous (Figure 

2.27B and C), but low diffusivity at this temperature causes a high remaining DMF content in the 

core. When at a high temperature (50 °C), although the binodal and spinodal curves shift away 

from the PVDF-DMF edge (Figure 2.27D), cross-section SEM images in Figure 2.27E and F 

suggest that the evolution paths of PVDF still undergo the spinodal decomposition, no matter the 

core or the skin. The higher temperature’s effect on the PVDF evolution path is the extended end 

point for the core towards the PVDF-water edge, due to a more complete DMF/water exchange. 

The evaporation of lower residual DMF content in a porous PVDF structure during the drying 

process causes the lower PVDF contraction at higher temperatures. However, since the deposited 

amount of PVDF in each rectangular specimen also increases slightly at higher temperatures as a 

constant pressure is applied to the printing solution with reduced viscosity, the final density after 

considering contraction does not change much. 

 
Figure 2.26. Dimensional contraction and final density of PVDF printed from the PVDF/DMF/water system with 
different temperatures. A) Using a constant pressure of 3.0 psi for different temperatures. B) Using different pressures 
(3.0–4.1 psi) for different temperatures to maximize infill.  
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In addition to the constant pressure printing, the other set of tests was performed by 

adjusting the pressure for maximum infill at different temperatures. Having a highly porous 

microstructure allows additional infill to reduce the porosity of a previous layer by filling its pores 

with the higher-pressure printing solution and the solvent welding process. Figure 2.26B shows 

the dimensional contraction and final density of PVDF printed using increased pressure (from 3.0 

to 4.1 psi) when the non-solvent bath temperature increases. Because the solvent/non-solvent 

exchange is faster at higher temperatures, pores are formed more completely during the same 

period (here is the time to print each layer) and can be filled again with the higher-pressure printing 

solution. Moreover, at each temperature, the solvent welding performance also improves as the 

pressure increases, but the pressure is limited by avoiding printing solution overflow to the 

surrounding area. Therefore, the results in Figure 2.26B show that after adjusting the pressure, the 

dimensional contraction reduces from 15.4% to 10.2% when the temperature rises from 20 to 50 

°C, and the final density of printed PVDF increases from 0.709 to 0.723 g·cm−3 (ANOVA p = 

0.03). 
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Figure 2.27. Ternary phase diagrams and cross-section SEM images of PVDF printed at low and high temperatures. 
A–C) PVDF printed at a low temperature (20 °C) with a 3.0 psi pressure. D–F) PVDF printed at a high temperature 
(50 °C) with a 3.0 psi pressure. 

2.6 Chapter summary 

In this chapter, the concept and mechanism of precipitation printing were formally 

presented and explained. Precipitation printing is a solvent-based additive manufacturing method 

that utilizes the precipitation, or phase separation of solvated polymer in a non-solvent coagulation 

bath for solidification. The printing solution is dispensed in the non-solvent bath with computer-

designed printing paths controlled by a programmed gantry system, and the layer-by-layer 

fabrication of 3D structures is enabled through solvent welding as the joining mechanism. The 

detailed laboratory setup for the precipitation printing process, the selection of solvents and non-

solvents for a target polymer were discussed in this chapter. The effects of multiple precipitation 
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printing conditions on the microstructure, density and mechanical properties of two representative 

thermoplastics, PMMA and PVDF, were investigated comprehensively and explained using 

ternary phase diagrams. As a result, a stronger solvent with lower RED to the polymer based on 

the Hansen solubility parameters is preferred for stronger interfacial bonding and less porous 

microstructure. A strong non-solvent with a high RED value and high diffusivity usually leads to 

porous microstructures of printed polymer due to spinodal decomposition or metastable liquid-

liquid demixing, while a weak non-solvent with a low RED value and low diffusivity can produce 

dense microstructures via the single-phase gelation process. Moreover, the density of the printed 

structure generally increases as the printing solution concentration increases, but the trend of 

dimensional contraction with respect to the concentration depends on the evaporation rate and 

boiling point of the solvent and non-solvent pair. Finally, the dimensional contraction of the 

printed polymer after drying reduces as the non-solvent bath temperature increases during the 

precipitation printing process. The development of precipitation printing provides a new approach 

to additively manufacture thermoplastic polymers at relatively low temperatures (typically 20–50 

°C), especially for those thermally unstable or high melting point polymers. The study of the 

effects of various printing conditions offers a guide to design and tailor the microstructure, porosity 

and mechanical properties of precipitation printed materials for specific applications. 
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Chapter 3  Precipitation Printing of High-Performance Engineering Polymers 

 

3.1 Chapter introduction 

In Chapter 3, precipitation printing is applied to high-performance engineering 

thermoplastics. As a solvent-based additive manufacturing process, solvent power is used to 

dissolve high-performance thermoplastics in the precipitation printing process instead of using 

thermal energy to melt thermoplastics in material extrusion and powder bed fusion processes. 

Thus, precipitation printing can be performed at room temperature, while the temperature required 

to subsequently evaporate solvent and non-solvent is significantly lower than the melt processing 

temperature. In the first half of Chapter 3, precipitation printing is performed on polysulfone 

(PSU), a high-performance amorphous thermoplastic. By selecting different solvent/non-solvent 

pairs and using different PSU solution concentrations, the microstructure and porosity of the 

precipitation printed PSU can be tailored to be either highly porous or fully dense. In particular, 

the mechanical properties of precipitation printed fully dense PSU are comparable to the solvent 

cast PSU films from the same source, and the anisotropy of printed PSU specimens in different 

directions is much lower than high-performance polymers produced by material extrusion. 

Furthermore, the glass transition temperature and thermal stability of the printed PSU samples are 

measured to show that they can be used in high-temperature environments.  

In the second half of Chapter 3, additive manufacturing of all-aramid 3D structures is 

achieved for the first time through simultaneous precipitation printing and protonation of aramid 

nanofiber (ANF) solution (printing ink). The ANF printing ink is prepared through a deprotonation 

and dissolution process of Kevlar® fabric using a potassium hydroxide (KOH)/dimethyl sulfoxide 

(DMSO)/water system [225–227]. When printing the prepared high concentration ANF printing 

inks in propylene glycol (as a weak non-solvent and a proton donor), the ANFs can precipitate and 

protonate simultaneously to form 3D wet ANF structures. Followed by subsequent washing in 

water and drying, wet ANFs can assemble into solid all-aramid 3D structures through capillary 
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force, hydrogen bonding and π-π stacking induced self-assembly. To the author’s knowledge, this 

work is the first demonstration of additive manufacturing of all-aramid 3D structures through ANF 

self-assembly, which possess unprecedented thermal and mechanical properties compared to all 

existing unfilled polymeric materials fabricated by additive manufacturing. Therefore, 

precipitation printing provides a unique additive manufacturing approach to fabricate high-

performance polymeric structures for specific applications in extreme environments. 

3.2 Precipitation printing of polysulfone 

3.2.1 Ternary system selection 

In the precipitation printing process, the polymer/solvent/non-solvent ternary system 

selection dictates the solution evolution path during the non-solvent induced phase separation 

(NIPS) and the microstructure formation of printed polymer, which has been explained in Chapter 

2. In this section, the target high-performance thermoplastic is polysulfone (PSU), and the raw 

material is in the form of PSU pellets (Udel® P-3500, Solvay). As presented in Chapter 2, Hansen 

solubility parameter is a widely used method to predict the solubility of polymers in solvents. To 

select the compatible solvents for PSU, a table of Hansen solubility parameters and relative energy 

difference (RED) of some common solvents relative to PSU is shown below (Table 3.1) [200]. 

According to the convention that solvents with RED less than one can likely dissolve PSU, 

N,N-dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (NMP) and tetrahydrofuran (THF) 

were selected and then successfully tested as the three solvents in this work. Moreover, solvent 

welding is the bonding mechanism between adjacent infill paths and layers during precipitation 

printing [204,209,210]. A solvent with lower RED value usually indicates faster PSU dissolution 

and higher PSU solubility, which can result in a stronger solvent welding strength. Thus, Hansen 

solubility parameters in Table 3.1 are further used to explain the printability and interfacial 

bonding of PSU printed with different solvents later in this section. 
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Table 3.1. Hansen solubility parameters and RED of common solvents relative to PSU. 

 δd (MPa0.5) δp (MPa0.5) δh (MPa0.5) RED relative 
to PSU 

PSU 19.7 8.3 8.3 / 
N,N-dimethylformamide 17.4 13.7 11.3 0.96 

Dimethyl sulfoxide 18.4 16.4 10.2 1.09 
N-methyl-2-pyrrolidinone 18.0 12.3 7.2 0.67 

Tetrahydrofuran 16.8 5.7 8.0 0.80 
Acetone 15.5 10.4 7.0 1.09 

3.2.1.1 Casting solution phase inversion time study 

For the non-solvent, two nontoxic liquids, water and propylene glycol (PG) were used as 

the coagulation bath. The NIPS behavior of PSU solutions from three different solvents in the two 

non-solvent baths were first investigated through casting solution phase inversion time study. 

Three 25 wt% solutions were prepared by dissolving the PSU pellets in DMF (certified ACS, 

Fisher Chemical), NMP (99+%, Thermo Scientific) and THF (certified ACS, Fisher Chemical), 

respectively, through bath sonication (Branson 2800) for 5–8 h. After complete dissolution, the 

three solutions were cast on individual glass slides using a doctor-blade method (constant solution 

thickness of 50 μm) and immersed in two baths, water (deionized) and PG (99.9%, SK picglobal), 

then the time for PSU phase inversion was recorded. As a result, in Figure 3.1, all cast solutions 

have a transparent color on the glass slides before immersion in the non-solvent (recording time t 

= 0 s). When immersed in a water bath, PSU/DMF (here PSU/solvent represents a solution) has a 

sudden change of color to bright white in as little as 1 second, while PSU/NMP has a color change 

to light grey first at t = 1 s and slowly to white until t = 5 s. PSU/THF has a slow color change 

after water immersion, forming a translucent film after 30 seconds. Since a more white and opaque 

color of the film indicates a higher film porosity due to a faster precipitation or phase separation 

rate, the precipitation rate of the PSU/DMF/water (meaning PSU/solvent/non-solvent) system is 

faster than the PSU/NMP/water system and much faster than the PSU/THF/water system. On the 

other hand, when a weaker and more viscous non-solvent PG is in the coagulation bath, all three 

PSU solutions show slower color change than in the water baths. PSU/DMF can stay transparent 

for 1 second, and PSU/NMP can keep transparent for 5 seconds in PG, while PSU/THF does not 

have color change in 30 seconds. The phase inversion time results can provide a basic idea of how 

solvent/non-solvent pair affects the PSU precipitation rate and guidance to find the suitable pair 

for precipitation printing.  
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Figure 3.1. Phase inversion time of cast PSU solutions from three types of solvents in two types of non-solvent baths. 

3.2.1.2 Wet spinning study 

After the phase inversion time study, wet spinning of the three PSU solutions in water and 

PG was performed to investigate the solvent/non-solvent effect on PSU microstructures. The three 

solutions were loaded in 10 mL syringes with 26-gauge nozzles (0.254 mm inner diameter) for 

PSU fiber wet spinning in 500 mL beakers filled with water or PG, using a pressure of 40 psi (276 

kPa). Figure 3.2 shows the wet spinning process of the six PSU/solvent/non-solvent systems and 

the length of gel-state fiber before complete precipitation or solidification. A long gel-state fiber 

implies slower precipitation or phase separation rate. Here, the gel-state fiber length agrees with 

the phase inversion time study, where gel-state fibers are longer in PG than in water for all three 

types of solutions.  
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Figure 3.2. Wet spinning process of different PSU solutions in water and PG baths. The dashed circles are the gel-
state fibers before complete precipitation or solidification.  

The wet spun PSU fibers were collected and dried at 160 °C overnight, and their tensile 

fracture cross-sections were examined by a scanning electron microscope (SEM, JEOL JSM-

7800FLV). The resulting cross-section microstructures are displayed in Figure 3.3. In the cases of 

fibers from the PSU/DMF/water and PSU/NMP/water systems, the cross-section shape remains 

circular (same as the nozzle shape) due to the fast precipitation rate, especially on the fiber surface. 

The ternary phase diagram in Figure 3.4A can be used to explain the porous microstructure 

formation in these two cases. Low viscosity and high miscibility of DMF, NMP and water allow 
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rapid mutual diffusion between the solvent and non-solvent at the fiber surface, and the PSU 

solution quickly undergoes a spinodal decomposition and forms a slightly porous skin layer with 

micropores. The internal solvent in the wet fiber has the tendency to diffuse towards the fiber skin, 

which leads to the formation of large finger-shaped pores from the fiber center [217]. The evolution 

path of the wet fiber core in the ternary phase diagram usually stops at a point before reaching the 

right edge, since the mutual diffusion between the solvent and non-solvent eventually turns into a 

steady state. In contrast to the PSU/DMF/water and PSU/NMP/water systems, fibers from the other 

four solvent/non-solvent pairs have noncircular and less porous cross-sections due to a slower 

mutual diffusion process between THF and water, or between all three solvents and PG, which 

makes the evolution paths bypass spinodal decomposition (Figure 3.4B–E). In particular, fibers 

from the PSU/NMP/PG, PSU/THF/water and PSU/THF/PG systems have fully dense 

microstructures, which are potentially suitable for dense PSU structure printing.  

 
Figure 3.3. SEM images of the cross-sections of PSU fibers obtained from wet spinning of three PSU solutions in two 
types of non-solvent baths. 
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Figure 3.4. Ternary phase diagrams to explain the microstructure formation. A) Highly porous microstructure from 
the PSU/DMF/water or PSU/NMP/water system. B) Less porous microstructure from the PSU/DMF/PG system. C) 
Dense microstructure from the PSU/NMP/PG system. D) Dense microstructure from the PSU/THF/water system. E) 
Dense microstructure from the PSU/THF/PG system. 

However, preliminary precipitation printing tests using the PSU/THF solution showed that 

PSU structures printed from both the PSU/THF/water and PSU/THF/PG systems formed a highly 

solidified nonporous surface layer due to the fast evaporation of surface THF, which acts as a shell 

and prevents the internal solvent and non-solvent from moving outside the structure (a printed 

cube as an example in Figure 3.5A and mechanism explanation in Figure 3.5C). During the drying 

process, the residual solvent and non-solvent were trapped inside the samples and formed internal 

bubbles when evaporated, resulting in damaged samples (Figure 3.5B). In contrast, no bubble 

formation was observed during the drying process of the PSU structures printed from the 

PSU/NMP/PG system, due to slower and more uniform drying attributed to the high boiling point 

and low vapor pressure of NMP and PG (Figure 3.5C). Therefore, only the PSU/NMP/PG system 

was selected for the dense PSU structure printing.  
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Figure 3.5. A) A cube printed from the PSU/THF/water system. B) Printed square PSU samples from the 
PSU/THF/water and PSU/THF/PG systems show internal bubble forming during the drying cycle. C) Drying path 
explanation of precipitation printed structures from the PSU/NMP/PG and PSU/THF/water or PG systems. 

3.2.1.3 Solvent selection for porous structure printing 

For porous PSU structure printing, a fast precipitation system such as PSU/DMF/water can 

be adopted. However, unlike the phase inversion and wet spinning studies where single layer or 

single fiber PSU samples are formed, the 3D printability of porous PSU structures also depends 

on the effectiveness of interfacial bonding between the adjacent infill paths and layers through the 

solvent welding mechanism [204,209,210]. Due to the high RED value of DMF in Table 3.1 and 

a fast DMF diffusion rate into water, solvent welding using DMF during the precipitation printing 

process does not provide sufficient interfacial bonding strength for continuous printing. In Figure 

3.6, when using pure DMF as the solvent, the precipitated PSU does not bond to the doctor-bladed 

PSU film substrate and disintegrates since the diffusion of DMF into the water is too fast for 

enough solvent welding. Thus, for more stable porous PSU structure printing in a water bath, THF 

(lower RED than DMF and slower diffusion into water) was mixed with DMF to form a hybrid 

solvent for PSU and improve the effectiveness of solvent welding. Four different mixing ratios 

(DMF wt%:THF wt% = 20:80, 40:60, 60:40  and 80:20) were tested for printability, and the results 

show that more than 40 wt% THF is needed for sufficient interlayer bonding (Figure 3.6). Since 
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more THF in the hybrid solvent can also result in less porosity of printed PSU according to the 

wet spinning study, 60DMF40THF (DMF wt%:THF wt% = 60:40) was finally selected as the 

solvent for porous PSU printing in a water bath, considering both the porosity and printability. 

 
Figure 3.6. Printability tests of PSU dissolved in 6 different solvents: pure THF, 20DMF80THF, 40DMF60THF, 
60DMF40THF, 80DMF20THF and pure DMF. Water is the coagulation bath.  

3.2.2 Precipitation printing and post-processing conditions 

Based on the ternary system selection, two types of PSU/solvent/non-solvent systems were 

prepared for the precipitation printing of dense and porous PSU structures. A 35 wt% PSU/NMP 

solution paired with PG as the coagulation bath was selected for dense PSU printing, and a 20 wt% 

PSU/60DMF40THF solution paired with water was used for porous PSU printing. The prepared 

PSU solutions were loaded in a 10 mL syringe with a 22-gauge nozzle (0.40 mm inner diameter), 

which was attached to a gantry system (AGS1500, Aerotech) and a high-precision dispenser 

(Ultimus V, Nordson EFD). A metal plate with a thin layer of doctor-bladed PSU film was 

immersed in the coagulation bath (water or PG) as the printing substrate (Figure 3.7A and B). Two 

sacrificial raft layers were used for all prints to improve the printing substrate adhesion. The 

detailed printing parameters for different solvent/non-solvent pairs are listed in Table 3.2. After 

precipitation printing, the printed samples were cut from the metal plate and dried following the 

drying cycles in Figure 3.7C, which has a maximum temperature of 190 °C for dense PSU and 160 

°C for porous PSU. 
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Figure 3.7. A) Precipitation printing setup for PSU. B) A photo showing the printing process of a square PSU sample. 
C) Drying cycles of the dense and porous PSU. 

Table 3.2. Precipitation printing parameters for both dense and porous PSU samples. 

Dense PSU 

Solvent Non-
solvent 

Weight 
fraction 
(wt%) 

Nozzle 
gauge 

Layer 
height 
(μm) 

speed 
(mm·s−1) 

Line 
width 
(mm) 

Pressure 
(psi) 

NMP PG 20 22 25 7 0.4 1 
NMP PG 25 22 25 7 0.4 3 
NMP PG 30 22 25 7 0.4 10 
NMP PG 35 22 25 7 0.4 30 
NMP PG 35 24 20 5 0.35 85 
NMP PG 35 30 20 3 0.15 80 

Porous PSU 
60DMF40THF water 20 22 30 6 0.4 0.6 
60DMF40THF water 25 22 30 6 0.4 1.6 
60DMF40THF water 30 22 30 6 0.4 3 
60DMF40THF water 35 22 30 6 0.4 8 
60DMF40THF water 20 24 30 6 0.4 1.3 
60DMF40THF water 20 30 20 4 0.15 6 
60DMF40THF water 20 30 20 8 0.1 6 

3.2.3 Dimensional contraction and density of printed polysulfone 

As a solvent-based printing method, precipitation printed PSU samples have unavoidable 

dimensional contraction after the removal of solvents, especially for dense PSU samples. During 

the precipitation printing of PSU/NMP in a PG bath, a slow diffusion rate causes some NMP to 

remain inside the printed PSU structure after being removed from the PG bath. In the subsequent 

drying process, the residual NMP moves out of the PSU structure gradually and uniformly due to 

its low vapor pressure, resulting in a dense PSU structure with uniform dimensional contraction 

(Figure 3.5C). The dimensional contraction was measured by taking the average of the contractions 

in three different dimensions. The effect of solute weight fraction on the dense structure 
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contraction was tested by printing 20, 25, 30, and 35 wt% PSU/NMP solutions in a PG bath. It 

should be noted that solutions with PSU content lower than 20 wt% are not considered since the 

viscosity is too low for dispensing pressure control, and solutions with PSU content higher than 

35 wt% cannot be obtained in a lab scale mixing equipment. In Figure 3.8A, the average 

dimensional contraction of printed PSU after the drying cycle reduces from 24% to 11% when the 

PSU weight fraction is increased from 20 wt% to 35 wt%. This finding indicates that with a higher 

PSU weight fraction, less NMP needs to diffuse into PG or evaporate during the drying cycle, 

resulting in a lower contraction. Thus, 35 wt% PSU/NMP is used in this work for dense PSU 

printing with minimal contraction. The measured density of the printed and dried dense PSU is 

1.22±0.11 g·cm−3, within a 5% difference compared to the density of the PSU pellets (1.24 

g·cm−3). 

 
Figure 3.8. A) Dimensional contraction of dense PSU printed from PSU/NMP solutions with different solute weight 
fractions in a PG bath. B) Density of porous PSU printed from PSU/60DMF40THF solutions with different solute 
weight fractions in a water bath. 

Nevertheless, when using the PSU/60DMF40THF/water system to print porous PSU 

structures, dimensional contraction is not significant (all within 6%) due to the fast diffusion of 

solvents into water that completes the precipitation. Instead, the solute weight fraction influences 

the final structure density and porosity. The density of printed 100%-infilled porous PSU samples 

using 20, 25, 30, and 35 wt% PSU/60DMF40THF solutions in a water bath is shown in Figure 

3.8B. As the solute weight fraction increases, the density of the porous sample increases, which 

agrees with the results in Chapter 2 and also from Karyappa et al. using other polymer/solvent/non-

solvent systems [212]. This trend can be explained that a lower solute weight fraction solution has 

a lower viscosity, which promotes the solvent/non-solvent diffusion rate and the PSU precipitation 

rate. Moreover, a lower solute content means more solvent must diffuse into the non-solvent, 

resulting in more empty space for pore formation. SEM images in Figure 3.9 also confirm that the 
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PSU printed from a lower solute content solution has a higher porosity. Therefore, 20 wt% 

PSU/60DMF40THF is selected for porous PSU printing, which has a 66% porosity (based on 

density measurement) when the structure is printed with 100% infill factor. 

 
Figure 3.9. SEM images of the cross-sections of porous PSU printed from different weight fraction 
PSU/60DMF40THF solutions. A) 20 wt%. B) 25 wt%. C) 30 wt%. D) 35 wt%. 

3.2.4 Mechanical properties of printed polysulfone 

The mechanical properties of the printed PSU were measured using a universal testing 

system (Model 5982, Instron). More specifically, tensile tests were performed on the PSU samples 

with three configurations (Figure 3.10A), 0°/90° infill in the x-y plane (denoted as 0°/90°), 

−45°/45° infill in the x-y plane (denoted as ±45°) and z-direction (denoted as vertical), following 

ASTM D638. The tensile specimens were printed in the type V shape, and an extension rate of 1 

mm·min−1 was applied during tensile testing. The tensile fracture surfaces were examined by SEM. 

Single-edge notched bending (SENB) tests were performed on the PSU samples with three 

configurations (Figure 3.10B) to measure the critical stress intensity factor (KIC) and fracture 

toughness (GIC), following ASTM D5045-99. A crosshead speed of 10 mm·min−1 was applied 

during SENB testing. 
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Figure 3.10. A) Three different printing configurations of tensile test specimens. B) Three different printing 
configurations of SENB specimens. 

The tensile properties of printed dense PSU samples are compared with PSU thin films 

made by solvent casting and laser cutting. In Figure 3.11A and B, the Young’s modulus and tensile 

strength of the dense PSU samples show no dependence on printing configurations, and they are 

comparable to the values of PSU films (ANOVA p = 0.643 and p = 0.750, respectively). The 

average Young’s modulus and tensile strength of dense PSU with all printing configurations are 

2,469 MPa and 70.58 MPa, respectively, which agree with the properties of the raw material (2,480 

MPa and 70.3 MPa, respectively, according to Udel® P-3500 data sheet). The elongation at break 

of the 0°/90° and ±45° samples are comparable to the PSU film (Figure 3.11C), yet the values are 

relatively low for a ductile thermoplastic like PSU. This low elongation at break can be explained 

by the stress concentration induced by the defects on the edges of laser-cut PSU films and the 

small voids between the infill paths of printed PSU samples. However, the elongation at break of 

the vertical samples is about 25% higher than the 0°/90° and ±45° samples, indicating fewer 

defects formed during the vertical stacking of layers. The SENB fracture results in Figure 3.11D 

and E show that both KIC and GIC are lowest in the 0°/90° configuration and highest in the vertical 

configuration, which means the interface between adjacent infill paths is weaker than the interface 

between vertically stacked layers. This unique property of strong interlayer strength can be 

attributed to the applied pressure toward the previous layer during printing that further improves 

the solvent welding performance. Compared to common thermoplastics and high-temperature 

thermoplastics fabricated by material extrusion which usually have only 30%–50% [228,229] or 

20%–30% [104,230] tensile strength in the layer stacking direction relative to the raw material 

tensile strength, respectively, precipitation printing can outperform material extrusion due to the 

high mechanical properties in the layer stacking direction.  
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Figure 3.11. Tensile properties of printed dense PSU: A) Young’s modulus; B) tensile strength; C) elongation at break. 
Fracture toughness of printed dense PSU: D) KIC; E) GIC. 

Figure 3.12 contains SEM images of the tensile fracture surfaces of printed dense PSU 

samples with different configurations. In general, all samples with different configurations have 

dense and rough fracture surfaces, where no layer stratification or infill pattern can be observed. 

The cross-section images and the mechanical properties indicate that by using NMP (lowest RED 

for PSU) as the solvent for strong solvent welding and using PG for slow precipitation rate, the 

printed dense PSU samples have a uniform microstructure and a low degree of anisotropy. When 

comparing different printing configurations, 0°/90° samples in Figure 3.12A have the most voids 

with diameters below 10 μm, ±45° samples in Figure 3.12B have fewer and smaller voids, yet 

vertical samples in Figure 3.12C have the roughest ductile fracture surface with the fewest micron-

level voids. Therefore, small voids tend to form on the interface between adjacent infill lines 

instead of the interface between layers, which explains the slight anisotropy in mechanical 

properties. The stronger layer interfaces with fewer defects can be explained by the applied 

pressure to the extruded PSU solution onto the previous layer, which helps the new layer fill 

interlayer voids and squeeze out bubbles. It should also be noted that these small voids in the SEM 

images do not significantly influence the tensile properties but make the PSU samples less resistant 

to crack propagation. 
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Figure 3.12. SEM images of the cross-sections of printed dense PSU after tensile failure: A) 0°/90° samples; B) ±45° 
samples; C) vertical samples. Yellow arrows indicate the voids. 

On the other hand, printed porous PSU behaves differently compared to printed dense PSU. 

With only 34% density relative to the raw PSU pellets, porous PSU samples exhibit significantly 

weaker mechanical properties than dense PSU samples. The Young’s modulus of 0°/90° and ±45° 

configurations are about 470 MPa, while that of the vertical configuration is only 147 MPa (Figure 

3.13A). The tensile strength of the ±45° configuration is the highest (9.3 MPa) among the three, 

yet that of the vertical configuration is the lowest (1.6 MPa, Figure 3.13B). Similarly, the ±45° 

configuration has the highest elongation at break, and the vertical configuration is the lowest 

(Figure 3.13C). These results indicate that the printed porous PSU samples are highly anisotropic, 

which are strong in the infill direction but weak on the infill interfaces. The 0°/90° samples have 

half number of layers that have infill interfaces perpendicular to the loading direction, which are 

susceptible to failure at low strains. The ±45° samples have shear stress on both the infill direction 

and interfaces, which are less vulnerable during tensile testing. In addition, the interfaces between 

vertical layers are found to be the weakest spot in porous PSU samples, similar to the printed 

structures by extrusion-based methods reported in the literature [13,28–30]. The SENB test results 

also show that ±45° samples have higher KIC and GIC values and stronger resistance to crack 

propagation than 0°/90° samples, while the vertical samples have a significantly lower resistance 

to cracks propagating between layer interfaces (Figure 3.13D and E). 
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Figure 3.13. Tensile properties of printed porous PSU: A) Young’s modulus; B) tensile strength; C) elongation at 
break. Fracture toughness of printed porous PSU: D) KIC; E) GIC. 

The SEM images of the tensile fracture surfaces of printed porous PSU samples can explain 

the failure mechanism mentioned above. In Figure 3.14A, the fracture surfaces of 0°/90° samples 

are generally flat, with alternating 0° layers (the more porous layers) and 90° layers (the less porous 

layers). As seen in the cross-sections of wet spun porous PSU fibers in Figure 3.3 (the 

PSU/DMF/water case, for example), each printed infill path has a similar cross-section with a less 

porous skin and a more porous core. Due to the fast solvent/non-solvent diffusion process at the 

outer surface of each infill path, the solvent welding mechanism cannot provide sufficient bonding 

between adjacent infill lines, making the interface between infill lines weaker than the strength of 

the individual infill path itself. This explanation is supported by the SEM images of 0°/90° 

samples, where the 90° layers (loading direction perpendicular to the infill lines) break at the 

interfaces and show the less porous skins of infill paths. Unlike the 0°/90° samples, ±45° samples 

have teeth-like fracture surfaces due to the anisotropic nature of the infill lines (Figure 3.14B), but 

layer stratification can be clearly observed in both 0°/90° and ±45° samples. In addition, the top 

and bottom surfaces of each layer are smooth, with only a low degree of porosity in Figure 3.14B. 

In Figure 3.14C, the fracture surfaces of vertical samples have a low porosity morphology similar 

to the top and bottom surfaces of each layer, indicating the fracture is a complete layer separation 

that occurs at the layer interface. The relatively low mechanical properties of the vertical samples 

also show that the solvent welding-induced interfacial bonding between layers is weaker than the 

interfacial bonding between adjacent infill paths. Therefore, when using a weak solvent 
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(60DMF40THF in this case has a relatively high RED for PSU) and a non-solvent bath with fast 

precipitation rate, insufficient interfacial solvent welding makes printed porous PSU highly 

anisotropic, most robust in the infill path direction, and weakest in the layer stacking direction. 

These mechanical testing results and cross-section SEM images show that precipitation printing 

enables microstructure and mechanical property tailoring of PSU by controlling the solvent/non-

solvent pairs and printing parameters. 

 
Figure 3.14. SEM images of the cross-sections of printed porous PSU after tensile failure: A) 0°/90° samples; B) ±45° 
samples; C) vertical samples. 

3.2.5 Thermal properties of printed polysulfone 

As a high-temperature engineering thermoplastic, the thermomechanical properties and 

thermal stability of printed PSU are crucial when PSU is used in extreme environments. It should 

be noted that the highest drying temperatures for the dense and porous PSU are 190 °C and 160 

°C, respectively, to remove excessive solvents and non-solvents that may degrade the thermal 

properties. The glass transition temperature (Tg) of the printed PSU was measured using a dynamic 

mechanical analyzer (DMA, Q800, TA Instruments), with a 1 Hz frequency and a temperature 

ramp rate of 5 °C·min−1. Figure 3.15A shows the storage modulus and tan δ of the printed dense 

and porous PSU. The Tg based on the tan δ peak of the dense PSU is 207 °C, and that of the porous 

PSU is 210 °C. Alternatively, when calculating based on the storage modulus curve, the Tg of the 
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dense PSU is 195 °C, and that of the porous PSU is 201 °C. The slightly higher Tg of the porous 

PSU can be caused by its low thermal conductivity, which reduces the sample internal temperature. 

However, the DMA results confirm that both printed dense and porous PSU are suitable for high-

temperature applications up to about 200 °C. Thermogravimetric analysis (TGA) was performed 

on printed PSU samples to investigate its thermal stability using a thermal analyzer (Q600, TA 

Instruments), with a temperature ramp rate of 10 °C·min−1. As a result, Figure 3.15B shows the 

thermal stability of printed dense and porous PSU. In the temperature range below 300 °C, the 

weight loss of both dense and porous PSU is lower than 0.5%, indicating that the remaining solvent 

trapped inside the samples is negligible after drying. The decomposition temperature (Td), defined 

at 5% weight loss, is 506 °C for dense PSU and 503 °C for porous PSU. Both the high Tg and Td 

values prove that the printed PSU samples with the designed drying process have excellent thermal 

stability and can be used in extreme environments.  

 
Figure 3.15. A) Storage modulus and tan δ of printed dense and porous PSU samples showing Tg. B) Weight change 
of the printed dense and porous PSU samples with respect to temperature in a nitrogen environment. 

3.2.6 Demonstration of printed polysulfone structures 

As an additive manufacturing method, precipitation printing can fabricate complex PSU 

3D structures. Figure 3.16A–C are three printed dense PSU structures. In Figure 3.16A, a printed 

dense block M is shown after being polished on both sides demonstrating high transparency, which 

indicates the dense internal structure of this sample. Figure 3.16B shows a thin-wall duct that was 

vertically printed without any support materials. This structure shows the possibility of additively 

manufacturing high-temperature PSU ducts with complex shapes, which can be used for hot gas 

exhausts. It should be noted that due to the small cross-section area and thus short printing time 

for each layer, insufficient solvent diffusion and incomplete PSU precipitation caused nozzle 
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dragging of the gel-state previous layer, which resulted in a rough sample without high 

transparency. A larger duct structure can potentially resolve this problem and have a smoother 

surface finish. Figure 3.16C presents a tiny escalator model placed on top of a coin to show the 

high-resolution printing capability of a dense PSU and a support-free 45° overhang angle. 

 
Figure 3.16. Printed dense PSU structures: A) a block M; B) a thin-wall duct; C) a tiny escalator model. Printed porous 
PSU structures: D) an aircraft model; E) a gearbox set; F) two tiny boats with the SEM image showing details; G) a 
pagoda model with a micro-lattice internal structure showing high printing resolution. 

Additionally, Figure 3.16D–G show various printed porous PSU structures. Due to the 

rapid precipitation rate, porous PSU precipitation printing has better scalability and geometry 

control than dense PSU, which allows for more complex structures. For example, Figure 3.16D 

shows a printed aircraft model, and Figure 3.16E shows a printed three-component gearbox set 

with accurate shapes of the gear teeth. Porous PSU precipitation printing is also a promising high-

resolution printing method for small-scale structures. In Figure 3.16F, two tiny boats similar to the 

size of rice grains are printed, with the printed details shown in the SEM images. In Figure 3.16G, 

a pagoda model is designed to have sharp overhangs on the outside and a micro-lattice internal 

pattern. As shown in the SEM image, the printed line width of the micro-lattice can reach down to 

100 μm. These demonstrations prove that precipitation printing can fabricate complex PSU 

structures with an overhang tolerance similar to common material extrusion methods, yet keeping 

a high printing resolution.  
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3.3 Precipitation printing of self-assembled all-aramid 3D structures 

The additive manufacturing process for all-aramid 3D structures is designed based on the 

extensively studied aramid fiber deprotonation and dissolution process to form ANFs [225–227], 

and the simultaneous wet spinning and protonation process to produce tough ANF-assembled 

filaments previously developed by our group [231]. The key concept is to adapt the simultaneous 

wet spinning and protonation of ANF wet filaments into a computer-controlled precipitation 

printing process, where the wet spun ANF filaments can be deposited layer-by-layer following the 

designed printing paths. Figure 3.17 displays the whole process for the additive manufacturing of 

all-aramid 3D structures. Like the wet spinning of ANF-assembled filaments, printed ANF wet 

structures need to be washed in deionized (DI) water and dried to allow ANF self-assembly into 

solid and dense structures. 

 
Figure 3.17. Additive manufacturing process for all-aramid 3D structures using an ANF self-assembly approach. 

3.3.1 Aramid nanofiber printing ink preparation 

To prepare the ANF printing inks, aramid fabrics (Kevlar® KM2+, style 790, CS-800) were 

cut into small pieces and weighed inside a 250 mL glass bottle to obtain the corresponding amount 

in Table 3.3. The amount of KOH (Fisher Chemical) was weighed in a small beaker and DI water 

was then added to the beaker to dissolve KOH, according to Table 3.3. The resulting high 

concentration KOH aqueous solution was poured into the bottle with already weighed fabrics, 

followed by adding the designed amount of DMSO (certified ACS, Sigma Aldrich) to the same 

bottle. It should be noted that instead of using the original KOH/DMSO system to disassemble 
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aramid fabric [227], the addition of DI water in this system is to increase the solubility of KOH in 

the solution [226], which allows for the preparation of high concentration ANF printing inks. In 

addition, for all ANF printing inks, the amount of DI water is kept as 4 wt% of DMSO for the 

fastest dissolution, following the results by Yang et al. [226]. The resulting 

aramid/KOH/DMSO/water mixtures were poured into a 500 mL PTFE liner installed on a pressure 

reactor (Parr 4560 series) with a mechanical stirrer (turbine type impeller), heated at 60 °C and 

stirred at 200 RPM (Figure 3.18A). Typically, after one day of mechanical stirring, most of the 

aramid fabrics could be disassembled into a dark red color and highly viscous ANF colloid 

(printing ink). ANF printing inks were obtained by picking out the undissolved aramid fabric 

chunks, and the actual concentration of the ANF printing inks was measured by protonating, 

washing and drying a sample amount of the ANF printing ink and comparing the weight of the 

dried aramid and the initial ink. As a result, ANF printing inks with concentration ranges from 4.5 

wt% to 9.7 wt% are obtained by this preparation method (Figure 3.18B), which provide better 

feasibility for the additive manufacturing of aramid 3D structures than the lower than 2 wt% ANF 

colloids used in other literature works [232–234]. Moreover, since KOH is the deprotonation agent 

for aramids, the KOH/aramid ratio can affect the degree of deprotonation and the diameter of 

obtained ANFs. In this work, the KOH/aramid ratio in the prepared inks ranges from 32% to 50%, 

whose influence on the viscosity of printing inks and mechanical properties of assembled ANF 

structures are studied. In Figure 3.18C, the viscosity of the 6 printing inks with different 

concentrations and different KOH/aramid ratios is measured under shear rate between 0.075 to 15 

s−1, using a cone-plate viscometer (DVNext, AMETEK Brookfield) at room temperature. All 

printing inks exhibit a shear thinning behavior, which is ideal for the precipitation printing process. 

Both ANF printing ink concentration and KOH/aramid ratio have an influence on the ink viscosity 

at a low shear rate (0.075 s−1), where a higher concentration or a higher KOH/aramid ratio leads 

to a higher the ink viscosity. The shear thinning behavior is stronger in the case of a low 

concentration ANF printing ink with a high KOH/aramid ratio (Ink 1 for example), and it is weaker 

in the case of a high concentration ANF printing ink with a low KOH/aramid ratio (Ink 6 for 

example). It should be noted that viscoelastic properties of the printing inks are not measured since 

precipitation printed ANF printing ink can have simultaneous protonation and gelation in the 

coagulation bath, unlike a direct ink writing (DIW) process where the stability of the printed parts 

depends on the viscoelastic behavior of the ink. 
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Table 3.3. Composition of the six ANF printing inks used in this study. 

ANF printing ink Ink 1 Ink 2 Ink 3 Ink 4 Ink 5 Ink 6 
Aramid fabric (g) 7.5 12 12.5 12.5 14 16.1 

KOH (g) 3.75 5.3 4 4.63 5.6 6 
DMSO (g) 150 200 150 150 150 150 

DI water (g) 6 8 6 6 6 6 
KOH/aramid ratio 50% 44% 32% 37% 40% 37% 

Measured concentration 
(wt%) 4.5 6.3 7.2 7.2 8.8 9.7 

 

 
Figure 3.18. A) Mechanical stirrer for aramid fabric dissolution process. B) 6.3 wt% ANF printing ink (Ink 2). C) 
Shear thinning behavior of the six different ANF printing inks. 

The ANFs protonated and isolated from different prepared ANF printing inks were 

examined using atomic force microscope (AFM) imaging (XE-70, Park Systems), and the 

measured ANF diameter distributions are presented in Figure 3.19. Both the ANF printing ink 

concentration and KOH/aramid ratio have influence on the degree of deprotonation and the 

resulting ANF diameter. The KOH/aramid ratio has a more significant impact on the ANF mean 

diameter, which increases as the KOH/aramid ratio decreases. When comparing ANFs isolated 

from two printing inks with the same KOH/aramid ratio (Ink 4 and Ink 6), the ANF mean diameter 

and standard deviation from the higher concentration Ink 6 are both higher than the ones from Ink 

4. Among the ANFs isolated from the 6 printing inks, the largest ANF mean diameter is from Ink 

3 (94.4 nm) and the smallest ANF mean diameter is from Ink 1 (55.6 nm). 
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Figure 3.19. AFM images of the isolated ANFs from the six different ANF printing inks and the distributions of the 
ANF diameter. 

3.3.2 Precipitation printing setup and post-processing steps 

The precipitation printing setup for ANF printing inks is similar to the setup for PSU. ANF 

printing inks were loaded in a 10 mL syringe, and an 1/4 inch long 18-gauge nozzle (0.84 mm 

inner diameter) was used for all inks (Figure 3.20A). For all prints, the printing speed was 14 

mm·s−1, and the printing width was 0.84 mm. Propylene glycol (PG, 99.9%, SK picglobal) was 

selected as a weak non-solvent and protonation agent for ANFs in the coagulation bath, which 

could delay the protonation time for better inter-path bonding than using a strong proton donor 

like water. The main difference in ANF precipitation printing setup compared to the setups for all 

other thermoplastics is the printing substrate. Instead of using a doctor-bladed thermoplastic film 

for substrate adhesion, a piece of 120 grit sandpaper with adhesive backing was attached to a metal 

plate to act as the printing substrate for ANF printing inks. During the precipitation printing process 

for ANF printing inks, after the ANF printing ink is extruded out of the nozzle, slow solvent 

exchange between DMSO and PG takes place, and the increasing content of PG in the deposited 

ANF mixture gradually caused the protonation and precipitation of ANFs (Figure 3.20B). The 

deposited ANFs change from a deprotonated dark red color liquid into a protonated orange color 



 90 

hydrogel with sufficient stiffness to support stable 3D structures during printing. Figure 3.20C 

demonstrates a precipitation printing and protonation process of a 3D gear part, which indicates 

the slow color change rate as protonation takes place. This simultaneous precipitation and 

protonation process allows each individual ANF layer to be protonated as a semi-rigid hydrogel 

layer during the vertical building process, providing exceptional structural stability relative to the 

DIW process of high concentration deprotonated ANF printing inks.  

 
Figure 3.20. A) Precipitation printing setup for ANF printing inks. B) Simultaneous precipitation and protonation of 
ANFs in a PG bath. C) An example of simultaneous precipitation printing and protonation of an ANF gear part on top 
of one raft layer. 

After precipitation printing of 3D ANF wet structures in the form of PG filled ANF 

hydrogels, the ANF wet structures were removed from the sandpaper substrate and immersed in a 

DI water bath to wash away the residual DMSO, PG and KOH. To accelerate the solvent exchange 

rate, the DI water bath was heated at 50 °C. Three times of DI water washing with a 2–3 h duration 

for each washing step and fresh DI water replacement between each washing step were performed 

to ensure the removal of all residues. After this, water based ANF wet structures could be obtained. 

It should be noted that the ANF wet structures typically have the same shape and dimension as the 

designed structures, since both the simultaneous precipitation printing and protonation process and 

the washing step have negligible shrinkage effect on the printed structures. However, the 

subsequent drying process of the ANF wet structures could induce a significant amount of 

dimensional contraction. The ANF wet structures were first placed in a 50 °C convection oven for 

12 h to evaporate water, during which capillary force from water evaporation could pull ANFs 

together. As the ANFs were hierarchically assembled by the capillary force, hydrogen bonding 

and aromatic π-π stacking between the ANFs could further order and pack ANFs in a way similar 

to the aramid fibers. Additional heat treatment at 300 °C for 2 h was applied to all dried ANF 
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samples to ensure the removal of high boiling point PG and DMSO. After this heat treatment, 

dense and strong self-assembled all-aramid 3D structures were finally completed. 

3.3.3 Density and dimensional contraction of self-assembled all-aramid structures 

The density of self-assembled all-aramid samples from different ANF printing ink 

concentrations was measured to investigate the compactness of ANF 3D structures. In Figure 

3.21A, the measured density of self-assembled ANF samples ranges from 1.26 to 1.28 g·cm−3, 

corresponding to 87.5% to 88.9% of the density of the precursor aramid fiber (1.44 g·cm−3). The 

density results indicate that although ANFs are self-assembled into 3D structures, the compactness 

of assembled macroscale structures is lower than that of the stretched and aligned aramid fiber, 

possibly due to the lower aramid chain alignment, compactness, and the degree of hydrogen 

bonding between assembled ANFs. However, the density of the assembled ANF structures has no 

significant dependence on the ANF printing ink concentration ranging from 4.5 wt% to 9.7 wt% 

(ANOVA p = 0.184), implying the compactness of the assembled ANF structures is not affected 

by the initial ANF weight fraction in the wet structures. Therefore, solid self-assembled all-aramid 

structures (or ANF structures) with slightly lower than 90% theoretical density can be produced 

by the proposed printing process from a wide range of ANF printing ink concentrations. 

 
Figure 3.21. A) Density of self-assembled all-aramid structures from different ANF printing ink concentrations. B) 
Wet and dried all-aramid cubes with the same initial side length of 10 mm. C) Modified design based on the measured 
contraction to reproduce a dried all-aramid cube with a side length of 10 mm (surface polished). 

On the other hand, since the ANF weight fraction in the wet structures is dictated by the 

printing ink concentration, the dimensional contraction during the drying and self-assembly 

process also depends on the printing ink concentration. Specifically, higher ANF printing ink 

concentration leads to lower dimensional contraction when producing self-assembled all-aramid 
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structures with similar densities. Thus, the dimensional contraction of cubic structures printed from 

the two highest concentration inks using a 0°/90° alternating infill pattern was measured and shown 

in Table 3.4, where the X-Y plane is the printing plane and Z direction is the layer stacking 

direction. By using a 0°/90° alternating infill pattern, the contractions in X and Y directions are 

almost identical (within 1% difference), but the Z direction contraction is significantly more than 

the in-plane contractions, due to the lower packing density between layers. The all-aramid cube 

produced from the 9.7 wt% ink has reduced contraction in all dimensions relative to the cube 

produced from the 8.8 wt% ink, confirming that higher ANF printing ink concentration can lead 

to lower dimensional contraction. Although 9.7 wt% is already the highest concentration ANF 

printing ink that has been prepared in this work, the in-plane dimensional contraction is still about 

50% and the Z direction contraction is about 62%, which can be clearly seen in Figure 3.21B when 

comparing the wet and dry all-aramid structures. Interestingly, shape distortion except the different 

contraction ratio between in-plane and out-of-plane directions is not observed, which is attributed 

to the standard atmosphere drying process and the structural stability of the wet ANF structures. 

Thus, by designing the initial wet structure larger than the target structure based on the measured 

contraction ratios, additive manufacturing of self-assembled all-aramid 3D structure can be 

practically realized. As an example, the dried and surface polished all-aramid cube with a side 

length of 10 mm in Figure 3.21C shows a successful geometry reproduction test, which was 

designed and printed to be 19.6 mm×19.8 mm×26.4 mm initially using the 9.7 wt% ink. 
Table 3.4. Dimensional contraction of all-aramid cubic structures printed from the two highest concentration inks 
using a 0°/90° alternating infill pattern. 

Self-assembled all-
aramid structures 

X direction 
contraction 

Y direction 
contraction 

Z direction 
contraction 

From 8.8 wt% ANF 
printing ink 54.7% 55.3% 70.0% 

From 9.7 wt% ANF 
printing ink 49.1% 49.4% 62.1% 

 

3.3.4 Crystallinity of self-assembled all-aramid structures 

The crystallinity of the all-aramid structures produced through the deprotonation-printing-

protonation-drying process was investigated through X-ray diffraction using a Rigaku Ultima IV 

X-ray diffractometer with CuKα radiation (λ = 0.154 nm). Specifically, a printed and self-

assembled ANF structure using the 7.2 wt% printing ink (Ink 3, KOH/aramid = 32%) was selected 

as the representative sample for XRD analysis and compared with the original aramid fabric. In 
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Figure 3.22A, the XRD pattern of the ANF structure exhibit all three crystalline peaks of the 

aramid fabric at 2θ = 20.5° (110), 23° (200) and 28.4° (004), while the peaks of ANF structure are 

broader than the ones of aramid fabric. After applying curve deconvolution of the XRD patterns 

using pseudo-Voigt profiles (50% Gaussian 50% Lorentzian) in Figure 3.22B and C, the degree 

of crystallinity (χc) of the self-assembled ANF structure was calculated to be 59.5%, lower than 

that of the highly aligned aramid fabric (87.5%). In particular, the (200) peak intensity in the self-

assembled ANF structure is lower than the aramid fabric, but the (004) peak intensity in the self-

assembled ANF structure is higher. The mean size of crystalline domains can be calculated using 

the Scherrer equation based on the (110) peak: 

𝐷𝐷 =
𝐾𝐾𝐾𝐾

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
 (3.1) 

where D is the mean size of crystalline domains, K is the shape factor (0.9 is used here), λ is the 

X-ray wavelength, β is the line broadening at half the maximum intensity (FWHM) in radians, and 

θ is the Bragg angle. As a result, the mean crystalline domain size of the self-assembled ANF 

structure is 3.5 nm, which is 28% lower than the mean crystalline domain size of the aramid fabric 

(4.9 nm). 

 
Figure 3.22. A) XRD patterns of self-assembled ANF structure and original aramid fabric. B) XRD deconvolution of 
crystalline peaks in self-assembled ANF structure. C) XRD deconvolution of crystalline peaks in aramid fabric. 

3.3.5 Mechanical properties of self-assembled all-aramid structures 

The mechanical properties of self-assembled all-aramid structures were characterized 

through tensile testing. All-aramid tensile specimens were designed to have an ASTM D638 type 

V specimen shape after drying by considering the contraction ratio. All tensile tests were 

performed on an Instron E3000 testing frame with an extension rate of 1 mm·min−1. First, the 

tensile properties of printed 0° infilled all-aramid samples produced from five different ANF 
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printing inks (Ink 1–5) were studied. In Figure 3.23, the all-aramid specimens produced from Ink 

3 have the highest Young’s modulus, tensile strength and elongation at break, and the specimens 

produced from Ink 1 have the lowest tensile properties.  

 
Figure 3.23. Tensile properties of printing 0° infilled all-aramid samples from five different ANF printing inks. 

To investigate the relationship between the tensile properties of the printed all-aramid 

specimens and the composition of ANF printing inks, we compared the Young’s modulus, tensile 

strength with respect to the ANF printing ink concentration and KOH/aramid ratio. In Figure 

3.24A, neither the Young’s modulus nor tensile strength has a clear relationship with respect to 

the ANF printing ink, but in Figure 3.24B, both the Young’s modulus and tensile strength have a 

decreasing trend as the KOH/aramid ratio increases. This trend can be explained that the 

KOH/aramid ratio in the ANF printing ink affects the degree of deprotonation and ANF diameter, 

where a higher KOH/aramid ratio leads to more complete deprotonation and smaller ANF 

diameters in Figure 3.24C and also Figure 3.19 in Chapter 3.3.1. Since the original aramid fabric 

has high alignment, compactness and high degree of hydrogen bonding, as the degree of 

deprotonation reduces and the ANF diameter increases, more properties of the original aramid 

fabric can be preserved. In addition, the reassembly process of ANFs into all-aramid structures 

usually cannot recover the nanoscale compactness and degree of hydrogen bonding of the original 

aramid fabric, larger diameter ANFs from lower KOH/aramid ratios that preserve more original 

aramid properties can result in better mechanical properties of the reassembled all-aramid 

structures. In particular, the 0° infilled all-aramid specimens produced from Ink 3 (KOH/aramid 

ratio = 32%) exhibit outstanding Young’s modulus of 7.2 GPa, tensile strength of 146.6 MPa and 

elongation at break of 3.7%. The tensile fracture surface of a 0° infilled all-aramid sample 

produced from Ink 3 was examined by SEM imaging. In Figure 3.25, the large area SEM image 

shows that the self-assembled all-aramid structure has a compact interior at macroscale without 
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any visible layer stratification and infill paths. The higher magnification SEM images can provide 

more insight on the microstructure of the assembled ANFs, where a rough microstructure 

morphology formed by aggregated and entangled ANFs can be seen. The SEM images confirm 

that the compactness of self-assembled ANFs is low at microscale and nanoscale, which can 

explain the density difference between the self-assembled ANF structures and the original aramid 

fabrics. It should also be noted that for future work, ANFs can be aligned by shear stress during 

the precipitation printing process by using a long nozzle, a faster printing speed and a higher 

pressure, to further improve the self-assembly compactness and mechanical properties. 

 
Figure 3.24. A) Tensile properties with respect to the ANF printing ink concentration. B) Teneile properties with 
respect to the KOH/aramid ratio in ANF printing inks. C) ANF diameter with respect to the KOH/aramid ratio in ANF 
printing inks. 

 
Figure 3.25. SEM images of the tensile fracture surface of a 0° infilled all-aramid sample. 
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The effect of printing infill direction on the tensile properties was then investigated using 

Ink 3. In Figure 3.26, all 0° infilled all-aramid samples have the highest tensile properties, while 

all 90° infilled all-aramid samples have the lowest tensile properties. This can be explained by the 

anisotropic properties of the high aspect ratio ANFs, which are strong and stiff in the aramid 

backbone direction and weak in the transverse direction and the interfaces between ANFs. When 

using 0°/90° alternating infill patterns, the resulting all-aramid samples have tensile properties 

between the ones of all 0° and all 90° samples. As a high-performance polymer, the high-

temperature tensile properties of 0° infilled all-aramid samples were measured and displayed in 

Figure 3.27. When tested at 100 °C, 200 °C and 300 °C, the Young’s modulus of the 0° infilled 

all-aramid samples drops to 6.0 GPa, 4.5 GPa and 3.6 GPa, respectively. Similarly, the all-aramid 

samples’ tensile strength reduces as the temperature increases, but they still possess a considerable 

tensile strength of 75 MPa even at 300 °C. On the contrary, the elongation at break increases as 

the temperature increases, indicating the all-aramid samples become more ductile at high 

temperatures. These tensile properties confirm that the precipitation printed and self-assembled 

all-aramid structures can be used as advanced structures in extreme environments with a service 

temperature up to at least 300 °C. 

 
Figure 3.26. Tensile properties of printing all-aramid samples with different infill patterns from ANF printing inks 
with a 32% KOH/aramid ratio. 
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Figure 3.27. Temperature dependent tensile properties of printing 0° infilled all-aramid samples from ANF printing 
inks with a 32% KOH/aramid ratio. 

3.3.6 Thermal properties and flame resistance of self-assembled all-aramid structures 

DMA (Q800, TA Instruments) was performed on a self-assembled all-aramid structure (or 

ANF structure) with a temperature ramp rate of 5 °C ·min−1 from 30 °C to 500 °C in air. In Figure 

3.28A, the storage modulus drops to 3.35 GPa at 330 °C, half of the storage modulus at 30 °C, and 

remains stable in the range from 360 °C to 420 °C. The second drop of storage modulus above 420 

°C is possibly related to the initial thermal decomposition of self-assembled ANF structure in air. 

Although some small tan δ peaks can be seen in the testing temperature range, no significant glass 

transition behavior is observed due to the high degree of crystallinity. The thermal stability of self-

assembled ANF structures was then investigated through TGA and DTG (Q600, TA Instruments) 

with a temperature ramp rate of 10 °C ·min−1 from 30 °C to 1000 °C in nitrogen. In Figure 3.28B, 

the self-assembled ANF structure has a Td (5% weight loss) of 517 °C, 33 °C lower than the Td of 

the original aramid fabric (550 °C). Similarly, the DTG peak of ANF structure is at lower 

temperature than the aramid fabric. This implies the deprotonation-printing-protonation-drying 

process to produce all-aramid 3D structures has some damage to the overall chemical structure 

stability, such as the compactness, the degree of hydrogen bonding and π-π stacking interaction 

between aramid backbones. Nonetheless, self-assembled all-aramid structures inherit most of the 

high thermal stability of the precursor aramid fabric. In Figure 3.28C, the flame resistance of a 

printed all-aramid rectangular bar is demonstrated. After the first and second ignition by a butane 

torch, the printed all-aramid rectangular bar stopped burning only 0.3 s and 0.7 s after the flame 

was removed, respectively. After the third time ignition at the same tip location, the sample stopped 

burning 2.6 s after the removal of flame. This test shows the outstanding flame resistance of the 
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self-assembled all-aramid structure, which can be repeatably used to stop flame without any 

compromise of its structural integrity.  

 
Figure 3.28. A) Storage modulus and tan δ of a self-assembled ANF structure. B) TGA and DTG curves of self-
assembled ANF structure and original aramid fabric in a nitrogen environment. C) Flame resistance test of a self-
assembled ANF structure. 

Combining the outstanding mechanical properties and thermal stability, the precipitation 

printed then self-assembled all-aramid material in this work becomes an unprecedented high-

performance polymer that can be processed through additive manufacturing. In Figure 3.29, when 

compared to other high-performance unfilled polymers fabricated by additive manufacturing 

processes such as material extrusion, powder bed fusion and DIW [21,22,99,101,102,107,235], the 

all-aramid material significantly outperforms all others in terms of Young’s modulus, tensile 

strength and Tg. It should be noted that since the Tg of the DIW polyimide (PI) by Hegde et al. 

[107] and our all-aramid material is difficult to define, the temperature when the storage modulus 

drops to half of its room temperature value is used as a conservative estimation for Tg in this 

comparison. 
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Figure 3.29. Comparison of the precipitation printed then self-assembled all-aramid material to other additively 
manufactured unfilled high-performance polymers in terms of Young’s modulus, tensile strength and glass transition 
temperature. 

3.3.7 Demonstration of self-assembled all-aramid 3D structures 

After understanding the ratio of dimensional contraction, complex geometry all-aramid 

structures can be designed, printed and self-assembled through the proposed process. Figure 3.30A 

shows a printed all-aramid gear set, whose gear teeth details are preserved without distortion after 

drying. After drilling holes at their centers and inserting metal shafts, a high strength, high heat 

resistance and lightweight gear set is produced, which can potentially be used in high-temperature 

engines and gas turbines to replace metal gears. Figure 3.30B displays a printed all-aramid 

propeller with a diameter of about 100 mm, similar the size of a quad drone propeller. The all-

aramid propeller is fixed on the shaft of a DC motor, which can spin in a hot air environment 

created by a heat gun. Thermal imaging using a FLIR ONE® PRO thermal camera shows that the 

propeller hub has a temperature of 227 °C and its blade has a temperature of 128 °C under heating. 

However, the all-aramid propeller has no shape distortion and shows no softening effect under this 

hot environment. Combining its excellent flame resistance shown in Section 3.3.6, precipitation 

printed then self-assembled all-aramid materials can have potential applications in extreme 

environment exploration robots and fire rescue drones, where high-performance and lightweight 

parts can be additively manufactured to replace traditionally machined metal parts. 
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Figure 3.30. A) A printed all-aramid gear set. B) A printed all-aramid propeller that can be used in a high-temperature 
environment. 

3.4 Chapter summary 

In this chapter, precipitation printing was applied to two representative high-performance 

polymers, PSU and para-aramid. In the case of PSU, phase inversion time study, wet spinning 

study and solvent welding performance study were used to determine the ternary systems for both 

dense and porous PSU precipitation printing. As a result, the printed dense PSU samples exhibit 

excellent mechanical properties (2.47 GPa Young’s modulus and 70.6 MPa tensile strength) 

comparable to reference PSU thin films, while the mechanical properties in the vertical build 

direction are the highest due to the strong interlayer bonding. On the other hand, the printed porous 

PSU samples have only 34% density relative to the dense PSU, and their mechanical properties 

are highly anisotropic due to the fast precipitation rate and weak interlayer bonding. However, the 

precipitation rate also affects the dimensional stability, which leads to about 10% dimensional 

contraction for dense PSU and outstanding dimensional accuracy with negligible contraction for 

porous PSU. Both printed dense and porous PSU samples exhibit a Tg around 200 °C and a Td 

about 500 °C in nitrogen, showing their potential application in high-temperature environments. 

Moreover, additive manufacturing of all-aramid 3D structures was achieved for the first 

time through simultaneous precipitation printing and protonation of high concentration ANF 

printing inks followed by self-assembly of ANFs. The self-assembled all-aramid structures have 

significant dimensional contractions of more than 50%, but these predictable contractions can 

provide guidance for producing dry structures with expected dimensions by designing larger wet 

ANF structures. The printed and self-assembled all-aramid material has outstanding mechanical 
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and thermal properties, which outperforms all existing unfilled high-performance polymers 

produced by additive manufacturing. The demonstration of the printed 3D all-aramid gears and 

propeller shows the potential application of printed all-aramid structures as lightweight 

replacement parts for metals in extreme environments.
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Chapter 4 Precipitation Printing of Piezoelectric Poly(vinylidene fluoride)  

4.1 Chapter introduction 

In Chapter 4, precipitation printing is used as an additive manufacturing method for 

piezoelectric poly(vinylidene fluoride) (PVDF), to promote its most polar β phase [236]. PVDF is 

first dissolved in N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) to form a 

printing solution, then precipitation printed in a water bath to produce a porous 3D structure. The 

mechanism for β phase promotion in this process is based on the hydrogen bonding between 

PVDF’s highly electronegative fluorine atoms and water molecule’s hydrogen atoms during non-

solvent induced phase separation (NIPS), which orients the PVDF dipoles with a TTT 

conformation. Multiple characterization techniques are used to study the phase composition of the 

precipitation printed PVDF, and the effects of solvent type, printing direction and post-processing 

conditions on the phase composition are studied. In addition, the dielectric, ferroelectric and 

piezoelectric properties of the printed PVDF are measured, and the results confirm that a high β 

phase content PVDF with excellent piezoelectricity can be produced by precipitation printing with 

subsequent electric poling. This process is then applied to fabricate PVDF-based piezoelectric 

energy harvesters, including a stretching mode (d31) energy harvester and a compression mode 

(d33) shoe insole energy harvester. Finally, piezoelectric PVDF sensors produced by the proposed 

process are used in another project about 3D printed dove feathers with embedded aerodynamic 

sensing, where the PVDF sensors are integrated into the 3D printed feather rachis for in flight 

vibration sensing. Therefore, the work in Chapter 4 presents an effective additive manufacturing 

process to produce piezoelectric PVDF, which provides a scalable approach to fabricate 

piezoelectric PVDF-based energy harvesters and sensors.  

4.2 Precipitation printing process for poly(vinylidene fluoride) 

Solutions for precipitation printing were prepared by dissolving 15 wt% PVDF powder 

(Kynar 301F) in DMF (certified ACS, Fisher Chemical). To inspect the effect of solvent choice 

on PVDF β phase, 15 wt% PVDF was also dissolved in dimethyl sulfoxide (DMSO) (certified 
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ACS, Fisher Chemical). These clear PVDF solutions were obtained via a combination of mixing 

through centrifugal shear mixing (FlackTek SpeedMixer) and ultra-sonication (Branson 2800). For 

precipitation printing, the PVDF solution was loaded into a 10 mL syringe with a 26-gauge (254 

μm inner diameter) stainless-steel dispensing needle which was pneumatically controlled by a high 

precision dispenser (Ultimus V, Nordson EFD), and installed on a Cartesian gantry system 

(AGS1500, Aerotech) for vertical and translational movements (Figure 4.1A).  

 
Figure 4.1. A) Precipitation printing of PVDF. B) and C) SEM images of the porous PVDF microstructure produced 
from precipitation printing. 

A glass plate with a thin doctor-blade cast PVDF film adhered on the top surface was 

immersed in a water bath to act as the printing substrate. It should be noted that the cast thin PVDF 

film can improve adhesion between the printed structure and the substrate. During the precipitation 

printing process, the pressure, layer height, printing speed and printing line width were set to be 

2.5 psi (17.2 kPa), 50 μm, 7 mm·s−1 and 150 μm, respectively. Both parallel (all 0°) and alternating 

(0° and 90° alternating layer by layer) printing infill patterns were tested to study the effect of infill 

direction on the PVDF phase composition. After the printing process was completed, the PVDF 

samples were left in the water for 1 hour to allow for complete DMF diffusion into the water, then 

the samples were removed from the water bath and dried under vacuum (25 in. -Hg) overnight. As 

studied in Chapter 2, precipitation printed PVDF using the PVDF/DMF/water system produces 

highly porous microstructures (Figure 4.1B and C).  
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4.3 Phase characterization 

4.3.1 Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) was performed on precipitation printed 

PVDF samples from both DMF solution and DMSO solution using a Nicolet iS50 FTIR 

spectrometer with a Smart iTR Attenuated Total Reflectance (ATR) accessory, while solvent cast 

PVDF films from DMF solution (dried at 180 °C) were used as references. As a result, in Figure 

4.2A, unlike the solvent cast PVDF films which have a strong α phase absorption peak around 763 

cm−1, precipitation printed PVDF samples from both DMF and DMSO solutions show an evident 

β phase peak at 1275 cm−1, but no clear 763 cm−1 α phase peak. A small shoulder around 1234 

cm−1 indicates the existence of γ phase in both solvent cast and precipitation printed PVDF 

samples. While historically the absorption peak around 830–840 cm−1 was assigned to β phase 

[125], recently it was found to be a combination of the electroactive (EA, β + γ) phases (β phase 

at 840 cm−1 and γ phase at 831 cm−1) [237,238]. Precipitation printed PVDF using parallel or 

alternating infill patterns does not have a significant influence on the crystalline phase formation 

according to FTIR. 

Quantitative crystalline phase fraction calculation based on FTIR can be performed based 

on the theories developed by Gregorio et al. [125], Benz and Euler [239], using the characteristic 

absorbance peaks of α phase at 763 cm−1, β phase at 1275 cm−1, γ phase at 1234 cm−1 and EA 

phases at 830–840 cm−1. Equation 4.1 by Gregorio et al. can be used to calculate the fraction of α 

phase and EA phases based on Beer-Lambert law and the absorption peaks at 763 cm−1 and 840 

cm−1 (or the maximum in 830–840 cm−1): 

𝐹𝐹𝐸𝐸𝐸𝐸 =
𝐼𝐼840

�𝐾𝐾840𝐾𝐾763
� 𝐼𝐼763 + 𝐼𝐼840

 (4.1) 

where FEA is the fraction of the EA phases (β+γ), I763 and I840 are the absorbances at 763 cm−1 and 

the maximum in 830–840 cm−1, respectively, while K840/K763 is the ratio of absorption coefficients 

at these respective wavenumbers, which is 1.26 [125]. However, the fractions of β phase and γ 

phase cannot be decoupled using this equation.  
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Figure 4.2. A) FTIR spectra of precipitation printed PVDF using DMF and DMSO as the solvent and two different 
infill patterns, compared to solvent cast PVDF at 180 °C. B) FTIR spectra of precipitation printed PVDF post-heated 
at different temperatures. C) FTIR spectra of precipitation printed PVDF hot pressed at different temperatures. D) 
Crystalline phase fraction results of all PVDF samples in this study, based on FTIR. 

On the other hand, Benz and Euler [239] derived equations to calculate the fractions of 

individual α, β and γ phases based on the absorption peaks at 763 cm−1, 835 (or 830–840) cm−1 

and 1275 cm−1, respectively:  

𝐼𝐼763 = 𝐾𝐾𝛼𝛼763𝑋𝑋𝛼𝛼𝑡𝑡 (4.2) 

𝐼𝐼1275 = 𝐾𝐾𝛽𝛽
1275𝑋𝑋𝛽𝛽𝑡𝑡 (4.3) 

𝐼𝐼835 = �𝐾𝐾𝛽𝛽
835𝑋𝑋𝛽𝛽 + 𝐾𝐾𝛾𝛾835𝑋𝑋𝛾𝛾 + 𝐾𝐾𝑎𝑎𝑎𝑎835�1 − 𝑋𝑋𝛼𝛼 − 𝑋𝑋𝛽𝛽 − 𝑋𝑋𝛾𝛾�� 𝑡𝑡 (4.4) 

where I763, I835, I1275 are the baseline-corrected absorbances at 763 cm−1, 835 (or 830–840) cm−1 

and 1275 cm−1 respectively, and Kα
763, Kβ

1275, Kβ
835, Kγ

835 and Kam
835 are the absorption coefficients 
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for each phase, including amorphous (am), at corresponding absorption peaks, respectively. 

Furthermore, Xα, Xβ and Xγ are the mole fractions of each phase, and t is the thickness of the sample 

in μm. According to this theory, the total thickness of the sample was determined by the 

experimentally calibrated thickness-absorbance relation at 1070 cm−1 peak, I1070=0.095t+0.07, 

where t is in the unit of μm, using sample thickness ranging from 0 to 10 μm [240]. However, 

using this thickness-absorbance relation gave an unreasonable calculation result for thick 

precipitation printed PVDF samples (about 100 μm thick), which indicates that directly using this 

theory to calculate the individual phase fraction is not applicable. Therefore, a combination of 

these phase fraction calculation theories was developed in this research. Based on Equation 4.1, 

the fraction of individual β and γ phases can be further determined by the curve deconvolution of 

the 830–840 cm−1 EA phases absorption peak, while neglecting the contribution from the 

amorphous phase due to the relatively negligible absorption coefficient of the amorphous phase at 

this peak [239]. The curve deconvolution was performed using Voigt profiles [241,242], and a 

sample deconvolution result is shown in Figure 4.3. The equation to calculate the individual β 

phase is as follows: 

𝐹𝐹(𝛽𝛽) =
𝐹𝐹𝐸𝐸𝐸𝐸𝐼𝐼𝛽𝛽840

�
𝐾𝐾𝛽𝛽
840

𝐾𝐾𝛾𝛾831
� 𝐼𝐼𝛾𝛾831 + 𝐼𝐼𝛽𝛽

840
=

𝐼𝐼840

�𝐾𝐾840𝐾𝐾763
� 𝐼𝐼763 + 𝐼𝐼840

×
𝐼𝐼𝛽𝛽840

�
𝐾𝐾𝛽𝛽
840

𝐾𝐾𝛾𝛾831
� 𝐼𝐼𝛾𝛾831 + 𝐼𝐼𝛽𝛽

840
 (4.5)

 

where Iγ
831 and Iβ

840 are the absorbances of individual γ and β phases at the corresponding 

wavenumber after the curve deconvolution. Kβ
840/Kγ

831 is the ratio of absorption coefficients of γ 

and β phases at the corresponding wavenumbers, which is approximately 0.88, estimated by using 

the experimentally measured absorption coefficients of γ and β phases at 835 cm−1 [239]. The γ 

phase fraction can be obtained by simply subtracting the β phase fraction from the FEA, and the α 

phase fraction is Fα=1–FEA. The calculated results in Figure 4.2D show that precipitation printed 

PVDF samples all have more than 90% EA phases including more than 60% β phase, which are 

substantially higher than the solvent cast PVDF with 30% EA phases including 18% β phase. 

Printed PVDF from a DMF solution has approximately 6% higher β phase fraction than printed 

PVDF from a DMSO solution, yet the infill patterns show no significant influence on the phase 

composition.  Therefore, considering the β phase fraction and final sample isotropy, PVDF printed 

from the DMF solution using the alternating pattern is selected as the fabrication process for the 

entire research. 
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Figure 4.3. Sample curve deconvolution of PVDF FTIR spectrum between 780 and 920 cm−1. 

Moreover, the thermal stability of the precipitation printed PVDF was tested by varying 

the post-heating temperature. In Figure 4.2B, the α phase absorption peak at 763 cm−1 remains 

negligible when the temperature is below 150 °C, while the β phase peak at 1275 cm−1 is an intense 

peak. When the temperature is above 150 °C, the α phase peak becomes more distinguishable and 

the β phase peak intensity reduces. This means the β phase in the printed PVDF is stable below 

150 °C, and the β to α transformation takes place at a temperature higher than 150 °C. Since 

precipitation printed PVDF is highly porous, hot pressing can be applied to densify the PVDF. 

Based on the β phase thermal stability, two hot pressing temperatures, 80 °C and 140 °C were 

tested using FTIR study, while keeping the pressure around 60 MPa. From Figure 4.2C and D, hot 

pressing at both temperatures does not induce the transformation into α phase, but hot pressing at 

80 °C has higher β phase content then hot pressing at 140 °C. In the following two characterization 

sections, 80 °C hot pressing is chosen based on the higher β phase content. 

4.3.2 X-ray diffraction 

To verify the crystalline phase composition in solvent cast and precipitation printed PVDF, 

X-ray diffraction (XRD) was performed on PVDF samples using a Rigaku Ultima IV X-ray 

diffractometer with CuKα radiation (λ = 0.154 nm). Figure 4.4A shows the XRD patterns of 

solvent cast PVDF, precipitation printed PVDF and precipitation printed then hot pressed PVDF, 

and Figure 4.4B is the zoomed-in view in the 2θ range from 16° to 24°. Solvent cast PVDF exhibits 

α phase characteristic diffraction peaks at 17.6° (100), 18.4° (020) and 19.9° (021) [243]. On the 

contrary, precipitation printed PVDF shows a γ phase peak at 18.5° (020), and a broad peak that 

combines a γ phase peak at 20.1°–20.3° (110/101) and a β phase peak at 20.7°–20.8° (110/200) 
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[237,243]. The precipitation printed then hot pressed PVDF has a weaker γ phase peak at 18.5° 

and a more pronounce β phase peak at 20.7°–20.8° than the directly precipitation printed PVDF, 

indicating that 80 °C hot pressing promotes the β phase formation and possibly also the total degree 

of crystallinity, which will be studied in the next section.   

 
Figure 4.4. A) XRD patterns of solvent cast PVDF at 180 °C, precipitation printed PVDF and precipitation printed 
then hot pressed PVDF. B) Zoomed-in view of the XRD patterns in the 2θ range from 16° to 24°. 

4.3.3 Differential scanning calorimetry 

The melting behavior and total degree of crystallinity of the three types of PVDF samples 

were investigated through differential scanning calorimetry (DSC), using a differential scanning 

calorimeter (Q2000, TA Instruments) with a temperature ramp from 30 °C to 200 °C at 5 °C·min−1 

rate. In Figure 4.5, the solvent cast PVDF shows a sharp and narrow α phase dominant melting, 

which has an onset melting temperature (Tm) of 156 °C. The precipitation printed PVDF and 

precipitation printed then hot pressed PVDF have a broad β phase dominant melting, which has a 

lower onset Tm of 150 °C. A small γ phase melting shoulder in 168–172 °C range can also be 

observed in these two PVDF samples. The β phase onset Tm agrees with the thermal stability test 

in Figure 4.2B, implying the β phase transformation to α phase takes place when the β phase melts. 
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Figure 4.5. DSC melting curves of solvent cast PVDF at 180 °C, precipitation printed PVDF and precipitation printed 
then hot pressed PVDF. 

The total degree of crystallinity (χc) can be calculated by the ratio of the melting enthalpy 

of the sample (ΔHm) and the melting enthalpy of totally crystalline material (ΔH0 = 104.50 J·g−1 

[244]): 

𝜒𝜒c =
Δ𝐻𝐻m
Δ𝐻𝐻0

 (4.6) 

where the melting enthalpy (ΔHm) of the sample is the area integral of the melting peak in heat 

flow-time DSC curve. Table 4.1 contains the calculated χc and its breakdown into three crystalline 

phases based on the FTIR phase fraction results in Figure 4.2D. The precipitation printed PVDF 

has significantly improved χc (about 10%) than the solvent cast PVDF, and hot pressing can further 

improve the χc and the total amount of β phase (χc(β)). Combining FTIR, XRD and DSC analysis, 

it can be concluded that precipitation printed PVDF exhibits higher χc with dominant β phase, 

some γ phase and negligible α phase that outperforms solvent cast PVDF films, and the β phase 

content can be enhanced by hot pressing. 
Table 4.1. Degree of crystallinity (χc) of the three types of PVDF samples. 

PVDF Sample χc χc(α) χc(β) χc(γ) 
Solvent cast at 180 °C 34.2% 23.9% 6.1% 4.2% 
Precipitation printed 43.5% 2.1% 30.3% 11.1% 

Precipitation printed then hot pressed 46.2% 2.1% 32.3% 11.9% 
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4.4 Mechanism of β phase formation 

The mechanism through which precipitation printing induces high β phase PVDF is 

explained by the interaction between PVDF and water, where the hydroxyl group (O-H) of the 

water molecules can form hydrogen bonds (H-bonds) with the electronegative fluorine atoms of 

the PVDF molecules to promote all-trans chain conformation (TTT) [132,245], as illustrated in 

Figure 4.6. It has been observed that during the phase inversion of cast PVDF solution in a water 

bath, the surface of the solution has rapid mass exchange between the solvent and water, which 

increases the polymer concentration at the interfacial region, and preferably leads to better oriented 

CH2-CF2 packing (e.g. all-trans) due to conformation entropy [246]. During the precipitation 

printing process, the PVDF solution is dispensed inside the water bath, which continuously creates 

a local interfacial region between the PVDF solution and water around the dispensing nozzle. Due 

to the layer-by-layer additive manufacturing characteristics, this interfacial region becomes 

dominant throughout a printed sample, and thus promotes the formation of the polar β phase and 

γ phase in the entire PVDF structure. 

 
Figure 4.6. Mechanism of β phase formation during precipitation printing. 

4.5 Ferroelectric and dielectric properties 

The ferroelectric property of the PVDF samples was determined by measuring the 

ferroelectric hysteresis loop (D-E loop) through a Sawyer-Tower circuit (Figure 4.7A). Two PVDF 

samples, one being the solvent cast PVDF at 180 °C, the other being the precipitation printed then 

80 °C hot pressed PVDF, were immersed in an oil bath at room temperature to avoid breakdown 

under the high external electric field. A function generator (33210A, Keysight Technologies) was 
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used to provide a 1 Hz sinusoidal voltage signal and was amplified (×1000) using a voltage 

amplifier (Model 10/10B, TREK). The electric field across the sample, E, and the polarization or 

electric displacement of the sample, D, were determined by the following equations: 

𝐸𝐸 =
𝑉𝑉𝑠𝑠 − 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟

𝑡𝑡
 (4.7) 

𝐷𝐷 =
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟

𝐴𝐴
 (4.8) 

where Vs is the amplified source voltage, Vref is the voltage measured across the reference 

capacitor, Cref is the capacitance of the reference capacitor (0.47 μF), t is the sample thickness and 

A is the sample electrode area. 

As a result, Figure 4.7B shows the D-E loops of the solvent cast PVDF under electric field 

strengths ranging from 100 MV·m−1 to 230 MV·m−1, where hysteresis loops are narrow and a 

coercive field of 82 MV·m−1 is observed. On the other hand, in Figure 4.7C, the hysteresis loops 

of the precipitation printed then 80 °C hot pressed PVDF have stronger polarization, and a coercive 

field of 98 MV·m−1. It should be noted that due to the remaining porosity (7% based on density 

measurement) of the 80 °C hot pressed PVDF, higher electric field than 180 MV·m−1 results in 

electrical breakdown of the PVDF sample. Therefore, the D-E loops of the precipitation printed 

then 80 °C hot pressed PVDF are not saturated, which means a saturated remnant polarization (PR) 

value cannot be obtained. By comparing the D-E loops of the two types of PVDF samples under 

180 MV·m−1 field strength (maximum before breakdown) in Figure 4.7D, it can be seen that the 

precipitation printed then 80 °C hot pressed PVDF has a higher measured PR of 3.23 μC·cm−2 than 

the solvent cast PVDF (PR = 0.44 μC·cm−2), indicating a stronger ferroelectric performance that is 

attributed to the higher ferroelectric β phase content. 
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Figure 4.7. A) Sawyer-Tower circuit. B) D-E loops of solvent cast PVDF under various electric fields. C) D-E loops 
of precipitation printed then hot pressed PVDF under various electric fields. D) Comparison of D-E loops under the 
same electric field. 

The dielectric constant, or relative permittivity of four types of PVDF samples in the 

frequency range from 20 Hz to 2 MHz was measured using a precision LCR meter (E4980A, 

Keysight Technologies), caliper and micrometer for capacitance and sample dimensions, 

respectively. The result in Figure 4.8 shows that the precipitation printed PVDF has a dielectric 

constant of only 3.55 at 1 kHz, which is 33.6% of the dielectric constant of solvent cast PVDF 

(10.58 at 1 kHz). This low dielectric constant is attributed to the low density of the precipitation 

printed PVDF (0.646±0.012 g·cm−3), which has 64% porosity compared with fully dense PVDF. 

Using 80 °C hot pressing can increase the dielectric constant to 5.20 at 1 kHz, but the remaining 

porosity still limits the dielectric performance of the precipitation printed then hot pressed PVDF. 

Thus, a higher temperature hot pressing of 140 °C was applied to the precipitation printed PVDF 

to further soften the polymer in the densification process for better pore reduction. The resulting 

dielectric constant after 140 °C hot pressing reaches 9.48 at 1 kHz, which is almost 90% of the 

solvent cast PVDF. Therefore, it can be concluded that higher temperature hot pressing of the 

precipitation printed PVDF can lead to better dielectric constant, but the influence of pores on 

PVDF’s dielectric constant cannot be eliminated completely by hot pressing. 
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Figure 4.8. Dielectric constant of solvent cast PVDF, precipitation printed PVDF, and precipitation printed then hot 
pressed PVDF. 

4.6 Electric poling 

To obtain optimal piezoelectric response from the PVDF samples, electric poling was 

applied to PVDF samples prior to any piezoelectric testing. Although corona poling is reported to 

be a successful poling method for large films when trying to avoid sample shorting [247,248], 

precipitation printed PVDF samples have rough surfaces and porosity which make them vulnerable 

to corona current and small breakdown spots. Thus, direct contact poling was selected to be the 

poling method for precipitation printed PVDF. To increase the breakdown strength of the samples, 

printed PVDF samples were first soaked in an 80 °C oil bath for 1 h to fill the internal pores with 

oil. A high voltage (2–15 kV) was then applied across the thickness of the PVDF samples (100–

200 μm) using two flat aluminum electrodes, forming a strong electric field of 20-100 MV·m−1 

that remains below the breakdown strength of bulk PVDF (250–300 MV·m−1) [248]. The highest 

electric field before breakdown for the precipitation printed PVDF is 75 MV·m−1, for the printed 

then 80 °C pressed PVDF is 75 MV·m−1, and for the printed then 140 °C pressed PVDF is 100 

MV·m−1. All PVDF samples were made to have a slightly larger area than the flat aluminum 

electrodes to avoid potential electric arcing around the edges of the sample. The PVDF samples 

were poled in 80 °C oil for 2 h and slowly cooled down to room temperature under the selected 

applied electric field. The poled samples were then washed with methanol to remove residual oil 

and dried under vacuum overnight. Once fully dry, the samples were sputter coated with thin gold 

electrodes on both sides for piezoelectric testing. 
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4.7 Piezoelectric properties 

The piezoelectric charge coefficients (d33 and d31) of precipitation printed PVDF were 

measured through direct piezoelectric effect. The longitudinal d33 coefficient was measured using 

a customized Berlincourt d33 meter [249,250] (Figure 4.9A) based on a piezoceramic stack actuator 

(PStVS 1000V VS45, Piezosystem Jena GmbH) and a piezoceramic force sensor (208C, PCB 

Piezotronics).The input excitation vibration was controlled by a function generator (33210A, 

Keysight Technologies), which fed a 10 Hz sinusoidal signal to the stack actuator. The dynamic 

force F applied on the sample was measured by the piezoceramic force sensor, while the induced 

charge Q was measured from the two semi-domed electrodes on each side of the sample, using a 

charge amplifier circuit (Figure 4.10) with a high pass cutoff frequency of 5.3 Hz. The d33 

coefficient can be calculated as follows. 

𝑑𝑑33 =
longitudinal charge density

longitudinal stress
=
𝑄𝑄
𝐹𝐹

 (4.9) 

It should be noted that due to the dipole alignment direction of PVDF, the Q and F have a 180° 

phase difference, so the d33 values are negative. Figure 4.9B shows the measured d33 coefficient of 

four types of PVDF samples. Electric poling field strength has a significant influence on the d33 

value, where the precipitation printed PVDF poled under a 75 MV·m−1 field has a d33 of 

−0.99±0.10 pC·N−1, 8 times of the d33 of precipitation printed PVDF poled under a 20 MV·m−1 

field. Nonetheless, the average d33 coefficient of printed and 75 MV·m−1 poled samples remains 

relatively low compared to that of stretched and poled PVDF sheets, since the precipitation printed 

PVDF only has a density of 0.646 g·cm−3 (64% porosity) [205]. Therefore, precipitation printed 

then hot pressed PVDF samples were also tested to evaluate the influence of porosity on the 

piezoelectric effect. The d33 coefficient of precipitation printed then 80 °C pressed PVDF after 75 

MV·m−1 electric field poling is improved up to −6.42±0.78 pC·N−1, a 550% increase relative to 

the directly printed PVDF poled under the same conditions. Using a higher temperature of 140 °C 

for hot pressing and a poling field of 100 MV·m−1 without breakdown, the d33 coefficient is finally 

improved to −18.09±0.66 pC·N−1, which is comparable to biaxially stretched PVDF (−12 to −21 

pC·N−1) [135,136] and only lower than uniaxially stretched PVDF (−30 pC·N−1) [135]. 
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Figure 4.9. A) Customized d33 meter based on a piezoceramic stack actuator and a piezoceramic force sensor. B) 
Measured d33 values of four types of PVDF samples. 

 

 
Figure 4.10. Charge amplifier circuit. 

The transverse piezoelectric d31 coefficient was measured by using a dynamic mechanical 

analyzer (DMA, Q800, TA Instruments) in tension mode to precisely apply a 10 Hz uniaxial 0.5% 

sinusoidal strain to PVDF samples (25 mm×5 mm×0.1 mm) with gold electrodes sputtered on both 

sides (Figure 4.11A), through Equation 4.10, 

𝑑𝑑31 =
longitudinal charge density

transverse stress
=

𝑄𝑄
𝑊𝑊𝑊𝑊
𝐹𝐹
𝑊𝑊𝑡𝑡

=
𝑄𝑄𝑡𝑡
𝐹𝐹𝑊𝑊

 (4.10) 

where Q is the charge measured by the charge amplifier, F is the force measured by the DMA, t 

and L are the thickness and length of the sample electrode area, respectively. The measured d31 

coefficients in Figure 4.11B also show a significant improvement in piezoelectric response when 

increasing the poling field from 20 MV·m−1 to 75 MV·m−1. The measured d31 coefficient for 

precipitation printed PVDF samples poled under a 75 MV·m−1 field is 1.08±0.04 pC·N−1, a 260% 

increase relative to the samples poled under a 20 MV·m−1 field (0.30±0.04 pC·N−1). Like d33, the 
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d31 coefficient can be further improved through hot pressing, as the reduced porosity after 80 °C 

pressing yields an approximately 100% improvement in d31 (1.95±0.21 pC·N−1). An open-circuit 

voltage (measured by a Keysight Technologies B2980A electrometer) response plot highlighting 

the effect of hot pressing is shown in Figure 4.12. Using a higher temperature of 140 °C for hot 

pressing and a poling field of 100 MV·m−1, the d31 coefficient is eventually improved to 

8.69±1.60 pC·N−1. In addition, the precipitation printing uses an in-plane (1-2 plane) 0°/90° 

alternating infill pattern, so transversely isotropic properties are expected for this plane. To 

investigate the isotropy of transverse piezoelectric charge coefficients, d31 and d32 coefficients were 

measured on printed then 140 °C pressed PVDF samples. As a result, in Table 4.2, no significant 

difference can be found between d31 and d32 (p=0.99), indicating a transversely isotropic 

piezoelectric behavior. Thess d31 and d32 values are also in the range of literature reported d31 and 

d32 values of biaxially stretched PVDF films (4 to 14 pC·N−1) [135,136,251]. Another interesting 

discovery is that porous precipitation printed PVDF samples have higher d31 than d33 (in absolute 

value), implying more sensitive transverse piezoelectric response than longitudinal piezoelectric 

response due to the existence of pores. However, hot-pressed and densified PVDF samples behave 

more like conventional stretched PVDF films which have lower d31 than d33. 

 
Figure 4.11. A) Customized d31 meter based on the tension mode dynamic mechanical analyzer. B) Measured d31 
values of four types of PVDF samples.  

 
Table 4.2. Measured d31 and d32 coefficients of the printed then 140 °C pressed PVDF. 

 d31 (pC·N−1) d32 (pC·N−1) 
Printed then 140 °C pressed PVDF 8.69±1.60 8.68±2.22 
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Figure 4.12. Open-circuit voltage plot of the precipitation printed PVDF and the printed then 80 °C pressed PVDF 
using the same poling conditions in d31 mode. 

There are two main takeaways from this section based on the piezoelectric properties. First, 

precipitation printed PVDF after poling can achieve longitudinal and transverse piezoelectric 

charge coefficients at 1 pC·N−1 level, comparable or higher than other additively manufactured 

PVDF in the literature [142–144,148], while having much higher specific piezoelectric properties 

(per unit mass) and flexibility due to the high porosity. Since in Chapter 2 the capability of 

precipitation printing conductive PVDF nanocomposites on an existing neat PVDF structure was 

already demonstrated, by using dual material precipitation printing with a conductive electrode 

material in the future, 3D piezoelectric and porous PVDF devices with custom printed electrodes 

can be fabricated through precipitation printing and subsequent poling. Second, by hot pressing 

the precipitation printed PVDF, high piezoelectric performance 2D PVDF films with arbitrary 

shapes and scalable thickness can be produced without the need of stretching, which distorts the 

PVDF film shape. 

4.8 Piezoelectric energy harvesting devices 

To demonstrate the application of the proposed PVDF, two types of piezoelectric energy 

harvesters were fabricated and tested: a stretching mode (d31 mode) energy harvester and a 

compression mode (d33 mode) shoe insole energy harvester. A stretching mode energy harvester 

is a device that transforms waste mechanical energy from axial displacement into usable electrical 

energy and is often used in environments that have a significant amount of ambient vibration. Two 

25 mm×5 mm×0.1 mm (final dimensions) rectangular bar-shape stretching mode energy 

harvesters, one being precipitation printed, and the other being printed then hot pressed (80 °C), 
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were poled with a 75 MV·m−1 electric field and then excited by 0.5% uniaxial tensile strain at 

varying frequencies using a DMA (Q800, TA Instruments), as shown in Figure 4.13A. The root 

mean square (RMS) voltage output of the energy harvesters loaded by a variable resistor ranging 

between 0–40 MΩ was measured by a Keysight Technologies B2980A electrometer, and the 

output power and power density of the energy harvesters follow the subsequent equations: 

𝑃𝑃 =
𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅2

𝑅𝑅
 (4.11) 

𝑃𝑃𝜌𝜌 =
𝑃𝑃
𝐴𝐴𝑡𝑡

 (4.12) 

where P is the output power, Pρ is power density, VRMS is the measured RMS voltage, R is the load 

resistance, A and t are the area and thickness of the energy harvester, respectively. 

 
Figure 4.13. A) Stretching mode energy harvester. B–E) Precipitation printed stretching mode energy harvester with 
and without hot pressing loaded by variable resistance under different excitation frequency at 0.5% strain. B) Output 
RMS voltage without hot pressing. C) Power and power density without hot pressing. D) Output RMS voltage with 
hot pressing. E) Power and power density with hot pressing. 

For the precipitation printed stretching mode energy harvester, in Figure 4.13B and C, as 

the excitation frequency increases, both the output voltage and power increase. The impedance of 

the sample decreases as the excitation frequency increases, resulting in the maximum output power 

occurring at a lower load resistance for higher excitation frequencies. The maximum output power 

and power density of the energy harvester under 100 Hz excitation (the highest excitation 

frequency that can be applied to the sample without breaking) at 0.5% strain are 202 nW and 44 

μW·cm−3, respectively. To further improve the energy harvesting performance, a stretching mode 

energy harvester based on printed then hot pressed PVDF was also tested, whose voltage and 
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power output are shown in Figure 4.13D and E. The maximum output power and power density 

of hot-pressed energy harvester are found to be 7.96 μW and 717 μW·cm−3, respectively, under 

100 Hz excitation at 0.5% strain. Therefore, the stretching mode energy harvester after hot pressing 

displays a power density that is 16 times higher than that of the directly printed one, highlighting 

the importance of reducing internal porosity of precipitation printed PVDF through hot pressing 

to maximize energy harvesting performance. 

A 3D printed heel insole energy harvester with dimensions of 70 mm×60 mm×6 mm was 

also fabricated to demonstrate the ability of a bulk piezoelectric device to collect waste mechanical 

energy in compression d33 mode (Figure 4.14A and B). The insole consists of three layers: a soft 

and porous precipitation printed top layer with curved edges to fit heels, a 0.25 mm thick 

precipitation printed then hot pressed (80 °C) middle layer acting as the piezoelectric energy 

harvester and a porous precipitation printed bottom layer providing structural support. The hot-

pressed middle layer was poled in oil under a 75 MV·m−1 electric field. Once poled, the middle 

layer was sputtered with gold electrodes on both sides to which copper tapes were attached to 

measure the voltage output. All three layers were assembled by solvent welding using a PVDF 

solution and dried for 1 h under vacuum to obtain the final device. It was first tested under different 

compression force amplitudes and frequencies using a dynamic testing frame (E1000, Instron) to 

verify the piezoelectric performance of large-scale printed then hot pressed PVDF. As confirmed 

in Figure 4.14C, the open-circuit voltage response agrees with the d33 value measured in the 

previous section. The figure also shows that the open-circuit voltage increases slightly as the 

excitation frequency increases. The 2 Hz, 300 N amplitude excitation is used to simulate the force 

that an adult could apply on the heel insole, and it proves that the heel insole energy harvester 

would not saturate in this real case situation. The output RMS voltage, power and power density 

of the heel insole energy harvester are displayed in Figure 4.14D and E. To simulate the frequency 

of actual human steps, and due to the limitation of the stable load and frequency that could be 

generated by the testing instrument, only low frequencies (0.5 Hz, 2 Hz and 5 Hz) and a 100 N 

amplitude force were used for testing. The maximum power and power density occur under the 

highest frequency of 5 Hz, which are 345 nW and 1.2 μW·cm−3, respectively. It should be noted 

that the output power and power density would be higher if excited using a force amplitude of 300 

N and at a similar frequency, since the energy harvester was not yet saturated (Figure 4.14C). 

Compared with other thin film piezoelectric shoe insole energy harvesters from literature, 
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precipitation printed full heel insole generates a comparable high voltage output (about 20–30 V) 

but lower power output, due to a much larger internal impedance caused by a larger thickness of 

our heel insole.  

 
Figure 4.14. A) Schematic of the heel insole energy harvester with testing circuits. B) The fabricated heel insole energy 
harvester. C) Open-circuit voltage response of the heel insole energy harvester under different compression force 
amplitudes and frequencies. D–E) Output RMS voltage and power of the heel insole energy harvester under various 
loads. 

After standard instrument testing, the energy harvesting performance of the heel insole 

under human walking was demonstrated. Figure 4.15A shows the open-circuit voltage response 

during 5 steps obtained using full wave rectifiers, where the peak voltage ranges from 17 V to 26 

V due to natural variation in tread strengths. The heel insole energy harvester was then used to 

charge a 4.7 μF capacitor through a full wave rectifier. As seen in Figure 4.15B, after continuously 

stepping on the heel insole for 60 steps, the capacitor was charged to 1.7 V, equivalent to 8.0 μC 

in electric charge or 6.8 μJ of energy. When stepping on the heel insole for about 3 minutes, the 

capacitor could be charged up to 3.7 V (Figure 4.15C), thus storing 17.4 μC in electric charge or 

32.2 μJ of energy. After charging of the capacitor stopped, the self-discharging rate of the energy 

harvesting system was about 1 μC·min−1, which ensures the energy storage efficiency. This 

demonstration highlights the piezoelectric energy harvesting performance of the printed heel insole 

as means to collect waste mechanical energy during daily walking and transform it into usable and 
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storable electrical energy. Therefore, precipitation printing provides a practical approach for 

fabricating bulk piezoelectric energy harvesters that exploit the d33 mode effect, which is typically 

difficult to achieve using thin films. In addition, simplicity and low cost of the fabrication 

processes are two other main advantages of the proposed  heel insole energy harvester since it 

requires only four fabrication steps: PVDF precipitation printing, hot pressing, electric poling and 

assembly, compared with other devices using d31 mode effect that usually requires the fabrication 

and assembly of additional fixtures and substrates made of different materials [252,253]. For future 

work, precipitation printing enables the potential of dual material printing of both PVDF and 

conductive electrode material for conformal piezoelectric layers in complex structures, which can 

further improve the efficiency of energy harvesting. 

 
Figure 4.15. A) Open-circuit voltage time response of the heel insole energy harvester during 5 steps using rectifiers. 
B) Charging of a 4.7 μF capacitor to 1.7 V in 60 steps. (c) Charging a 4.7 μF capacitor to 3.7 V by stepping on the 
heel insole for 3 minutes. 

4.9 Piezoelectric sensors embedded in 3D printed feathers 

Piezoelectric PVDF can also act as stress and strain sensing materials, especially for 

dynamic changes and vibrations due to its ultrafast response time and large operating frequency 
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range. In a concurrent project about design and 3D printing artificial feathers with embedded 

aerodynamic sensing ability for future bio-inspired micro air vehicles (MAVs) and in vivo 

biomechanics study on birds, which is a collaboration with the University of Montana Field 

Research Station, we integrated precipitation printed then hot pressed PVDF into the artificial 

feather rachis for vibration sensing. Here, a brief summary of the design and fabrication of the 3D 

printed artificial feathers is provided first, while the main focus of this section is about the 

piezoelectric sensing on feather vibrations. 

4.9.1 3D printed feather transducers with hierarchical vane structures 

In this project, bio-inspired and 3D printed feather transducers were designed based on the 

Barbary dove (Streptopelia risoria) flight feathers. A dove feather typically consists of a stiff 

central shaft (rachis and calamus) and numerous branches (barbs) forming a relatively flat surface 

(vane) [254]. Even smaller branches (barbules) attached to the barbs have hooks to form an 

interlocking network between the adjacent barbs, which provides the feather structural integrity 

and also resists more deformation than a continuous membrane-type surface. Inspired by the dove 

flight feathers, artificial feathers of the same scale with hierarchical structures were designed and 

fabricated through two high-resolution 3D printing techniques for PVDF: electric field-assisted 

direct ink writing (DIW) [255] for the barbules networks and precipitation printing for the rachis 

and barbs (Figure 4.16). A superelastic nitinol (NiTi) wire was embedded in the printed rachis to 

match the stiffness of natural dove feathers. The self-sensing ability of the 3D printed feathers was 

realized by integrating a laser-printed strain gauge-type piezoresistive sensor (for static 

deformation measurement) and a precipitation printed then hot pressed piezoelectric PVDF sensor 

(for dynamic vibration measurement) into the rachis (Figure 4.17A). Although two types of sensors 

are used in the feather transducers, only the piezoelectric PVDF sensor’s performance, which is 

relevant to this dissertation, will be studied in the following sections. In addition, the 3D printed 

feather transducers were based on two representative dove feathers, the 9th primary (P9) as one of 

the outer wingtip feathers and the 3rd secondary (S3) as one of the inner trailing edge feathers 

(Figure 4.17B), to study the functional difference between primary and secondary flight feathers. 
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Figure 4.16. 3D printing processes for the fabrication of artificial feathers. A) Electric field-assisted DIW for barbules 
networks. B) Precipitation printing for barbs and rachis. 

As a result, in Figure 4.17C, the 3D printed feather transducers (P9 transducer and S3 

transducer) are presented alongside the corresponding natural dove feathers (P9 feather and S3 

feather). The 3D printed feather transducers highly resemble the corresponding natural feathers in 

terms of size, shape and structure. Furthermore, the hierarchical structure of the 3D printed feather 

vane is compared to the natural feather vane by scanning electron microscope (SEM) imaging. In 

the case of a natrual feather vane in Figure 4.17D, branched and tapered barbs with a 50–100 μm 

width are interlocked by densely branched microscale barbules. The 3D printed feather vane in 

Figure 4.17E has branched but uniform width (200 μm) barbs, which are connected by grid-shape 

networks of barbules (10–20 μm width). The highly detailed barb structure acts as another example 

besides the demonstrations in Chapter 2 to highlight the printing resolution and precision of 

precipitation printed PVDF. Although the real-scale hierarchical structure of feather is achieved 

by 3D printing, the density of the barbules network is lower than the corresponding natural feathers 

due to the printing resolution limitation and feather zipping cannot be replicated due to the lack of 

barbule hooks [256,257]. However, like natural feathers, the 3D printed feather transducers in this 

project allow larger vane deformation than the membrane-type artificial feathers [258–261], which 

is attributed to the barbs-barbules network that allows shear deformation.  
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Figure 4.17. 3D printed artificial feather transducers. A) Components of a 3D printed feather transducer. B) Locations 
of the P9 and S3 feathers on a dove wing. C) Comparison of 3D printed feather transducers and natural feathers. D) 
SEM image of the natural feather vane structure with interlocking barbules between barbs. E) SEM image of the 3D 
printed feather vane structure with barbules network between barbs. 

4.9.2 Dynamic characterization of feather transducers 

The dynamic vibration sensing ability of the piezoelectric PVDF sensor in individual 

feather transducers was characterized by shaker vibration tests. In Figure 4.18A and E, individual 

feather transducers were clamped on an electrodynamic shaker (LDS V408, Brüel & Kjaer) with 

an attached base accelerometer (352C22, PCB Piezotronics). The feather vibration acceleration 

was measured by a laser vibrometer (LK-G5000, Keyence) in the acceleration mode, where the 

laser focus was 70 mm away from the clamped calamus for the P9 transducer and 50 mm for the 

S3 transducer. A customized voltage follower (Figure 4.19) was made for the high impedance 

piezoelectric signal conditioning. The piezoelectric voltage after signal conditioning was recorded 

by a data acquisition system (USB-4431, National Instruments) and high-pass filtered (1 Hz cutoff) 
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to remove the DC offset and became Vpiezo. During vibration testing, sine wave sweeps from 5 Hz 

to 120 Hz with a duration of 1 min of the base excitation acceleration were applied to individual 

feather transducers, and the frequency response function (FRF) plots of the laser vibrometer 

measured acceleration and Vpiezo with respect to the base acceleration for the P9 transducer are 

shown in Figure 4.18B and C. The Vpiezo response shows the same resonance peak (62 Hz) that 

matches the external laser measurement, excellent signal coherence, sensitivity and no significant 

phase lag in a large frequency range. The slight mismatch between the FRFs is due to the different 

locations between the laser focus and the distributed piezoelectric sensor along the rachis. After 

frequency sweeps, acceleration amplitude sweeps at a constant frequency (62 Hz) were applied to 

the P9 transducer, and the amplitudes of Vpiezo were compared to the vibration amplitude (measured 

as laser vibrometer acceleration). As a result, in Figure 4.18D, the amplitudes of Vpiezo have linear 

relationships (R2 = 0.999) with the laser acceleration amplitude, suggesting its dynamic sensing 

capability of the feather vibration amplitude. Figure 4.18F–H contain the dynamic characterization 

results of the S3 transducer following the same tests in Figure 4.18B–D. Similarly, the Vpiezo 

response can accurately sense the two resonance frequencies of the S3 transducer in the 5–120 Hz 

rang, and the amplitude of Vpiezo has a linear correlation with the vibration amplitude. Therefore, 

the piezoelectric PVDF sensor embedded in the 3D printed feather transducers is proved to provide 

abundant sensory information on the feather vibration frequency and amplitude. 

 
Figure 4.18. Dynamic characterization of feather transducers. A) Vibration test setup for the P9 feather and transducer. 
B–C) FRF magnitude and phase plots of the laser vibrometer and P9 transducer’s Vpiezo with respect to the based 
acceleration. D) Linear correction between the P9 transducer’s Vpiezo amplitude and base excitation amplitude. E–H) 
Dynamic characterization of the S3 transducer following the same tests in A–D. 
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Figure 4.19. Voltage follower circuit for piezoelectric signal conditioning. 

4.9.3 Individual feather transducer vibration sensing 

After the shaker vibration tests that characterized the piezoelectric sensor performance, the 

individual 3D printed feather transducers were mounted in a wind tunnel with a 10 m∙s−1 flow 

speed to investigate their ability of aerodynamic sensing. To simulate the P9 and S3 feather 

location and orientation on the dove wing during glide, the P9 transducer was tested with calamus 

perpendicular to the flow (Figure 4.20A), while the S3 transducer was tested with calamus parallel 

to the flow (Figure 4.20E). During angle of attack sweeps from −21.4° to 28.6°, the power of the 

piezoelectric signal was measured as Ppiezo, which was then min-max normalized in the angle 

sweep range. As a result, in Figure 4.20B, the Ppiezo of the P9 transducer has relatively low 

magnitudes when the angle of attack is from 0° to 7° (in the linear lift coefficient, CL, range), and 

has high magnitudes from −20° to −10° and more than 20° where measured CL deviates from the 

linear lift line, which correspond to the flow separation or vortex-induced vibration (VIV) at 

negative and positive angles [262], respectively. The vibration frequency can also be obtained by 

performing fast Fourier transform (FFT) on the Vpiezo, and the lowest primary vibration frequencies 

for the P9 transducer at both −20° and 20° are around 50–60 Hz (Figure 4.20C and D), which are 

close to the first bending mode natural frequency of the P9 transducer. However, more higher 

frequency (above 100 Hz) vibration modes occur at 20° than −20°. For the S3 transducer, the 

vibration sensing result in Figure 4.20F shows only a main peak of Ppiezo between 0° and 10° with 

a primary vibration frequency in 90–120 Hz range (Figure 4.20G), which is possibly the VIV of 

the feather transducer due to the interactions with the leading-edge shaft’s wake vortices (Figure 

4.20E) [263]. No stall-induced vibration can be observed in this case. It can be concluded that both 

the P9 and S3 transducers can sense the amplitude and frequency of flow separation or vortex-

induced feather vibration through the piezoelectric signal, which can be used for potential stall 

detection. 
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Figure 4.20. A) P9 transducer’s orientation in the wind tunnel. B) Piezoelectric signal power measurements of the P9 
transducer compared to its lift curve and linearized lift line. C–D) FFT spectra of the P9 transducer’s piezoelectric 
signal at −20° and 20°. E) S3 transducer’s orientation in the wind tunnel. F) Piezoelectric signal power measurements 
of the S3 transducer compared to its lift curve. G) FFT spectrum of the S3 transducer’s piezoelectric signal at 0°. 

4.9.4 Instrumented wing vibration sensing and gust detection 

The P9 and S3 transducers were also instrumented onto a dried and spread dove left wing, 

to study their sensing ability of the whole wing aerodynamics and vibrations. Figure 4.21A shows 

the top view of the instrumented wing with wires connected to the transducers, and Figure 4.21B 

describes the wind tunnel test setup for the wing using a 10 m∙s−1 flow speed and an angle of attack 

sweep from −25.0° to 71.4°. In Figure 4.21C, due to the strong stall effect, the wing CL reaches a 

maximum at 25° and starts to decrease above 25°. The P9 transducer’s piezoelectric signal can 

sense the flow separation-induced wing vibration at both below −10° and above 20° where the 

normalized Ppiezo is high, and the peak Ppiezo at 28° is a critical indicator of wing stall with about 

3° error (Figure 4.21C). This error is due to the outmost location of the P9 and the lack of 

interaction with the wing, which results in a different stall angle of P9 transducer itself compared 

to the wing platform. In Figure 4.21D, the FFT spectra of the P9’s Vpiezo at both positive and 

negative angles of flow separation exhibit lower primary vibration frequency than the individual 

P9 transducer’s vibration frequency in the wind tunnel, which can be explained by the more 

complicated interaction between adjacent feathers that produces lower frequency vibration modes. 

For the S3 transducer, since it is a trailing edge feather overlapped by the adjacent S2 and S4 
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feathers, strong interaction between feathers makes S3 share the main vibration features as the 

whole wing. In Figure 4.21E, two S3 transducer’s Ppiezo peaks occur at angles between the start of 

flow separation and stall (maximum CL) for both positive and negative angles, which can be used 

as a stall warning sensor. FFT spectra of the S3’s Vpiezo at both positive and negative angles of flow 

separation show a clear major vibration frequency lower than the individual S3’s vibration 

frequency (Figure 4.21F), which is possibly the vibration of the entire wing. 

 
Figure 4.21. Feather transducers’ sensing performance when instrumented on a spread dove wing. A) Top view of the 
instrumented left wing. B) Wind tunnel test setup for an instrumented wing. C) P9 piezoelectric signal power compared 
to the whole wing lift curve and linearized lift line. D) FFT spectra of the P9 piezoelectric signal at positive and 
negative angles when flow separation occurs. E) S3 piezoelectric signal power compared to the whole wing lift curve 
and linearized lift line. F) FFT spectra of the S3 piezoelectric signal at positive and negative angles when flow 
separation occurs. 

The instrumented wing with two feather transducers can also sense environmental 

disturbances, such as upward gusts. Two vane gust generators in front of the testing wings with a 

10° pitch angle change were used to simulate upward gusts (Figure 4.22A and B). Each gust cycle 

includes three steps of the vane gust generators: rapid pitching up, holding for 5 seconds, and rapid 

pitching down to the original position. The testing wing was kept at a 10° pitch angle with respect 

to the wind tunnel to simulate gliding flight. As a result, in Figure 4.22C, the CL of the wing 

increases about 0.11 when under upward gusts, but the drag coefficient (CD) remains nearly 
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unchanged. For vibration sensing, both raw piezoelectric voltage signals from the P9 and S3 

transducers were post-processed using a band-pass filter (Vpiezo,bp) to show vibration amplitudes in 

the primary vibration frequency range (5–30 Hz for P9 and 5–75 Hz for S3) based on the FFT 

spectra in Figure 4.21, and a moving average (Vpiezo,avg) to show sudden and large deformations. 

In Figure 4.22D, the P9 Vpiezo,avg can detect the start and end time of each gust cycle, where the 

positive spikes indicate the upward flow direction change and negative spikes indicate the 

downward flow direction change. The P9 Vpiezo,bp amplitudes during normal glide and during gust 

cycles are also different, due to the gust induced P9 bending that increases wing tip vortices-

induced vibration. In Figure 4.22E, the upward gusts have less influence on the vibration of the S3 

transducer located on the inner portion of the wing. The lack of spikes in S3 Vpiezo,avg indicates that 

no significant S3 transducer deflection occurs when the upward gust hits the wing, and the lower 

S3 Vpiezo,bp amplitude during the gust cycles implies that the upward gust pushes secondary feathers 

together and reduces vibration. The average piezoelectric signal power Ppiezo of P9 has a 460% 

increase under gusts, yet the average Ppiezo of S3 has a 49% reduction under gusts (Figure 4.22F). 

 In conclusion, using piezoelectric PVDF as the dynamic sensing component in the 3D 

printed feather transducers can provide substantial sensory information on the feathered wing 

behavior, including the amplitude and frequency of the feather and wing vibration. Therefore, the 

3D printed feather transducers with embedded aerodynamic sensing can be developed as a smart 

component in bio-inspired MAVs, which enables stall and gust detection for real-time adaptation 

in unsteady flows or dynamic flight conditions. 
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Figure 4.22. Response of the instrumented wing under simulated upward gusts. A) Normal glide condition. B) Upward 
gust condition. C) Change of CL and CD under five upward gust cycles. D) Change of P9 Vpiezo,bp and Vpiezo,avg under 
five upward gust cycles. E) Change of S3 Vpiezo,bp and Vpiezo,avg under five upward gust cycles. F) Comparison of the 
upward gust sensing ability of the P9 and S3 piezoelectric signal by using Ppiezo (N=5 gusts). 

4.10 Chapter summary 

In this chapter, precipitation printing was shown to be an additive manufacturing process 

for producing high β phase PVDF, which is capable of fabricating bulk piezoelectric materials 

with complex geometries. It provides a simple and low-cost approach to enhance the piezoelectric 

β phase fraction in PVDF without the need for mechanical stretching, filler addition or chemical 

treatment. The β phase fraction of the precipitation printed PVDF from a DMF solution is reported 

to be more than 60% using FTIR analysis, which is more than 2 times increase relative to solvent 

cast PVDF films. The precipitation printed PVDF has stable β phase below 150 °C post-heating, 

which corresponds to the β phase onset melting temperature according to DSC analysis. Since the 

directly precipitation printed PVDF is highly porous, hot pressing at 80 °C and 140 °C were applied 

to densify the printed PVDF. FTIR, XRD and DSC characterization results indicate that hot 
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pressing can improve the total degree of crystallinity, while keeping the high β phase fraction. The 

measured D-E loops of the precipitation printed then hot pressed PVDF display a coercive field of 

98 MV·m−1 and a maximum remnant polarization of 3.23 μC·cm−2 before sample breakdown, 

implying a strong ferroelectric behavior from the high β phase fraction. After electric poling, the 

porous precipitation printed PVDF exhibits a maximum piezoelectric d33 and d31 coefficients of 

−0.99 pC·N−1 and 1.08 pC·N−1, respectively, and a dielectric constant of 3.55 at 1 kHz. After hot 

pressing and electric poling, the maximum piezoelectric d33 and d31 coefficients of PVDF are 

achieved to be −18.09 pC·N−1 and 8.69 pC·N−1, respectively, by reducing the porosity and 

enhancing the dielectric constant to 9.48 at 1 kHz. Therefore, for future applications, precipitation 

printing can either be used to fabricate porous piezoelectric PVDF 3D structures with complex 

shapes and potentially customized electrodes by dual material printing, or be combined with hot 

pressing to produce PVDF 2D sheets of arbitrary geometries that have outstanding piezoelectric 

performance. 

Precipitation printed PVDF was also demonstrated to fabricate piezoelectric energy 

harvesters and sensors. A stretching mode (d31 mode) energy harvester that was directly 

precipitation printed can generate a power density of up to 44 μW·cm−3, while a printed then hot 

pressed stretching mode energy harvester displays a power density up to 717 μW·cm−3. A full-

scale wearable heel insole (d33 mode) energy harvester is shown to efficiently transform waste 

mechanical energy during daily walking into storable electrical energy, storing 32.2 μJ of energy 

into a capacitor after stepping on the heel insole for 3 minutes. Moreover, for sensing applications, 

precipitation printed then hot pressed PVDF was integrated into the rachis of the 3D printed 

artificial feathers to enable in situ aerodynamic sensing. The piezoelectric signal generated from 

the PVDF sensor can provide substantial sensory information on the entire wing behavior, 

including the amplitude and frequency of the feather and wing vibration, as well as stall and gust 

detection, when the wing is instrumented with the 3D printed feather transducers. In conclusion, 

precipitation printing is a promising additive manufacturing process to produce high β phase PVDF 

and piezoelectric devices with complex geometries. 
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Chapter 5 Precipitation Printing of Highly Stretchable Piezoelectric Sensors 

5.1 Chapter introduction 

With the recent development of soft robotics and wearable motion capture technology, 

strain/stress sensors used on soft actuators or human bodies that require a large strain sensing range 

(>50%) under dynamic loading conditions are in great demand. When under dynamic loading 

conditions, the strain/loading rates of the soft substrate can change and the pre-stretch strain of the 

quasi-static states may vary, which are challenging for existing stretchable piezoelectric sensors 

based on piezoceramic nanocomposites or smart pattern design of poly(vinylidene fluoride) 

(PVDF) films to produce reliable strain/stress measurements. To overcome these limitations, 

intrinsically stretchable piezoelectric polymer blends consisting of PVDF and a polar elastomer 

can be developed. In Chapter 5, polymer blends of PVDF and acrylonitrile butadiene rubber (NBR) 

are formed using precipitation printing, where a solution of both PVDF and unvulcanized NBR 

dissolved in N,N-dimethylformamide (DMF) is precipitated inside a water bath and solidified as a 

polymer blend that can be vulcanized by subsequent hot pressing [205,211]. As explained in 

Chapter 4, the PVDF-water interaction preferably orients the dipoles in the PVDF chain to form a 

TTT conformation (β phase), which also provides the piezoelectricity basis for the precipitation 

printed PVDF/NBR blends in this chapter. In addition, during precipitation printing, the rapid 

liquid-solid phase separation at room temperature can produce a unique blend morphology, where 

the PVDF phase and the NBR phase are highly mixed above micron level. The stretchability, 

dielectric properties and piezoelectric properties of the PVDF/NBR blends with different blend 

ratios are characterized, and the results show that a highly stretchable piezoelectric polymer blend 

with tailored macroscopically uniform properties can be developed. Next, the precipitation printed 

then hot pressed PVDF/NBR blends are used to fabricate piezoelectric sensors, and they exhibit 

excellent dynamic strain/stress sensing performance under large strains, without strain/loading rate 

and pre-stretch dependence. Therefore, the developed highly stretchable PVDF/NBR sensors can 

outperform existing stretchable piezoresistive and piezoelectric strain/stress sensors under 

dynamic loading conditions. 
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5.2 Fabrication of stretchable piezoelectric polymer blends 

Four different weight ratios of the PVDF/NBR printing inks (20PVDF80NBR, 

40PVDF60NBR, 60PVDF40NBR, 80PVDF20NBR, where the number in front of each polymer 

component is its weight percent out of total solid) along with neat PVDF (100PVDF) and neat 

NBR (100NBR) inks were obtained by dissolving the corresponding polymers and vulcanization 

agents in DMF to form 15 wt% solutions. Specifically, PVDF powder (Kynar 301F) was first 

dissolved in DMF (certified ACS, Fisher Chemical) to form a 15 wt% clear solution (100PVDF 

ink) via magnetic stirring and sonication (Branson M2800), while unvulcanized NBR (KNB 40M, 

Kumho Petrochemical) was also dissolved in DMF to form a 15 wt% uniform but opaque solution 

via sonication (sonic dismembrator model 500, Fisher Scientific). 1 wt% sulfur (Akrochem) and 1 

wt% N-cyclohexyl-2-benzothioazole sulfenamide (Accelerator CBTS, Akrochem) based on the 

NBR solid weight were added into the NBR/DMF solution for further mixing to obtain 100NBR 

ink. For different ratios of PVDF/NBR blend inks, 100PVDF and 100NBR inks were mixed based 

on the corresponding weight ratios, followed by vortex mixing. The polymer inks were then 

precipitation printed in an ice/water bath on a glass substrate coated with a solvent cast 

50PVDF50NBR film to produce 3D structures (about 0.2 to 1.5 mm thickness) of unvulcanized 

PVDF/NBR blends using the customized 3D printer for precipitation printing (Figure 5.1). The 

printing infill was set to be a 0°/90° alternating pattern to allow for transversely isotropic 

structures. 

Besides all the studies of β phase promotion using precipitation printing in Chapter 4, the 

effect of water bath temperature during printing was further investigated here. Four different 

temperatures of the water bath were tested for precipitation printing of neat PVDF (100PVDF). It 

should be noted that the 0 °C bath was a mixture of ice and water. Lower than 0 °C salt (NaCl) 

water bath was also tested for precipitation printing, but the solvent exchange rate was too slow 

for continuous printing. Thus, bath temperature lower than 0 °C is not practical for this process 

considering printability. Figure 5.2 shows the Fourier-transform infrared spectroscopy (FTIR) 

spectra of 100PVDF printed in different temperature water baths. As the water temperature 

decreases, the α phase absorption peak at 763 cm−1 reduces intensity and the β phase peak at 1275 

cm−1 increases intensity, meaning that printing in a lower temperature water bath promotes the β 

phase fraction, which agrees with literature results on phase inversion of PVDF membranes 

[130,132,264,265]. In the meantime, the other electroactive γ phase amount remains unchanged 
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regardless of the water bath temperature. As been shown in previous literature that β phase is 

preferably formed in the phase inversion process due to the hydrogen bonding between C–F groups 

in PVDF and O–H groups in water [245], a lower temperature slows down the solvent exchange 

rate, provides more time for PVDF-water interaction and extends the crystallization time of β 

phase. It should also be noted that the addition of NBR does not have significant influence on the 

PVDF phase composition according to our characterization results in the next section. Therefore, 

0 °C ice/water mixture was selected as the printing bath for all neat PVDF and PVDF/NBR blends. 

 
Figure 5.1. Precipitation printing of PVDF/NBR blends. 

 
Figure 5.2. FTIR spectra of 100PVDF printed in water baths of different temperatures. 
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Table 5.1. Printing, hot pressing and electric poling parameters for PVDF/NBR blends. 

 
Nozzle 

diameter 
(μm) 

Printing 
pressure 

(psi (kPa)) 

Printing 
speed 

(mm·s−1) 

Hot pressing 
pressure 
(MPa) 

Electric 
poling field 
(MV·m−1) 

100PVDF 254 3.0 (20.7) 7 60 100 
80PVDF20NBR 254 3.3 (22.8) 7 30 80 
60PVDF40NBR 254 3.6 (24.8) 7 10 60 
40PVDF60NBR 254 3.9 (26.9) 7 4.0 50 
20PVDF80NBR 254 4.2 (29.0) 7 1.5 40 

100NBR 254 4.5 (31.0) 7 0.5 N/A 
 

After precipitation printing, unvulcanized PVDF/NBR blends were first dried under 

vacuum (25 in. -Hg) overnight and then hot-pressed using pressures in Table 5.1 at 140–150 °C, 

which is the vulcanization temperature of NBR using sulfur and a safe temperature range to 

preserve β phase PVDF according to the study in Chapter 4. To promote apparent piezoelectricity, 

the hot pressed and vulcanized PVDF/NBR blends were poled in an 80 °C oil bath under electric 

fields from 40 to 100 MV·m−1 (Table 5.1).  

To prepare a stretchable electrode material compatible with the PVDF/NBR blends, a 

conductive nanocomposite paste was developed by first dissolving 0.87 g of unvulcanized NBR 

in 3.48 g of DMF via sonication. Then 8.08 g of tetrahydrofuran (THF, certified ACS, Fisher 

Chemical) was added to the solution and mixed again. Next, 0.13 g of multi-walled carbon 

nanotubes (MWCNTs, Cheap Tubes) were added into the solution and dispersed uniformly 

through sonication and magnetic stirring to form a conductive paste. Finally, 87 mg of 

trimethylolpropane tris(3-mercaptopropionate) (Sigma-Aldrich) and 17 mg of diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (Sigma-Aldrich) were also added to the paste for subsequent 

photocuring. The conductive paste could be applied to the surfaces of the poled PVDF/NBR blends 

and cured using an ultra-violet (UV) light to form electrodes for the stretchable piezoelectric 

sensors [266]. The whole fabrication process is illustrated in Figure 5.3. 

 
Figure 5.3. Fabrication steps of stretchable PVDF/NBR sensors. 
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5.3 Characterization of stretchable piezoelectric polymer blends 

5.3.1 Fourier-transform infrared spectroscopy 

The chemical structure of the precipitation printed and hot pressed PVDF/NBR blends 

were investigated through Fourier-transform infrared spectroscopy (FTIR) using a Nicolet iS50 

spectrometer with a Smart iTR Attenuated Total Reflectance (ATR) accessory, and the resulting 

spectra of 6 different mixing ratio samples are shown in Figure 5.4. The intensity of C–H stretching 

absorption band increases as the NBR amount increases, which is attributed to the methylene group 

of the butadiene part (symmetrical stretching at 2850 cm−1 and asymmetrical stretching at 2920 

cm−1). Similar increasing trends can also be seen at 2237 cm−1 and 968 cm−1, which are C≡N 

stretching of the acrylonitrile part and C–H wagging of the trans-1,4-structure of the butadiene 

part.  

 
Figure 5.4. FTIR spectra of the PVDF/NBR blends. 

The crystalline phases of PVDF can be determined by the characteristic peaks of α, β and 

γ phases. For all samples that contain PVDF, no clear α phase peak at 763 cm−1 can be seen, yet 

an intense β phase peak at 1275 cm−1 and a γ phase shoulder at 1234 cm−1 can be clearly observed. 

Quantitative phase fraction calculation was also performed following the same procedure 

described in Chapter 4. Table 5.2 shows that the β phase fraction in all PVDF/NBR blends are 

higher than neat PVDF, and the highest β phase fraction of 88.2% is observed in 60PVDF40NBR. 

When the NBR weight fraction exceeds 60 wt%, the β phase fraction drops due to the large amount 

of NBR during precipitation that limits the direct PVDF-water interaction to form hydrogen bonds. 

The phase fraction results confirm that the prepared PVDF/NBR blends have dominant polar β 
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phase and some extent of less polar γ phase in the crystalline region of PVDF, which provides the 

chemical structure basis of piezoelectricity. 
Table 5.2. PVDF crystalline phase fractions in each PVDF/NBR blend. 

 100PVDF 80PVDF20NBR 60PVDF40NBR 40PVDF60NBR 20PVDF80NBR 
F(α) 1.8% 1.9% 2.8% 6.2% 7.1% 
F(β) 69.5% 83.2% 88.2% 80.0% 74.7% 
F(γ) 28.7% 14.9% 9.0% 13.8% 18.2% 

5.3.2 X-ray diffraction 

The crystalline phases of PVDF/NBR blends can be further verified through X-ray 

diffraction (XRD), using a Rigaku Ultima IV X-ray diffractometer with CuKα radiation (λ = 0.154 

nm). The XRD patterns in Figure 5.5 display that all samples with PVDF content exhibit a main β 

phase peak around 2θ from 20.7° to 20.8° (200/110) and a γ phase shoulder at 2θ = 18.5° (020), 

while showing no clear α phase peaks at 2θ = 17.6° (100) and 19.9° (021) [237,243,267]. As an 

amorphous polymer, 100NBR only shows an amorphous dome without any diffraction peak. 

 
Figure 5.5. XRD patterns of the PVDF/NBR blends. 

5.3.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was applied to analyze the melting behavior of 

the semi-crystalline PVDF in PVDF/NBR blends using a differential scanning calorimeter (Q2000, 

TA Instruments) with a ramping rate of 5 °C·min−1. In Figure 5.6A, all blends that contain PVDF 

show a broad β phase melting peak with onset of 150 °C and peak in 160–165 °C range, and a γ 

phase melting shoulder in 168–172 °C range. 100NBR is fully amorphous and displays no melting 
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peak in this temperature range. The degree of crystallinity (χc) of PVDF in each PVDF/NBR 

sample calculated based on the melting enthalpy following the procedure in Chapter 4 is listed in 

Table 5.3. It should be noted that these χc values are the fractions of crystalline phase out of the 

amount of PVDF, without considering the fully amorphous NBR phase. As a result, the χc of PVDF 

in these PVDF/NBR blends is found to increase as the NBR content increases, from 49.1% 

(100PVDF) to 57.2% (20PVDF80NBR). 

The glass transition of amorphous PVDF and NBR can also be observed in the DSC curves 

(Figure 5.6B). The glass transition temperature (Tg) of the amorphous PVDF phase is around −41 

°C, which is only visible in 100PVDF and 80PVDF20NBR samples (indicated in blue boxes) due 

to their high PVDF weight fraction and relatively lower χc. On the other hand, the Tg of NBR is 

around −21 °C, which can be seen in all samples that contain NBR (indicated in yellow boxes). 

Two distinct Tg values in a PVDF/NBR blend means the amorphous part of PVDF forms an 

immiscible polymer blend with NBR. Therefore, the PVDF/NBR blends in this work have three 

phases: crystalline PVDF (including α, β and γ), amorphous PVDF and amorphous NBR. 

 
Figure 5.6. A) DSC curves showing PVDF melting in the PVDF/NBR blends. B) DSC curves showing glass transition 
in the PVDF/NBR blends (blue boxes: PVDF, yellow boxes: NBR). 

Table 5.3. Degree of crystallinity (χc) of PVDF in the PVDF/NBR blends. 

 Degree of crystallinity (χc) 
100PVDF 49.1% 

80PVDF20NBR 49.2% 
60PVDF40NBR 52.7% 
40PVDF60NBR 54.9% 
20PVDF80NBR 57.2% 
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5.3.4 Energy-dispersive X-ray spectroscopy 

To study the morphology of the PVDF/NBR blends, scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDS) using JEOL JSM-7800FLV were performed on 

the surfaces of PVDF/NBR films. Figure 5.7 displays the large area SEM images and EDS 

mappings of the chemical elements carbon (C) and fluorine (F), where distributed PVDF (F 

mapping) with overall uniformity in millimeter level is observed for all PVDF/NBR blends. 

 
Figure 5.7. Large area SEM images and EDS element mappings (C and F) of the PVDF/NBR blends. A) 
80PVDF20NBR. B) 60PVDF40NBR. C) 40PVDF60NBR. D) 20PVDF80NBR. 

Higher magnification SEM images and EDS mappings in Figure 5.8A show a unique blend 

morphology of the surface of the PVDF/NBR blend (60PVDF40NBR as an example) formed by 

precipitation printing then hot pressing. Unlike the surface of the reference 60PVDF40NBR blend 

formed by solvent casting that has large NBR craters (diameters of 10–20 μm) in Figure 5.8B, the 

60PVDF40NBR produced by precipitation printing then hot pressing in this work has a submicron 

level phase separation (Figure 5.8A) which remains stable after vulcanization. The mechanism of 

this polymer blend morphology formation is similar to widely studied phase inversion process to 

produce porous membranes, where the DMF has nearly instantaneous diffusion into water to 

facilitate solvent exchange while NBR and PVDF nucleate simultaneously without enough time 

and mobility for polymer-polymer diffusion [202]. The lack of polymer-polymer diffusion allows 
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the precipitation printed PVDF/NBR blend to keep a submicron level demixing of PVDF and NBR 

without NBR phase coarsening like solvent cast PVDF/NBR films. To have a better understanding 

of the blend morphology, the precipitation printed then hot pressed 60PVDF40NBR was also 

etched by hot DMF to remove the PVDF phase. The resulting surfaces in Figure 5.9 show that the 

remaining crosslinked NBR phase has a continuous and highly interlocked morphology with 

removed PVDF pores, but the average size of PVDF phase cannot be determined due to the 

swelling of NBR after DMF etching. 

 
Figure 5.8. A) Surface SEM images and EDS mappings (C and F) of reference 60PVDF40NBR blend formed by 
solvent casting. B) Surface SEM images and EDS mappings of 60PVDF40NBR blend formed by precipitation printing 
then hot pressing. 

 
Figure 5.9. SEM images of hot DMF etched precipitation printed then hot pressed 60PVDF40NBR, where the 
remaining continuous phase is crosslinked NBR. 

Figure 5.10 presents the SEM images and EDS mappings of PVDF/NBR blends with the 

other three blend ratios, and no clear phase separation (either C rich F lean or C lean F rich) can 

be observed above micron level. But the shadows of F mappings in Figure 5.10 do indicate that 
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the distribution of PVDF phase and NBR phase is slightly nonuniform due to the hot pressing and 

vulcanization process. This nonuniform phase distribution can also be seen in the EDS mappings 

and relative C and F element weight faction of different spots on the tensile fracture cross-sections 

of 20PVDF80NBR in Figure 5.11 and 40PVDF60NBR in Figure 5.12. For example, a large area 

EDS mapping of 20PVDF80NBR cross-section in Figure 5.11A shows that the relative weight 

fraction of F is 10.0%, but higher magnification EDS mappings have variations in the F relative 

weight fraction, especially in some spots that are relatively PVDF lean and NBR rich (Figure 

5.11C). Similar phenomenon can be seen in 40PVDF60NBR cross-section EDS mappings, where 

the relative weight fraction of F has variations in different spots (Figure 5.12). The nonuniformity 

in the cross-section can be explained by the hot-pressing process during which the NBR phase has 

high mobility to fill pores and crosslink with itself. It should be noted that since only C rich F lean 

and C lean F rich regions are attributed to nonuniform phase distribution, all the dark spots in the 

EDS mappings in Figure 5.11 and Figure 5.12 coexist in both C and F mappings, meaning that 

they are just in the shadows with limited X-ray exposure during EDS measurements. Thus, spots 

with pure PVDF phase (C lean F rich) or pure NBR phase (C rich and no F) like the PVDF/NBR 

blends formed by solvent casting (Figure 5.8B) are not observed in precipitation printed then hot 

pressed PVDF/NBR blends, indicating the polymer blends in this work have a lower scale phase 

separation than the blends formed by solvent cast. Therefore, the precipitation printed then hot 

pressed PVDF/NBR can be considered as a single continuous elastomer phase above micron level, 

which is different from typical two-phase piezoelectric nanocomposites with phase sizes from 

several to tens of microns [184,186,268]. 

 
Figure 5.10. Surface SEM images and EDS mappings (C and F) of precipitation printed then hot pressed: A) 20 
PVDF80NBR, B) 40PVDF60NBR, C) 80PVDF20NBR.  
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Figure 5.11. Tensile fracture cross-section SEM images and EDS mappings (C and F) of precipitation printed then hot 
pressed 20PVDF80NBR. Magnification: A) ×1000, B) ×3000, C) ×10000. 

 
Figure 5.12. Tensile fracture cross-section SEM images and EDS mappings (C and F) of precipitation printed then hot 
pressed 40PVDF60NBR. Magnification: A) ×1000, B) ×3000, C) ×10000. 
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5.3.5 Mechanical properties 

The mechanical properties of the PVDF/NBR blends were tested through tensile testing 

using a universal testing system (Model 5982, Instron) according to ASTM D638, where 

specimens were laser cut into the type V specimen shape for testing. The tensile test results in 

Figure 5.13A show that the Young’s modulus drops significantly from 1045 MPa (100PVDF) to 

16.2 MPa (20PVDF80NBR) as the NBR weight fraction increases, and the modulus at 100% 

elongation of 20PVDF80NBR is only 2.8 MPa. Similarly, in Figure 5.13B, the tensile strength of 

the blends decreases as the NBR weight fraction increases. However, the addition of NBR provides 

exceptional stretchability to the blend. The average elongation at break increases from 7% 

(100PVDF) to 544% (20PVDF80NBR), which is attributed to the high elongation (902%) of neat 

NBR. The stretchability of PVDF/NBR blend using 20PVDF80NBR as the example is 

demonstrated in Figure 5.13C. After quasi-static testing, cyclic loading tests were performed on a 

dynamic test instrument (E1000, Instron). Figure 5.13D shows the stress-strain curves of a 

20PVDF80NBR sample under 100% strain cyclic loading with a 0.1 s−1 strain rate. After the first 

loading-unloading cycle, the 20PVDF80NBR sample has about 25% remaining strain, which 

mainly comes from its viscoelasticity and plastic deformation from the PVDF phase due to its low 

yield strain [205,269]. However, after the PVDF phase is plastically deformed, the following four 

consecutive cycles have almost identical stress-strain curves, lower hysteresis and lower peak 

stress compared to the first cycle. The remaining strain in these four cycles is only caused by the 

time-dependent viscoelasticity, which can be recovered if given enough settling time (about 5–10 

s). Thus, preconditioning of the stretchable PVDF/NBR sensor before application by stretching 

through the operating strain range and then releasing is a simple and effective approach to improve 

repeatability and reduce hysteresis of this material. In the later Section 5.4, it will also be discussed 

that the viscoelastic hysteresis is strain rate dependent, which reduces as the strain rate increases. 

Therefore, to be used as a stretchable sensing material, high NBR content PVDF/NBR such as 

20PVDF80NBR exhibits high elongation, consistent stress-strain curves under cyclic loading and 

low hysteresis under high strain rates, which is highly desirable for dynamic sensing conditions. 
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Figure 5.13. (A) Young’s modulus and modulus at 100% elongation of the different blends. (B) Tensile strength and 
elongation at break of the different blends. (C) Stretchability of a 20PVDF80NBR sample. (D) Five consecutive 
loading-unloading cycles of a 20PVDF80NBR sample and the three stages of the first loading-unloading cycle: (i) 
initial state, (ii) peak strain state, (iii) unloaded state. 

5.3.6 Dielectric and piezoelectric properties 

The dielectric properties of the PVDF/NBR blends were measured in the frequency range 

from 20 Hz to 2 MHz, using a precision LCR meter (E4980A, Keysight Technologies). In Figure 

5.14A, the dielectric constant of all PVDF/NBR blends drops as the frequency increases, while the 

drop above 100 kHz is more significant with higher NBR content. In addition, we noticed an 

abnormal phenomenon that the dielectric constant of the PVDF/NBR blend is higher than both 

neat PVDF and NBR at both low and high frequencies (Figure 5.14B). This phenomenon can be 

explained by the mechanism proposed in literature works of some other polymer blends, where 

the nanoscale mixing of two dipolar polymers can slightly increase the chain spacing and thus 

reduce the dipole reorientation barriers [270]. In Figure 5.14C, the loss tangent curves of the blends 

show an α relaxation that moves towards the lower frequency and has a higher peak value with an 

increasing amount of NBR [271]. The loss tangent on the low frequency end (Figure 5.14D) has a 
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dramatic increase as the NBR content increases, which can be explained by the Maxwell-Wagner 

polarization of heterogeneous materials. The high loss tangent of NBR attributes to the dielectric 

constant difference between the NBR and remaining sulfur or accelerator that induces interfacial 

charges [272]. The high loss tangent of PVDF/NBR blends with high NBR content at low 

frequencies can be one of the main drawbacks of the PVDF/NBR sensor for low frequency sensing 

since the dielectric energy loss will cause charge dissipation and measurement inaccuracy. 

 
Figure 5.14. A) Dielectric constant of different blends with respect to frequency. B) Dielectric constant of different 
blends at 20 Hz and 1 MHz. C) Loss tangent of different blends with respect to frequency. D) Loss tangent of different 
blends 20 Hz and 1 MHz. 

After electric poling of the PVDF/NBR blends using the electric field strength in Table 5.1, 

longitudinal and transverse piezoelectric properties of the blends were measured following the 

same procedure and setup described in Chapter 4. The piezoelectric voltage coefficients (g31, g32 

and g33) are piezoelectric charge coefficients divided by the 3-direction permittivity. As explained 

in Chapter 4 that precipitation printed then hot pressed PVDF has transversely isotropic 

piezoelectric properties, the d31 and d32 coefficients of 100PVDF (printed in a 0 °C bath) are again 

confirmed to have no statistical difference (p = 0.52), unlike the transversely anisotropic stretched 

PVDF (Table 5.4). Thus, d31 and g31 of the PVDF/NBR blends are measured to represent the 

transverse piezoelectric properties. It should also be noted that by using a 0 °C printing bath, 
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100PVDF in this work has the best piezoelectric properties among all transversely isotropic PVDF 

samples in this dissertation, which reaches some of the best biaxially stretched PVDF films in the 

literature [136,251].  
Table 5.4. Piezoelectric anisotropy of 100PVDF compared to stretched PVDF. 

 d31 (pC·N−1) d32 (pC·N−1) d33 (pC·N−1) 
100PVDF  

(printed in a 0 °C bath) 11.52±1.60 12.20±1.18 −23.01±1.58 

Unidirectionally stretched PVDF 24.27±1.64 5.09±0.16 −30.14±1.61 
 

For PVDF/NBR blends, in Figure 5.15A, both piezoelectric charge coefficients d31 and d33 

decrease as the PVDF content reduces, yet the decrease in d33 is more significant than d31. 

Similarly, after considering the permittivity of the blends, the piezoelectric voltage coefficient g33 

in Figure 5.15B has a steeper drop than g31 as the PVDF weight fraction decreases, due to the 

anisotropy between the longitudinal (out-of-plane) and transverse (in-plane) modulus of the hot-

pressed blends. In Figure 5.16, as the NBR weight fraction increases, the reduction in out-of-plane 

modulus is less than the reduction in in-plane modulus, which also results in higher out-of-plane 

modulus than in-plane modulus for blends having more than 40 wt% NBR. Densification of the 

porous precipitation printed PVDF/NBR in the out-of-plane direction by hot pressing contributes 

the most towards this trend in modulus, where the densification effectiveness by hot pressing 

improves as the soft NBR content increases. Therefore, it can be inferred that the anisotropic 

mechanical properties cause the different trends between the longitudinal and transverse 

piezoelectric properties. For low PVDF content blends such as 20PVDF80NBR, the transverse 

piezoelectric coefficients are higher than the longitudinal piezoelectric coefficients, indicating a 

more sensitive stretching mode sensing performance than the compression mode. 

 
Figure 5.15. A) Piezoelectric charge coefficients of different blends. B) Piezoelectric voltage coefficients of different 
blends. 
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Figure 5.16. In-plane tensile modulus for d31 and out-of-plane compressive modulus for d33 of different polymer 
blends. 

5.4 Performance of stretchable piezoelectric sensors 

5.4.1 Stretchable conductive electrodes 

The stretchability and electrical resistance of the MWCNTs/NBR conductive electrode was 

measured by coating and curing it on a 20PVDF80NBR sample surface for tensile test and was 

tested 4 times. The measured resistance change in Figure 5.17A shows that this conductive 

nanocomposite can be stretched to 100% strain for 4 times without permanent damage. As a 

piezoresistive material, MWCNTs/NBR itself has strain sensing ability. However, using this 

piezoresistive material as a sensor has some drawbacks that are explained as follows. First, the 

resistance change trend is nonlinear, which means a complicated function for curve fitting is 

required. Second, the uncertainty of the resistance change and gauge factor of the same sample 

based on 4 tests is high (Figure 5.17B), making the strain prediction inaccurate using resistance 

values. Third, most piezoresistive materials have temperature dependence of resistance, so does 

this MWCNTs/NBR nanocomposite. Figure 5.17C presents the temperature dependence of the 

resistance of MWCNTs/NBR (based on a 30 °C initial temperature), where the resistance drops 

1% when the temperature increases to 40 °C and drops 5% when the temperature increases to 55 

°C. The temperature coefficient of resistance is negative for the MWCNTs-based nanocomposites 

since quantum tunnelling of electrons is the main mechanism of electrical conductivity between 

MWCNTs [273]. Therefore, using MWCNTs/NBR as a strain sensor directly is inappropriate for 

applications that require high accuracy and repeatability. It is only used as an electrode material in 

this work for piezoelectric sensors. The Young’s modulus of the MWCNTs/NBR nanocomposites 
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is measured to be 14.5 MPa, which matches the Young’s modulus of high NBR content 

PVDF/NBR blends like 20PVDF80NBR and ensures low overall stiffness of the sensors. 

 
Figure 5.17. A) Normalized resistance change (ΔR/R0) of MWCNTs/NBR with respect to strain , where the gray band 
is the uncertainty band. B) Gauge factor with respect to strain. C) Normalized resistance (R) change of MWCNTs/NBR 
with respect to temperature. 

5.4.2 Temperature dependence of piezoelectric outputs 

The temperature dependence of the two piezoelectric outputs, charge (Q) and open-circuit 

voltage (VOC) of the PVDF/NBR sensors was tested on a dynamic mechanical analyzer (DMA, 

Q800, TA Instruments) in tension mode to induce transverse piezoelectric effect. A 

20PVDF80NBR sensor was used as an example. In Figure 5.18A, the measured Q of the 

20PVDF80NBR first increases then decreases as the temperature increases from 30 °C in the DMA 

with constant strain amplitude, which is caused by the change in its dielectric constant. However, 

in Figure 5.18B, the measured VOC shows a stable region near the initial temperature under 

controlled strain excitations. The VOC drops 1% when the temperature increases to 52 °C and drops 

5% when the temperature increases to 75 °C. This temperature-insensitive range of the VOC is 

larger than that of the resistance of the MWCNTs/NBR nanocomposites in the previous Section 

5.4.1. In contrast to the constant strain amplitude excitations, the Q and VOC trends under constant 

stress amplitude excitations, which represent d31 and g31 trends, respectively, show a more 

significant temperature dependence. In Figure 5.18C and D, both Q and VOC increase as the 

temperature rises until reaching about 90 °C, and then drop as the temperature further increases. 

The increasing stage can be mainly explained by the viscoelastic modulus reduction of the 

20PVDF80NBR, and the decreasing stage attributes to the thermal depolarization of PVDF 

[134,274]. Thus, the VOC of PVDF/NBR piezoelectric sensors is selected as the sensing signal 

which can provide temperature-insensitive strain measurements in a temperature range from 30 °C 
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to 75 °C. To predict the stress experienced by the PVDF/NBR sensor under varying temperatures 

using the VOC measurement, an additional temperature measurement is still needed. 

 
Figure 5.18. A) Normalized piezoelectric charge (Q) of 20PVDF80NBR under constant strain. B) Normalized 
piezoelectric open-circuit voltage (VOC) of 20PVDF80NBR under constant strain. C) Normalized Q or d31 of 
20PVDF80NBR under constant stress. D) Normalized VOC or g31 of 20PVDF80NBR under constant stress. All 
normalizations are based on the quantities at 30 °C. 

5.4.3 Stretching mode piezoelectric sensors 

Stretching mode (g31 mode) piezoelectric sensors are used for elongation and bending 

curvature measurements in wearable sensors or soft actuator calibrations where the dynamic 

excitation is in the transverse direction, so the 20PVDF80NBR blend is chosen based on its high 

stretchability, low modulus and hysteresis. The stretching mode piezoelectric sensors were 

preconditioned (stretched then recovered) and tested using a dynamic test instrument (E1000, 

Instron), while the VOC was measured using a high input impedance (> 1 GΩ) data acquisition 

system (Compact DAQ NI-9223, National Instruments). Figure 5.19 presents the characteristics 

of the stretching mode 20PVDF80NBR sensors including the working principle (Figure 5.19A). 

When subjected to a triangle wave strain excitation, the corresponding stress and voltage 

generation of a 20PVDF80NBR sensor are plotted in Figure 5.19B. Although the strain excitation 

is a linear triangle wave, the stress response is nonlinear due to viscoelasticity and hysteresis. The 
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generated voltage follows a similar trend to the stress. At the end of the cycle, the unrecovered 

strain causes buckling (Figure 5.13D) which explains the negative stress and voltage due to slight 

compression. If only observing the first half cycle and plotting the voltage against the stress and 

strain, the generated voltage is proportional to the stress but has a nonlinear relationship with the 

strain (Figure 5.19C). This study reveals that although exhibiting nonlinearity with hysteresis, 

20PVDF80NBR has sufficient stress transfer efficiency between the phases even under high 

strains, because the piezoelectric voltage generated by the crystalline β phase PVDF is proportional 

to the apparent stress experienced by the entire polymer blend. However, the voltage-strain curve 

is nonlinear which is attributed to the nonlinear stress-strain curve of the polymer blend (Figure 

5.13D).  

 
Figure 5.19. Characterization of the stretching mode 20PVDF80NBR sensors. A) Schematic of its working principle. 
B) Normalized voltage and stress response to a triangle strain excitation. C) Voltage-stress response with a linear fit 
and nonlinear voltage-strain response. D) Linear range and operating range of the voltage-stress curve with error 
bands. E) Operating range of the voltage-strain curve with error bands. 
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Next, the operating range of 20PVDF80NBR sensors was measured by repeatedly 

stretching a 20PVDF80NBR sensor to 100% strain. In Figure 5.19D, the 20PVDF80NBR sensor 

has a monotonic voltage-stress curve with an operating stress range up to 2.2 MPa, including a 

linear range up to 1.4 MPa. The voltage-strain curve is monotonic below 70% strain, indicating 

the maximum operating strain (εop) for strain sensing is 70% (Figure 5.19E). When the strain is 

above 70%, the generated voltage tends to saturate, which can be explained as an equilibrium 

between the voltage generation rate from the piezoelectric effect and the voltage draining rate 

based on the system time constant. 

Furthermore, the frequency and strain rate dependence of the sensing behavior was 

investigated by using triangle wave excitations with various frequencies and amplitudes. Figure 

5.20A shows the linear fitting slope of the voltage-stress (V-σ) response of a 20PVDF80NBR 

sensor under excitation frequencies from 0.25 to 4 Hz with a constant strain amplitude of 60%, 

which corresponds to strain rates ranging from 0.3 to 4.8 s−1. The results show that the voltage-

stress slope is frequency-independent and strain rate-independent according to one-way analysis 

of variance (ANOVA, p = 0.945). Similarly, the nonlinear voltage-strain response is also frequency 

and strain rate-insensitive for strains up to 60% (Figure 5.20B). Another test was performed on the 

same sensor with a fixed frequency of 0.5 Hz and various strain amplitudes, which corresponded 

to strain rates from 0.06 to 0.6 s−1. In Figure 5.20C, all voltage-strain responses with different 

strain rates and strain amplitudes follow a consistent curve, confirming the strain rate 

independence of this sensor. However, all the frequency and strain rate independent strain/stress 

sensing properties are only based on the loading half cycle, while the unloading half cycle has 

more complicated sensing behavior due to the viscoelastic hysteresis combined with dielectric 

dissipation-based voltage draining. Therefore, hysteresis of the 20PVDF80NBR sensors are 

studied in Figure 5.20D–F. Due to the inaccurate load cell force measurement when the strain rate 

is high, stress measurements are kept under 2.4 s−1, while voltage and strain measurements can 

reach 9.6 s−1. For the mechanical hysteresis, in Figure 5.20D, the loading half cycle of the stress-

strain curve keeps consistent under strain rate from 0.3–2.4 s−1, but the hysteresis reduces as the 

strain rate increases. This result is supported by the strain rate-dependent deformation model of 

rubbers developed by Tomita et al., in which the hysteresis loss first increases and then decreases 

as the strain rate increases, depending on the stretch ratio (1+strain) [275]. When the stretch ratio 

is 1.6 in this case, the hysteresis loss reduces as the strain rate increases from 0.3 to 2.4 s−1. This 
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agreement with Tomita’s model can be explained by the submicron level phase separation of the 

20PVDF80NBR, which does not have distinct phases and behaves like a homogeneous rubber. 

This confirms that the 20PVDF80NBR blend can be considered as a continuous elastomer phase 

above micron scale. For electro-mechanical hysteresis, the voltage-stress curves in Figure 5.20E 

show low hysteresis, no strain rate dependence and high linearity. Due to the piezoelectric voltage 

draining rate of the sensor system, at a low strain rate like 0.3 s−1, the unloading half voltage-stress 

curve shows a slightly shifted slope and a slightly larger hysteresis. Figure 5.20F displays the 

voltage-strain curves under strain rate 0.3–9.6 s−1. The voltage-strain curve of the loading half 

cycle is consistent under this large strain rate range, while the hysteresis decreases as the strain 

rate increases, like the trend of stress-strain hysteresis. For dynamic load conditions where strain 

rate or excitation frequency is high, the hysteresis of the piezoelectric 20PVDF80NBR blend is 

low due to its unique blend morphology, which overcomes the limitations of conventional two-

phase sensing materials that usually have higher hysteresis at higher strain rate due to interfacial 

slipping and energy loss. To further reduce the hysteresis, higher sulfur content for NBR 

vulcanization can be used to increase the crosslink density and thus reduce the hysteresis loss. 
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Figure 5.20. Frequency and strain rate dependence of the stretching mode 20PVDF80NBR sensors. A) Frequency-
independent and strain rate-independent voltage-stress slopes. B) Frequency-independent and strain rate-independent 
voltage-strain curves up to 60% strain. C) Strain rate-independent voltage-strain curves with various strain amplitude 
excitations at 0.5 Hz. D) Strain rate-dependent stress-strain hysteresis. E) Strain rate-independent voltage-stress 
hysteresis. F) Strain rate-dependent voltage-strain hysteresis. 

Moreover, the influence of pre-stretch strain on the dynamic sensing performance was 

investigated by applying a dynamic sinusoidal strain excitation (Figure 5.21A) on a pre-stretched 

20PVDF80NBR sensor. In Figure 5.21B, the measured voltage-stress slopes do not have 

significant dependence on the pre-stretch strain below 60% according to ANOVA (p = 0.939), 

while the slope decreases as the pre-stretch strain exceeds 70%. On the other hand, the voltage-

strain curves exhibit a consistent trend when the pre-stretch strain is below 50% (Figure 5.21C) 

but start to have a significant dependence on the pre-stretch strain when it is above 60%. 
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Figure 5.21. Pre-stretch strain dependence of the stretching mode 20PVDF80NBR sensors. A) Examples of the 
excitation dynamic strain for pre-stretch tests with pre-stretch strain 10% to 50%. B) Effect of pre-stretch strain on 
dynamic stress sensing. C) Effect of pre-stretch strain (10%–100%) on dynamic strain sensing. 

The stretching mode 20PVDF80NBR sensor can also detect small changes in dynamic 

tensile stress and strain. Figure 5.22A shows the voltage and stress response to 1 Hz sine wave 

strain excitations with increasing amplitudes (0.15% to 1.1%). The stress response does not match 

with the strain excitation due to the hysteresis behavior of 20PVDF80NBR, but its amplitude aligns 

with the voltage response. It should be noted that the voltage for dynamic sensing is high pass 

filtered to remove the DC offset. Figure 5.22B presents the peak-to-peak voltage-stress and 

voltage-strain relationships based on Figure 5.22A data. The voltage-stress relationship is linear 

(R2 = 0.998), and the voltage-strain relationship is nonlinear, similar to the triangle wave excitation 

case in Figure 5.19B. Thus, the stretching mode 20PVDF80NBR sensor has a high-resolution 

dynamic sensing capability for tensile stress and strain. In summary, the stretching mode 

20PVDF80NBR can be used as both stretchable strain and stress sensors that only require 

calibrations prior to operation, which can provide simple and repeatable dynamic strain/stress 

measurements with a 70% operating strain range. It also allows for highly reliable strain/stress 

sensing up to 50% strain with advantages such as strain rate independence and negligible pre-

stretch influence. These unique features make the stretching mode PVDF/NBR blend an 

outstanding strain sensing material with intrinsic stretchability compared to other existing works 

(Table 5.5), especially under dynamic loading conditions. To further improve stretchability and 

operating strain range, smart pattern design can be applied to PVDF/NBR blend as the base 

material to fabricate ultra-stretchable piezoelectric sensors in the future. 
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Figure 5.22. High-resolution dynamic sensing of a stretching mode 20PVDF80NBR sensor. A) Voltage and stress 
response to sine wave strain excitations with increasing amplitudes (0.15% to 1.1%). B) Linear voltage-stress 
relationship and nonlinear voltage-strain relationship of this dynamic sensing test. 

Table 5.5. Comparison of the stretching mode piezoelectric PVDF/NBR sensor in this work with other stretchable 
piezoelectric sensors. 

Category Type Material Stretchability 
Maximum 

sensing 
strain 

Strain rate 
dependence Reference 

Pattern 
design 

Kirigami PVDF film and 
PDMS / 30% Yes [181] 

Kirigami PVDF film and 
PET film 320% / Yes [180] 

Serpentine 
structure 

PVDF film and 
UV film / 35% / [179] 

Wavy structure 
PVDF 

microfibers 
and VHB film 

> 350% / Yes [176] 

Wavy structure 
PVDF 

nanofibers and 
PDMS 

110% 100% Yes [177] 

Material 
design 

Nanocomposite PZT/silicone > 200% 50% Yes [186] 
Nanocomposite PZT/PDMS 254% / / [187] 

Nanocomposite 
PMN-PT/ 

MWCNTs/ 
silicone 

> 200% / Yes [184] 

Nanocomposite BaTiO3/PDMS / / Yes [268] 

Sandwich 
composite 

PVDF-TrFE 
nanofibers/PD

MS 
>30% / / [189] 

Polymer blend PVDF/NBR 544% 70% No This work 
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5.4.4 Compression mode piezoelectric sensors 

Compression mode sensors are used for tactile sensing, pressure and normal force 

measurements, where the dynamic excitations are in the longitudinal direction. Considering the 

balance between transverse stretchability and longitudinal piezoelectric sensitivity (g33), both 

40PVDF60NBR and 20PVDF80NBR were tested as compression mode sensors in this work, yet 

40PVDF60NBR was preferred for better sensitivity with moderate stretchability (274%). The 

characteristics of the 40PVDF60NBR compression mode sensors are presented in Figure 5.23, 

including the working principle (Figure 5.23A). It should be noted that during all compression 

tests, the two compression plates were never released from the sensor surfaces and a small 

compressive preload was always applied to the sensor to avoid any triboelectric effect. When a 

40PVDF60NBR sensor was subjected to an increasing compressive load, the voltage-stress 

response was linear and the voltage-strain relationship was nonlinear (Figure 5.23B), which is 

attributed to the nonlinear compressive stress-strain behavior. Moreover, for large-amplitude 

compressive stress sensing, a 40PVDF60NBR sensor was excited by triangular compressions with 

increasing amplitude, and the voltage generation aligned with the stress input after high pass (0.1 

Hz cutoff) filtering  off the low-frequency drift due to the dielectric dissipation induced voltage 

draining (Figure 5.23C). By plotting peak voltages with respect to peak stresses (Figure 5.23D), 

the voltage is again proportional to the stress in the compression mode, with a linear range up to 

about 4.8 MPa compressive stress (corresponding compressive strain 16%). In addition, the 

resolution of its dynamic sensing ability was demonstrated through measuring the voltage output 

under small amplitude sinusoidal compressive excitations (Figure 5.23E), which can be as low as 

0.01 MPa. The various voltage amplitudes and stress amplitudes in this test are plotted in Figure 

5.23F, and they can be well fitted by a linear function (R2 = 0.998). Furthermore, the frequency 

and loading rate dependence of the compression mode 40PVDF60NBR was investigated by 

applying triangular compressive loads with different frequencies but a constant load amplitude. 

When under 0.25 to 4 Hz triangular compressive wave excitations, which correspond to loading 

rates from 0.07 to 1.12 kN·s−1, the slopes of the linear voltage-stress relationships show no 

significant dependence on the excitation frequency or loading rate according to one-way ANOVA 

(p = 0.782, Figure 5.23G). On the other hand, although the voltage-strain curves are nonlinear, 

they consistently follow the same trend regardless of frequency or loading rate (Figure 5.23H). 

Finally, the effect of transverse direction pre-stretch strain on longitudinal sensing performance 
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was investigated by stretching a 40PVDF60NBR sensor to target strains and measuring the 

longitudinal piezoelectric responses simultaneously. From Figure 5.23I, it can be seen that the 

slope of voltage-stress relationships is almost identical when the pre-stretch strain is below 40% 

(ANOVA p = 0.584), which allows for reliable compression stress/force sensing even on stretched 

substrates.  

 
Figure 5.23. Characterization of the compression mode 40PVDF60NBR sensors. (A) Schematic of its working 
principle. (B) Voltage response with respect to stress and strain. (C) Voltage response to triangular compressive 
stresses with increasing amplitudes. (D) Linear range of the voltage-stress curves. (E) Voltage response to small 
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amplitude sinusoidal compressive stresses. (F) Linear voltage-stress relationship for small amplitudes. (G) Frequency 
and loading rate-independent voltage-stress slopes. (H) Frequency and loading rate-independent nonlinear voltage-
strain curves. (I) Effect of transverse direction pre-stretch strain on longitudinal stress sensing. 

The compression mode 20PVDF80NBR sensors presented in Figure 5.24 is a lower 

sensitivity but higher stretchability alternative to the 40PVDF60NBR sensor. When a 

20PVDF80NBR sensor was subjected to an increasing compressive load, the voltage-stress 

response was linear and the voltage-strain relationship was nonlinear (Figure 5.24B), due to the 

changing compressive modulus at different strains. For large-amplitude compressive stress 

sensing, a 20PVDF80NBR sensor was excited by triangular compressions with increasing 

amplitude, and the voltage generation aligned with the stress input after high pass filtering with a 

cutoff frequency of 0.1 Hz (Figure 5.24C). By plotting peak voltages with respect to peak stresses 

(Figure 5.24D), the voltage is proportional to the stress in the compression mode, with a linear 

range up to about 2.2 MPa compressive stress (corresponding compressive strain 11%). The 

resolution of its dynamic sensing ability was demonstrated through measuring the voltage output 

under small amplitude sinusoidal compressive excitations in Figure 5.24E, which can be as low as 

0.05 MPa. The various voltage amplitudes and stress amplitudes in this test are plotted in Figure 

5.24F, and they have a linear correlation (R2 = 0.998). The frequency and loading rate dependence 

of the compression mode 20PVDF80NBR was also investigated. When under 0.25 to 4 Hz 

triangular compressive wave excitations, which correspond to loading rates from 24 to 392 N·s−1, 

the slopes of the linear voltage-stress relationships show no significant dependence on the 

excitation frequency or loading rate according to ANOVA (p = 0.961, Figure 5.24G). Although 

the voltage-strain curves are nonlinear, they consistently follow the same trend regardless of 

frequency or loading rate (Figure 5.24H). The effect of transverse direction pre-stretch strain on 

longitudinal sensing performance of a 20PVDF80NBR sensor was finally studied. In Figure 5.24I, 

the slopes of voltage-stress relationships are almost identical when the pre-stretch strain is below 

70% (ANOVA p = 0.993), implying a reliable compression stress/force sensing even on highly 

stretched substrates.  
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Figure 5.24. Characterization of the compression mode 20PVDF80NBR sensors. (A) Schematic of its working 
principle. (B) Voltage response with respect to stress and strain. (C) Voltage response to triangular compressive 
stresses with increasing amplitudes. (D) Linear range of the voltage-stress curves. (E) Voltage response to small 
amplitude sinusoidal compressive stresses. (F) Linear voltage-stress relationship for small amplitudes. (G) Frequency 
and loading rate-independent voltage-stress slopes. (H) Frequency and loading rate-independent nonlinear voltage-
strain curves. (I) Effect of transverse direction pre-stretch strain on longitudinal stress sensing. 

To conclude, when used as a stress/force sensor in the compression mode, with only a 

voltage-stress slope calibration prior to operation, 40PVDF60NBR or 20PVDF80NBR sensors can 
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measure dynamic stress or force based on the piezoelectric voltage output with high resolution and 

repeatability, which is also loading rate and pre-stretch insensitive. However, for low loading rate 

cases, the calibrated results are only accurate in the loading cycle, while the unloading cycle have 

voltage drifting issue due to the nature of piezoelectricity, dielectric charge dissipation and 

viscoelastic hysteresis. Therefore, the stretchable PVDF/NBR sensors are better suited to highly 

dynamic loading conditions. 

5.5 Verification of stretchable piezoelectric sensors 

To be used as reliable and accurate strain/stress sensors for various applications, 

PVDF/NBR sensors were bonded to multiple substrates to verify their sensing performance. The 

strain measurement accuracy of stretching mode 20PVDF80NBR sensors on three different 

materials was verified through digital image correlation (DIC). In Figure 5.25A, a 20PVDFNBR 

sensor was bonded to a soft silicone rubber (Mold Star 30, Smooth-On, Shore 30A hardness) by a 

silicone adhesive (Clear Silicone, Loctite) and tested uniaxially, and the voltage output was 

recorded to predict the tensile strain according to the previously calibrated voltage-strain curve for 

this sensor in Section 5.4.3. The local strain under the sensor covered area measured by DIC agreed 

with the strain prediction using the voltage measurement, indicating a reliable local strain 

prediction after bonding to a substrate. However, the far-field strain of the soft silicone measured 

by the tensile test frame was always higher than the sensor local strain, which was caused by the 

stiffness mismatch between the neat soft silicone and the soft silicone bonded to a sensor. When a 

sensor was bonded to a stiffer silicone rubber substrate (RTV664, Momentive, Shore 62A 

hardness), not only the local strain but also the far-field strain matched the strain prediction based 

on voltage reading due to the lower sensor modulus than the substrate (Figure 5.25B). A 

20PVDF80NBR sensor was also attached to a less stretchable but porous polyester fabric, and the 

strain prediction was verified by both the local and far-field strain measurements (Figure 5.25C). 

Thus, stretching mode 20PVDF80NBR sensors can accurately measure local strain of any 

substrates after bonding, without affecting the substrate strain distribution if substrates have 

comparable or higher modulus than the sensor and adhesive. For ultra-soft substrates, sensors made 

of higher NBR content blends (e.g., 10PVDF90NBR) can be fabricated and bonded with softer 

silicone adhesives.  
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Figure 5.25. Strain verification of stretching mode 20PVDF80NBR sensors when bonded to: (A) Shore 30A silicone 
rubber, (B) Shore 62A silicone rubber, (C) polyester fabric. 

The stress or force measurement accuracy of the compression mode 40PVDF60NBR and 

20PVDF80NBR sensors embedded in soft structures was verified based on a commercial 

piezoceramic force sensor (208C, PCB Piezotronics, Figure 5.26A). It should be noted that only 

force is directly measurable because of unknown contact area. When applying external forces to a 

40PVDF60NBR sensor in a silicone structure on top of a fixed piezoceramic force sensor (Figure 

5.26B), the force predicted by the 40PVDF60NBR sensor, and the same force measured by the 

piezoceramic force sensor are shown in Figure 5.26C. The force prediction and reference 

measurement are in close agreement with each other, while some slight distinctions still exist due 

to the contact surface alignment error and discharging time constant difference between the two 

sensors. Similarly, the force measurement verification of a compression mode 20PVDF80NBR 

sensor is presented in Figure 5.26D. Due to its lower sensitivity, the noise level of the force 

prediction from the 20PVDF80NBR sensor is higher than the 40PVDF60NBR sensor. In general, 

the verification results confirm that these two modes of PVDF/NBR sensors can be used on soft 

structures for reliable strain and force measurements. 

 
Figure 5.26. A) Force verification of a compression mode 40PVDF60NBR or 20PVDF80NBR sensor embedded in 
the tip of a silicone structure. B) During testing, an external force was exerted on the silicone structure and transferred 



 162 

to the piezoceramic force sensor. C) Force verification result of the 40PVDF60NBR sensor. D) Force verification 
result of the 20PVDF80NBR sensor. 

5.6 Application of stretchable piezoelectric sensors 

The application of stretchable PVDF/NBR piezoelectric sensors was demonstrated by the 

strain and contact force sensing on a pneumatic soft actuator (Figure 5.27A). A pneumatic soft 

actuator made of silicone rubber (Dragon Skin 20, Smooth-On, Shore 20A hardness) was 

fabricated through a molding process using 3D printed molds (using an UltiMaker 3 printer) with 

channeled design. A layer of polyester fabric was embedded in the bottom layer of the soft actuator 

as stiffener to improve the bending actuation. After the soft actuator fabrication, a calibrated 

20PVDF80NBR stretching mode sensor was bonded to the top surface as the inflation sensor and 

a calibrated 40PVDF60NBR compression mode sensor was bonded to the tip area of the bottom 

surface using a silicone adhesive (Clear Silicone, Loctite) as the contact sensor. The sensor 

surfaces were covered by additional silicone (Dragon Skin 20) to protect electrodes. The two 

voltage signals, Vi and Vc, from the inflation and contact sensors, respectively, were measured by 

the same high input impedance data acquisition system (Compact DAQ NI-9223, National 

Instruments). The measured voltages were all high pass filtered (0.1 Hz cutoff) to remove the 

baseline drift, and then converted to top surface inflation strain and bottom tip contact force based 

on the calibration curves. The pneumatic soft actuator was driven by a small constant flow rate air 

pump with a solenoid valve. 

Figure 5.27B shows a free actuation case without any external load, where the actuator was 

inflated and deflated twice with different inflating time. The inflation sensor had active strain 

measurements when it was stretched during the inflation process, and its strain measurements 

tracked the two different bending curvatures. On the other hand, the contact sensor on the less 

stretchable bottom surface showed negligible force change during the inflating and deflating 

cycles, which was caused by the voltage generation from unavoidable bottom surface stretching 

in the transverse direction and undesirable wire vibration induced high-impedance piezoelectric 

voltage change. Figure 5.27C shows a loaded actuation case, where the actuator was inflated, 

blocked by a cylindrical obstacle, and deflated. In this case, the inflation sensor picked up a change 

in strain as the inflating process began, and then had a reduction in strain rate after the actuator 

touched the obstacle. Though having a similar inflating time, the peak strain in the loaded actuation 

case was lower than the second inflating cycle in the free actuation case, indicating a decreased 
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bending curvature due to the blockage. The tip contact sensor started showing significant force 

reading after the actuator touched the obstacle, and the force exerted on the contact sensor went 

up as the inflating process continued. It should be noted that at the time of deflation, the actuator 

was suddenly released from the obstacle, causing a strong voltage spike in the contact sensor 

measurement due to the triboelectric effect. This resulted in a meaningless force prediction from 

the contact sensor right after it was detached from the obstacle. To solve this problem, methods to 

separate the triboelectric contribution such as flexible shielding coatings need to be developed 

[276]. 

 
Figure 5.27. A) Schematics of a pneumatic soft actuator with a PVDF/NBR inflation sensor and a PVDF/NBR contact 
sensor. B) Sensing demonstration in a free actuation case without any external load. C) Sensing demonstration in a 
loaded actuation case. 

To further demonstrate the force sensing capability of stretchable compression mode 

PVDF/NBR sensors, a 40PVDF60NBR sensor bonded to a Shore 62A silicone (RTV664, 

Momentive) was tested with and without transverse pre-stretch strains. A compressed air source 

with a constant pressure was used as the longitudinal force excitation to the sensor, which had no 

direct contact with the sensor surface to avoid triboelectric effect. In Figure 5.28, at the moment 

when the compressed air was turned on, a sudden spike of force (~ 4 N) was measured by the 

sensor due to the impulse, followed by a stabilized force of 2 N with slow decay due to the constant 

air pressure. When the compressed air was turned off, a sudden drop in force reading followed by 

slow decay due to the sensor dielectric dissipation and high pass filtering effect was observed. 

Comparing the force measurements in both unstretched and pre-stretched (33% strain) cases, the 

peak impulse force and the stabilized force are consistent, confirming a reliable force measurement 
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from the sensor regardless of the pre-stretch strain. The main difference between the two cases is 

the signal decay rate, which is caused by the change of the system time constant based on the 

sensor capacitance and resistance after stretching. In general, the stretchable PVDF/NBR sensors 

demonstrate promising dynamic strain and stress (force) sensing capabilities for soft structures, 

while additional methods to remove triboelectric contribution such as flexible shielding [276] and 

using flexible electronics [277,278] to enable in-situ signal conditioning are needed for future 

practical operations. 

 
Figure 5.28. Compression mode 40PVDF60NBR sensor force sensing demonstration in unstretched and pre-stretched 
(33% strain) cases. 

5.7 Chapter summary 

In this chapter, a novel stretchable piezoelectric PVDF/NBR polymer blend was produced 

through precipitation printing then hot pressing for vulcanization. By using a 0 °C ice/water bath 

for precipitation printing of the PVDF/NBR blends, high PVDF crystallinity with dominant β 

phase was observed in all blend ratios, which provides the chemical structure basis for 

piezoelectricity. In addition, unlike thermal induced phase separation (TIPS) processes such as 

solvent casting for polymer blend formation, the polymer blends formed by precipitation printing 

is based on non-solvent induced phase separation (NIPS) at a low temperature, which leads to a 

unique submicron level phase separation regarding to the blend morphology. The resulting 

PVDF/NBR blends can be considered as a continuous elastomer phase above micron scale, which 

behaves like rubber and is different from typical two-phase piezoelectric nanocomposites. Tensile 

testing results show that PVDF/NBR blends are highly stretchable with an elongation at break of 

274% for 40PVDF60NBR and 544% for 20PVDF80NBR.  

After electric poling and adding stretchable MWCNTs/NBR electrodes, the PVDF/NBR 

blends exhibit outstanding piezoelectric properties, which can be used as both stretchable dynamic 

strain (stretching mode) and stress (compression mode) sensors. The stretching mode 

20PVDF80NBR sensors have an operating sensing range up to 70% strain, which is strain rate-
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independent in the range from 0.06 to 4.8 s−1 and insensitive to pre-stretch up to 50% strain. The 

compression mode 40PVDF60NBR sensors have a linear voltage-stress relationship below 4.8 

MPa stress, with loading rate independence in the range from 0.07 to 1.12 kN·s−1 and transverse 

pre-stretch independence up to 40% strain. Similarly, the lower sensitivity but more stretchable 

compression mode 20PVDF80NBR sensors have a linear voltage-stress relationship below 2.2 

MPa stress, with loading rate independence in the range from 24 to 392 N·s−1 and transverse pre-

stretch independence up to 70% strain. Hysteresis study implies that the PVDF/NBR sensors have 

lower hysteresis loss at higher frequencies and faster loading rates, making them highly suited to 

dynamic conditions. Based on these advantages, the two demonstrations of the pneumatic soft 

actuator with two sensors and the sensor on a pre-stretched soft substrate show the potential 

application of PVDF/NBR sensors for reliable and accurate sensing of stretchable structures under 

dynamic loading conditions, which can be used for wearable sensing devices, soft actuator 

calibration and soft robot control. Therefore, this chapter offers a new approach to fabricate 

intrinsically stretchable piezoelectric polymer blends by using precipitation printing, and the 

resulting polymer blends can provide excellent piezoelectric sensing performance relying on their 

unique blend morphology. Future research on combing this intrinsically stretchable piezoelectric 

polymer blend with smart pattern design, like kirigami designs and wavy shapes, can lead to the 

development of ultra-stretchable sensing materials. 
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Chapter 6 Conclusions 

Additive manufacturing (AM) of polymers have become a crucial part of the industrial 

manufacturing process due to its advantages in fabricating complex structures and cost efficiency 

in low-volume productions. Multiple AM processes for polymers are commercially available, such 

as material extrusion, powder bed fusion, vat photopolymerization and material jetting, but they 

have been mostly applied to general-purpose and some engineering thermoplastics, as well as 

photocurable liquid resins. High-performance engineering polymers, which have outstanding heat 

resistance and can be continuously used under elevated temperatures, usually require only low-

volume production that is suitable for AM. However, challenges arising from the huge thermal 

gradient, thermal stress and heating rate in the material extrusion and powder bed fusion processes 

limit the mechanical properties of the high-performance polymers produced by AM. On the other 

hand, multifunctional polymers like piezoelectric polymers become lightweight and flexible 

substitutions for inorganic materials in the electronic industry to produce capacitors and sensors. 

AM can potentially allow fabricating piezoelectric polymers in complex geometries, but the 

piezoelectric phase transformation in common piezoelectric polymers such as poly(vinylidene 

fluoride) (PVDF) makes thermal energy-based AM processes unsuitable for this application. The 

purpose of the research in this dissertation is to address the challenges in using thermal energy-

based AM processes to produce high-performance polymers and piezoelectric PVDF, which leads 

to the development of precipitation printing. Precipitation printing utilizes solvent power to 

dissolve or disperse polymers and relies on the non-solvent induced phase separation (NIPS) for 

polymer solidification, without the need for polymer melting or solvent thermal evaporation 

induced solidification. By controlling the solvent/non-solvent pairs and printing parameters, 

precipitation printing also allows for porosity, microstructure and mechanical property tailoring of 

the printed parts. In this dissertation, precipitation printing has been successfully applied to 

polysulfone (PSU), para-aramid and piezoelectric PVDF, which provides a new concept and a 

solution to fill a gap in additive manufacturing of high-performance and piezoelectric structures. 
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6.1 Summary of results 

The concept of precipitation printing was introduced in Chapter 2. A target polymer was 

first dissolved or dispersed in a proper solvent to form a homogeneous printing solution or colloid. 

Then the printing solution was selectively dispensed on top of a printing substrate which was 

immersed in a non-solvent bath, and the printing paths were controlled by a gantry system. During 

the printing process, mutual diffusion between the solvent and non-solvent caused polymer 

solidification based on NIPS, and the interlayer bonding was based on solvent welding. The printed 

wet structures were removed from the bath and dried in an oven to evaporate the excessive solvent 

and non-solvent until a dry structure was obtained. Since the NIPS process has been shown in the 

literature studies on the microstructure tailoring of porous membranes, the effect of solvent/non-

solvent pairs, the effect of printing solution concentration and the effect of non-solvent bath 

temperature on the microstructure and porosity of precipitation printed parts were investigated. As 

a result, when a weaker and higher viscosity non-solvent was used, spinodal decomposition could 

be avoided and a denser microstructure could be produced. When a stronger and lower viscosity 

non-solvent was selected, rapid spinodal decomposition led to a highly porous microstructure. A 

higher printing solution concentration could result in higher final density, and a higher non-solvent 

bath temperature could reduce the dimensional contraction after drying. Precipitation printing was 

also demonstrated on various polymers, including poly(methyl methacrylate) (PMMA), PVDF, 

multiwalled carbon nanotubes/PVDF nanocomposites, and thermosetting acrylonitrile butadiene 

rubber (NBR). 

After the fundamental studies of the concept, mechanism and microstructure tailoring of 

the precipitation printing process, precipitation printing was applied to high-performance polymers 

in Chapter 3. The first example was based on PSU, which is an amorphous thermoplastic with a 

glass transition temperature (Tg) of about 185 °C. By using cast solution phase inversion time 

study, wet spinning and solvent welding performance test in a non-solvent bath, two ternary 

systems were selected for dense PSU and porous PSU precipitation printing. The printed dense 

PSU exhibited excellent mechanical properties (2.47 GPa Young’s modulus and 70.6 MPa tensile 

strength) in both in-plane and layer stacking directions, which outperform the commercially 

available PSU produced by material extrusion especially in the layer stacking direction. On the 

other hand, the printed porous PSU had only 34% density relative to the original PSU pellets, and 

their mechanical properties were highly anisotropic due to the fast precipitation rate and weak 
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interlayer bonding. Both printed dense and porous PSU had a Tg around 200 °C and a 

decomposition temperature (Td) of about 500 °C in nitrogen,  indicating the high thermal stability 

of the raw material was preserved after printing. The second example was para-aramid, also known 

as its trade name Kevlar®. To date, Kevlar® has been used as fibers, fabrics or in composites for 

structural or ballistic applications, which could not be processed through existing AM processes. 

In the second half of Chapter 3, AM of all-aramid 3D structures was achieved for the first time 

through simultaneous precipitation printing and protonation of aramid nanofiber (ANF) colloid 

(printing ink). The ANF printing ink was prepared through a deprotonation and dissolution process 

of Kevlar® fabric using a potassium hydroxide (KOH)/dimethyl sulfoxide (DMSO)/water system. 

By precipitation printing the ANF printing ink in a propylene glycol (PG) bath, wet ANF structures 

could be obtained, which were further washed and dried to induce ANF self-assembly and form 

all-aramid structures. Although dimensional contraction of more than 50%  was observed during 

the self-assembly process, the contraction ratio was predictable and could provide guidance for 

producing dry structures with expected dimensions by designing larger wet ANF structures. The 

printed all-aramid material had unprecedented mechanical and thermal properties including a 

Young’s modulus of 7.2 GPa, a tensile strength of 146 MPa and a service temperature more than 

400 °C, which outperforms all existing unfilled high-performance polymers produced by AM. 

As for PVDF, NIPS process of PVDF solution in water coagulation bath has already been 

proved as an effective approach to promote it β phase in porous membranes [132,245]. In Chapter 

4, the phase composition of the precipitation printed PVDF using the PVDF/N,N-

dimethylformamide (DMF)/water system was characterized. According to Fourier-transform 

infrared spectroscopy (FTIR), X-ray diffraction (XRD) and differential scanning calorimetry 

(DSC) analysis, precipitation printed PVDF showed dominant β phase with a small portion of γ 

phase, distinct from the solvent cast (at 180 °C) PVDF film that was mostly α phase. The 

mechanism for β phase formation during precipitation printing was explained by the hydrogen 

bonding between PVDF and water, which promotes the all-trans conformation at the PVDF 

solution and water interface. The β phase PVDF could be preserved after hot pressing at both 80 

°C and 140 °C, and the density and dielectric constant of PVDF could also be mostly recovered 

after hot pressing. After electric poling, precipitation printed porous PVDF had highest d33 and d31 

of −0.99 pC·N−1 and 1.08 pC·N−1, respectively, while precipitation printed then hot pressed PVDF 

had highest d33 and d31 of −18.09 pC·N−1 and 8.69 pC·N−1, respectively. The precipitation printed 
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PVDF was finally demonstrated as stretching and compression mode piezoelectric energy 

harvesters, and also strain sensors for vibration sensing in 3D printed artificial feathers. 

Based on the dominant β phase PVDF formed by precipitation printing in Chapter 4, 

precipitation printing was then applied to fabricate stretchable PVDF/NBR polymer blends as 

piezoelectric sensors. By dissolving PVDF and unvulcanized NBR together in DMF and 

precipitation printing the mixture in a water bath, porous PVDF/NBR blends were produced could 

be subsequently hot pressed to induced densification and vulcanization. PVDF phase 

characterization results showed that β phase was still dominant in all PVDF/NBR blends. 

Moreover, a unique polymer blend morphology of submicron level phase separation was 

discovered in precipitation printed then hot pressed PVDF/NBR blends, distinct from the blend 

morphology of solvent cast PVDF/NBR blends. In the case of 20PVDF80NBR (20 wt% PVDF 

and 80 wt% NBR), its Young’s modulus was only 16.2 MPa and its elongation at break was up to 

544%, indicating its high stretchability. After electric poling and adding a stretchable electrode 

material, 20PVDF80NBR was demonstrated as stretching mode piezoelectric strain sensors that 

have an operating range up to 70% strain with strain rate and pre-stretch strain independent 

dynamic sensing performance. In addition, 40PVDF60NBR and 20PVDF80NBR were also 

demonstrated as compression mode piezoelectric force sensors that have loading rate and pre-

stretch strain independent sensing performance. Therefore, precipitation printed then hot pressed 

PVDF/NBR was shown to be a promising intrinsically stretchable piezoelectric material for strain 

and stress sensing. 

6.2 Contributions 

The main contribution of this dissertation is the development of precipitation printing as a 

novel polymer AM process, which provides a new concept and a solution to fill a gap in AM of 

high-performance and multifunctional polymers. By using solvent power to dissolve polymers and 

using NIPS mechanism for polymer solidification, precipitation printing can avoid the challenges 

arising from the thermal energy-based AM processes such as material extrusion and powder bed 

fusion. Therefore, precipitation printing can provide a new solution for AM of specialty polymers 

with high thermal and mechanical properties, and allow for unique microstructure and porosity 

tailoring of the printed parts towards different applications. 
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The investigation of the mechanisms and process control of precipitation printing in this 

dissertation can provide a comprehensive guide for future researchers when using precipitation 

printing for diverse materials. Specifically, the polymer solidification mechanism in precipitation 

printing is based on NIPS of the polymer/solvent/non-solvent ternary system, which can be 

illustrated using ternary phase diagrams. The interlayer bonding mechanism in precipitation 

printing is based on solvent welding, but the competition between solvent welding to the previous 

layer and solvent diffusion into the non-solvent also needs to be considered in precipitation 

printing. The study of the effects of solvent/non-solvent pairs, printing solution concentration and 

non-solvent bath temperature on microstructure and porosity tailoring presents a general guideline 

for ternary system and printing parameter selection to produce either dense or porous desired 

microstructure. More importantly, this dissertation shows that cast solution phase inversion study, 

wet spinning and solvent welding performance test in a non-solvent bath should be carried out as 

preliminary studies to select the optimal ternary system and printing parameters prior to the 

precipitation printing of a new material. By following this systematic selection process, 

precipitation printing can be applied to more diverse materials in the future. 

As for the application in AM of high-performance polymers, precipitation printing 

provides two significant technological advancements. First, as shown in the PSU case, by selecting 

a slow precipitation rate ternary system with high boiling point solvent and non-solvent, high-

performance thermoplastic parts fabricated by precipitation printing can have outstanding 

mechanical properties comparable to the raw material properties, exceeding the quality of printed 

parts produced by material extrusion. Second, precipitation printing opens a new research area of 

AM of ultrahigh-performance polymers like aramid that have never been processed through 

neither conventional injection molding nor AM processes to form 3D structures before. This 

dissertation is the first demonstration of using a novel AM process to produce all-aramid 3D 

structures, which also exhibit unprecedented mechanical and thermal properties. Thus, 

precipitation printing can become a promising tool to explore and extend the limit of ultrahigh-

performance polymeric 3D structures. 

In addition, precipitation printing provides a brand-new approach to fabricate piezoelectric 

β phase PVDF through AM. Unlike existing AM processes for PVDF β phase promotion using in 

situ electric poling during material extrusion or solvent cast 3D printing that still produce 

substantial amount of α phase PVDF, precipitation printing allows the production of β phase 
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dominant PVDF with a portion of γ phase and negligible amount of α phase. Thus, after adding 

electrodes and electric poling, precipitation printed high β phase but porous PVDF 3D structures 

can be used to fabricate piezoelectric sensors with complex 3D shapes, which is challenging for 

all other existing fabrication processes. Moreover, after hot pressing and electric poling, 2D PVDF 

films with designed planar shapes have outstanding transversely isotropic piezoelectric properties 

comparable to the biaxially stretched PVDF films in the literature [135,136,251], but do not require 

a stretching process that changes the film geometry. In a similar manner, stretchable PVDF/NBR 

piezoelectric polymer blend produced by precipitation printing also showcases a novel category of 

intrinsically stretchable piezoelectric material. The mechanism of precipitation printing allows the 

formation of a highly mixed PVDF/NBR blend morphology with submicron level phase 

separation, which is ideal for highly stretchable piezoelectric sensors to improve stress-transfer 

efficiency between the elastomer phase and piezoelectric phase. Therefore, precipitation printing 

paves the way for producing multidimensional piezoelectric PVDF-based devices in a scalable and 

material efficient approach. 

In summary, precipitation printing offers a new concept in AM research and industrial 

manufacturing process to produce structural parts made of high-performance polymers and 

functional devices made of piezoelectric polymers, which can be beneficial for aerospace, 

automotive, electronics and biomedical industries. 

6.3 Recommendation for future work 

The concept and fundamental features of precipitation printing, as well as its application 

in several representative high-performance and piezoelectric polymers were proposed, studied, and 

demonstrated in this dissertation. Since the research on the topic of precipitation printing is still at 

a preliminary stage, substantial future research topics can be related to or based on this dissertation. 

In this section, the recommendation for future work is divided into three main categories: process 

characterization, process improvements and application in diverse materials. 

6.3.1 Process characterization 

More characterization of the precipitation printing process and the printed material 

properties should be studied in the future to have a deeper understanding of this process. For 

example, as shown in Chapter 2 that precipitation printing enables microstructure and porosity 

tailoring of the printed parts, the shape, orientation and size of the pores can be studied. The 
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correlation between the printing parameters and the pore size need to be further characterized for 

different materials, which can be a guide to produce microporous 3D structures with tailored pore 

distribution for desired anisotropic properties. On the other hand, to understand the limit of 

precipitation printing in fabricating complex geometries, the ability of printing overhang structures 

without support using different solvent/non-solvent pairs and printing parameters can be studied. 

Moreover, the effect of solvent contamination in the non-solvent, or the effect of using a recycled 

non-solvent on the microstructure and mechanical properties of the printed parts can be 

investigated to determine the recyclability of the non-solvent with the goal of reducing material 

cost. 

6.3.2 Process improvements 

Currently, the precipitation printing setup in this dissertation is limited to one single 

material printing at a time, with only one nozzle size for a fixed printing resolution throughout the 

printing process. Multi-material precipitation printing is one of the future improvements that can 

be made by modifying the printer setup to accommodate for dual or multiple syringes 

independently controlled by pressure controllers, similar to the dual-head material extrusion 3D 

printers [279,280]. By developing a precipitation printer with multiple dispensing syringes, either 

multi-material printing or single-material printing with different nozzle sizes can be achieved to 

produce more complex 3D structures. One specific application of multi-material precipitation 

printing is to fabricate piezoelectric PVDF devices with conductive electrode materials in a single 

process. A metal nanowires/PVDF nanocomposite material can be developed as an electrode 

material for precipitation printing, which can bond to the piezoelectric PVDF layer by solvent 

welding. The incorporation of dual-material printing in PVDF devices can allow the design of 3D 

piezoelectric sensors with customized electrode patterns, such as curved sensing surface and multi-

dimensional stress sensing components. Thus, 3D piezoelectric sensors or sensor arrays can be 

efficiently fabricated in two steps: precipitation printing and subsequent electric poling using the 

printed electrodes. 

In addition, the studies of precipitation printing in this dissertation are all based on polar 

non-solvents. In the future, nonpolar non-solvents like oils can be attempted to fabricate nonpolar 

or low polarity polymers such as polypropylene (PP) and polystyrene (PS) through precipitation 

printing. Moreover, by using a nonpolar non-solvent bath, electric field can be applied between 
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the nozzle and the printing substrate, to develop an electric field-assisted precipitation printing 

setup. This proposed process can potentially enable in situ electric poling of a piezoceramic filled 

nanocomposite material during precipitation printing. The use of a nonpolar non-solvent bath can 

also allow for a higher dielectric breakdown strength between the nozzle and the printing substrate 

than the existing material extrusion process with in-situ electric poling which is operated in air. 

This electric field-assisted precipitation printing provides a new concept of one-step fabrication of 

piezoelectric nanocomposites in the future. 

6.3.3 Application in diverse materials 

The research of precipitation printing is still at an early stage, and only several types of 

engineering and piezoelectric polymers are demonstrated in this dissertation. In the future, 

precipitation printing of other high-performance polymers such as polyamide imide (PAI) and 

polyetherimide (PEI), nonpolar polymers such as PP and PS, and other elastomers can be tested 

and characterized. Furthermore, multifunctional nanocomposites like conductive nanocomposites 

using a polymer matrix can be developed for precipitation printing of multifunctional devices.  

Another future application of precipitation printing is in AM of metals and ceramics using 

highly loaded metal or ceramic particles dispersed in a polymer solution. By precipitation printing 

the highly loaded printing ink in a non-solvent bath, the solidified polymer can act as a binder for 

the metal or ceramic particles and provide structure stability for the printed parts. After the printing 

process is completed, the printed green part can be heat treated in a high-temperature furnace to 

remove the polymer binder and sinter the metal or ceramic particles together, similar to the post-

processing methods used in the extrusion-based metal or ceramic AM processes reported in the 

literature [64,67]. Therefore, precipitation printing has the potential to be expanded to diverse 

materials, including polymers, polymer nanocomposites, polymer blends, metals, ceramics and 

hybrid materials. 
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