
 

 

 

 

© Copyright 2022 

 

Jitkanya Wong 

  



 

The Design of Functional Ion Gels and Hydrogels for Additive 

Manufacturing of Devices and Composites 
 

 

 

 

Jitkanya (Jenn) Wong 

 

 

 

A dissertation 

 

submitted in partial fulfillment of the 

 

requirements for the degree of 

 

 

 

Doctor of Philosophy 

 

 

 

University of Washington 

 

2022 

 

 

 

Reading Committee: 

 

Alshakim Nelson, Chair 

 

Matthew R. Golder 

 

Dianne J. Xiao 

 

 

 

Program Authorized to Offer Degree: 

 

Chemistry 

 

 

 



 

University of Washington 

 

 

 

 

Abstract 

 

 

 

 

 The Design of Functional Ion Gels and Hydrogels for Additive 

Manufacturing of Devices and Composites 

 
 

 

 

 

Jitkanya (Jenn) Wong 

 

 

 

Chair of the Supervisory Committee: 

Dr. Alshakim Nelson 

Department of Chemistry 

 

 

 

Additive manufacturing (AM or 3D printing) involves selective deposition of materials in a layer-

by-layer fashion to create customizable structures with precise 3-dimensional control. As AM 

evolved from a rapid prototyping process to a key driver towards the next industrial revolution, 

massive efforts have been made towards developing advanced printable materials. However, 

significant progress is still required to be made to push AM materials toward greater accessibility 

of the technology and functionality of the materials. One promising method to achieve this goal is 



 

4D printing (4DP), which involves AM of materials that change their material properties (post-

printing) in response to an external environmental stimulus. Stimuli-responsive materials have 

seen increased utility in AM of tissue engineering models, biomedical application, sensory and 

actuating devices. This thesis focuses on the development of stimuli-responsive hydrogels, ion 

gels, and ionoelastomers, for direct-ink-write (DIW) printing of composites, sensors, and 

actuators. Chapter 1 includes an overview of current stimuli-responsive materials for AM and their 

applications. Chapter 2 discusses the first demonstration of DIW printing of ion gel without the 

need of curing between layers or use of a nonsolvent, and 3D printing of soft sensors that have 

increased stretchability through both the material’s mechanical properties and the structural 

auxetic design. Chapter 3 explores incorporation of polymerizable ionic liquids to print shape 

memory ionoelastomers that can exhibit multi-directional bending upon stretch and release of the 

printed structure. Chapter 4 introduces a new method of post-print photocuring opaque 

hydrogel/particle composites via triplet fusion upconversion to overcome the limitations posed by 

traditional UV curing. 
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CHAPTER 1: INTRODUCTION 

1.1 INTRODUCTION TO ADDITIVE MANUFACTURING AND 4D PRINTING  

 In recent decades, additive manufacturing (AM), popularly referred to as 3D printing, has 

seen an explosion in popularity, growth, and development. AM is an emerging manufacturing 

process of building a material up in a layer-by-layer fashion with precise 3-dimensional control.1 

Compared to traditional manufacturing methods, such as subtractive manufacturing or injection 

molding, AM offers advantages such as faster production time and conservation of materials and 

parts.2 While subtractive manufacturing or machining requires a block of material at the start of 

the process, where materials are removed (as waste) until the desired shape is achieved, AM only 

requires amounts of materials close to the end product. In contrast to injection molding that 

requires additional manufacturing steps where molds need to be made each time specifications of 

the product change, AM can create different product shapes by simply altering the structure on the 

CAD model.3 AM offers simplification to the manufacturing process, as well as allows creation of 

complex structures that were no achievable in the past in a less wasteful manner (Figure 1.1).4,5 

 The development of AM technology can be divided into 3 subsets. The first is the hardware, 

or the printers themselves. 3D printers started off as large, expensive machines in industrial 

settings for prototyping purposes. Nowadays, there is a wide variety of affordable printers that can 

be used by anyone to create 3D printed parts. The increased accessibility to 3D printers lead many 

to believe that 3D printing will be a key driving force to the next industrial revolution, where 

anyone can customize and manufacture parts in the comforts of their own homes.6,7 The second 

field of AM development is the software and CAD modeling. Similar to the first subset, through 

computer-aided design/computer-aided manufacturing (CAD/CAM) software for AM has become 
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more user-friendly to most, and the complexity of the structures created by the software has no 

limitation other than “our own imagination”. Lastly, the third subset is the materials. Currently 

materials for AM are materials initially designed for traditional manufacturing methods, simply 

altered to be printable. In order to unlock the full potential of AM, materials that are designed 

specifically for AM are still needed.  

 To add functionality and increase impact of 3D printed devices, we can add a fourth 

dimension of time (4D printing) to increase the complexity of the printed part, which can be 

achieved by using stimuli-responsive materials. Stimuli-responsive materials exhibit property 

changes, whether mechanical properties, shape, or color when exposed to a stimulus.8 Common 

stimuli include temperature, pH, electromagnetic field, and introduction of a chemical compound, 

which can modify the chemical interactions within the material, leading to the change in properties. 

Successful development of printable stimuli-responsive materials is critical for applications in 4D 

printing. 4D printing will allow us to create structures and exploit their stimuli-responsive to do 

mechanical work, record data, and actuate, impacting the fields of soft robotics, sensors, and 

biomedical devices (Figure 1.2). 

1.2 HYDROGELS AS SOFT, STIMULI-RESPONSIVE MATERIALS FOR AM 

Hydrogels are polymer networks swollen in a large amount of water. The polymers are 

hydrophilic and crosslinked through covalent, hydrogen, or ionic bonds, physical entanglements, 

or other dipolar interactions. The polymers and monomers can be either natural or synthetic.9,10 

While natural polymers have better biocompatibility and biodegradability, synthetic polymers 

have emerged as a promising solution to precisely control the interactions between the polymer 

chains and solvent. The softness, biocompatibility, and flexibility (similar to human tissues), allow 

hydrogels to be used as implants in a noninvasive fashion or used as a contact layer in wearable 
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devices with increased comfort.11 AM of hydrogels’ biggest impact is seen in tissue engineering 

applications to create complex tissue scaffolds and organ grafts that can be patient-specific. 

Creating tissue scaffolds holds great promise in facilitating new tissue regeneration and material 

biodegradation.4,12,13  

Additionally, the self-assembly of a polymer within an aqueous medium, driven by 

molecular interactions of polymer functional groups can lead to a stimuli-response.14 Stimuli-

responsive hydrophilic polymers, such as thermoresponsive poly(N-isopropylacrylamide) 

(pNIPAM), poly(vinyl methyl ether) (pVME), or pH-responsive poly(2-hydroxyethyl 

methacrylate–ethylene glycol dimethacrylate) (p(HEMA–EDMA)), are common examples of  

polymer choices for creating stimuli-responsive hydrogels.15 Thermoresponsive block copolymers 

with lower critical solution temperature (LCST) behavior exhibits sol-gel transitions that have 

been extensively studied for drug delivery applications.16,17 For hydrogels, stimuli such as pH 

change and chemical compounds can easily be diffused throughout the aqueous environment 

surrounding and inside the material, allowing for uniform changes in the material properties 

throughout the entire structure in a controllable manner. Conformation changes of the polymer 

chains lead to volume changes that alter shape, refractive index, elastic modulus, permeability, 

interfacial tension, or adhesion.18,19 Despite the advances in stimuli-responsive hydrogels, the lack 

of gels with good printability, shape integrity, and mechanical properties has been a major 

drawback in the rapid advancement of this field.4 

A significant limitation of hydrogels is the environmental control required to maintain 

steady-state hydration. In non-hydrated environments, they can dry out under ambient conditions, 

which limits their operational use.20,21 When submerged in water, hydrogels will swell to their 

maximum water capacity. Swollen or dried out hydrogels can have substantially different 
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mechanical and chemical properties compared to the initial material.22,23 Any additives introduced 

to hydrogel need to be hydrophilic or soluble, to avoid settling issues (Figure 1.3). Furthermore, 

there is also a limitation with stimuli-responsive hydrogels. Changes are typically slow, as they 

are often limited by the diffusion rate. 

1.3 ION GELS AS ALTERNATIVE SOFT MATERIALS FOR AM 

Ion gels are polymer networks swollen with ionic liquids that have emerged as a promising 

alternative material for printable stimuli-responsive materials. An ionic liquid (IL) is made of an 

organic cation and either an organic or inorganic anion (Figure 1.4).24 The size and bulkiness of 

the ions prevents crystalline packing, allowing these salts to exist as liquids at temperatures below 

100 °C. Replacing water in hydrogels with ionic liquids offers advantages such as the thermal and 

chemical stability, negligible vapor pressure, and outstanding ability to solubilize organic, 

inorganic, and organometallic additives.25,26 IL’s ability to dissolve a wide variety of compounds 

allows possibility of incorporating new additives and polymers that previously had solubility 

issues in hydrogels or water, while the gels retain similar softness and fluidity. Their thermal 

stability and low vapor pressure allows ion gels to operate without concerns of drying out. Ion gels 

that can be printed will open new opportunities for facile fabrication of stimuli-responsive objects 

that can operate in a wide range of thermal and pressure conditions.27 Due to its low volatility, 

thermal stability, and flame retardancy, many have exploited the advantages offered by ion gels to 

develop safer solid electrolytes for batteries, sensors, actuators, and biomedical devices.28 In recent 

works on ion gels, ILs were used as the dispersed phase, polymerized into the continuous phase 

(ionoelastomer), or both.24 

Various types of stimuli-responsive ion gels have been developed. The functionalities 

obtained may result from the intrinsic properties of the IL, from the interaction within the polymer, 
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or between IL with polymers.28 Electrochromic ion gels have the ability to alter their optical 

properties upon application of electrical potential.29 Watanabe, et al. demonstrated thermo- and 

photoresponse behavior of a random copolymer consisting of N-isopropylacrylamide and 4-

phenylazophenyl methacrylate in IL 1-butyl-3-methylimidazolium hexafluorophosphate, leading 

to solubility and upper critical solution temperature (UCST)-type transitions.30 ILs generally 

exhibit a wide electrochemical window31–33 , allow higher voltages to be applied in electrically 

responsive devices without risking side redox reactions. Their high thermal stability, nonvolatility, 

and good affinity with polar gases makes ion gels attractive for gas separation.34,35 Ion gels can 

capture gases via hydrogen bonding and van der Waals interaction, and the resulting changes in 

conductivity and viscosity can be exploited to detect gas capture.36 Another advantage of using ion 

gels is the vast number of ILs available, due to the limitless number of cation and anion 

combinations.37 

1.4 DESIGNING SHEAR-THINNING GEL INKS AND POST PROCESSING METHODS 

FOR DIW AM  

According to the American Society of Testing and Materials (ASTM) and International 

Organization of Standardization (ISO), AM is divided into 7 printing techniques: binder jetting, 

material jetting, powder bed fusion, directed energy deposition, sheet lamination, material 

extrusion, and VAT photopolymerization.38–40 In comparison to other printing techniques, material 

extrusion offers advantages such as use of less material and relatively low cost of the printers.6  

Material extrusion can be sub-divided into 2 categories: fused deposition modeling (FDM) and 

direct-ink-writing (DIW). In FDM, a thermoplastic filament is heated above their glass transition 

temperature (Tg) or melting temperature (Tm) and the semi-liquid melted state is extruded onto the 

print bed or on top of an existing layer. As each layer is deposited and cooled individually, the 
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weak mechanical properties resulting from interlayer defects and the limited option of 

thermoplastic materials are the main drawbacks in FDM (Figure 1.5a).7,41,42 

DIW printing involves application of pressure to extrude a viscoelastic ink, which 

experiences a decrease in viscosity upon application of shear stress (Figure 1.5b). Once deposited, 

the ink solidifies through reduction in stress, use of a support bath, phase change, coagulation in 

contact with a nonsolvent, solvent evaporation, or polymerization.43 DIW has become an effective 

and facile fabrication method for gels, due to the diversity of gels options with suitable viscoelastic 

and shear-thinning properties. Gel that are self-supporting (ink solidifies upon reduction in stress) 

have become a popular option as the printing is performed in air without the need to solidify the 

filament after extrusion. Popular materials used to create self-supporting inks include Pluronic 

F127 and nanoclay44, which can modify the rheological properties of the gels. 

Pluronic F127-based hydrogels have been regarded as the gold standard of a self-

supporting, extrudable gel and used in our lab to design hydrogels for DIW printing.45–47 Pluronic 

F127 is a commercially available ABA triblock copolymer made up of a center poly(propylene 

oxide) (PPO) ‘B’ block and two flanking, hydrophilic poly(ethylene oxide) (PEO) ‘A’ blocks 

(Figure 1.6a). When dissolved in aqueous solution, the hydrophobic nature of the PPO block 

causes the polymer to self-assemble into micelles, where the PPO core is surrounded by the PEO 

corona to minimize exposure to water.48 The formation of micelles is temperature-dependent, and 

the polymers exhibit a lower critical solution temperature (LCST)-type behavior. The LCST 

response arises from the temperature-dependent solubility of the polymer, expressed by Gibb’s 

free energy of mixing, in the Gibbs−Helmholtz equation (Equation 1): 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥    (1) 
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where a negative ∆Hmix represents the favorable enthalpically mixed state due to hydrogen bonding 

between water and the PEO blocks. A negative ∆Smix represents the entropically unfavorable mixed 

state due to the water molecules forming an ordered layer surrounding the hydrophobic PPO chain. 

On one hand, at low temperatures (small T), -∆Hmix plays the dominant role that results in favorable 

polymer solubility, -∆Gmix. On the other hand, a higher temperature (increasing T) increases the 

contribution of T∆Smix, ultimately leading to unfavorable solubility that drives the polymer to self-

assemble into micelles49,50 (Figure 1.6b).  

At concentrations above 20 wt%, the micelles can pack into crystallize BCC lattice, leading 

to gelation.51 The packed micelles are held together by weak intermolecular forces, which can be 

easily disrupted with application of force. Once disrupted, the micelles can slide past each other, 

allowing the hydrogel to flow.52 This behavior leads to the hydrogel’s shear-thinning ability, as 

the material yields when stress is applied (Figure 1.6c). The flow behavior of the inks can be 

described by the Herschel-Bulkley model (Equation2): 

𝜏 = 𝜏𝑦 + 𝐾γ̇n     (2) 

Where τ is the shear stress, K the consistency index, γ̇ is the shear rate, and n is the flow index (n 

<1 for shear-thinning fluids). During printing, the applied shear stress must exceed the yield stress 

for the material to extrude.  Upon exiting the nozzle, the material’s τ will recover to its yield stress 

τy.
2 Therefore, the yield stress of the material is an important parameter for good printability and 

self-supporting ability. If τy is too high, the printer needs to exert a large amount of pressure to be 

able to extrude the material. If too low, the recovered material will not be robust enough for have 

good shape integrity or be able to hold the load applied by materials printed on top. The yield stress 

of the material can be studied through rheology, and materials with higher yield stress showed 

printed filaments that are more uniform and closer in geometry to the nozzle.45 
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Today, the majority of AM printed parts still have inferior mechanical properties and 

anisotropy introduced during the layer-by-layer process and incomplete polymerization of inks 

and resins that limit their potential applications.7,53 Therefore, most printed structures require 

additional processes beyond the AM step to create functional and working devices. When using a 

self-supporting gel like F127 hydrogels to print, the entire structure can be printed first before the 

next post-processing step. One method of post-processing a material is via thermal or photo-curing 

that induces additional crosslinking of the material.54 This step can increase the cohesion across 

layer boundaries to reduce interlayer defects.55 Curing plays a large role in the final mechanical 

properties of the printed structure, as many have demonstrated discrepancies in flexural strength, 

flexural modulus, and dimensional accuracy when using different curing machines. Furthermore, 

the curing process also influences the degree of conversion, which can affect leaching of monomer 

and ultimately the biocompatibility of the printed structure.56,57 Our lab has modified the chain 

ends of F127 to contain bisurethane methacrylate groups (creating F127-BUM), which allows the 

hydrogel to undergo post-print crosslinking via UV curing to fix the printed structures and increase 

its mechanical robustness (Figure 1.6d).58–60  While UV curing is fast and facile, there are 

disadvantages such as UV degradation and insufficient penetration through thick or opaque 

materials.61 Although thermal annealing is an alternative option, using heat can dehydrate 

materials such as hydrogels. With limitations of current post-processing methods, new methods 

are needed to optimize and improve the AM manufacturing process. 

1.5 CONCLUSION 

The following chapters will discuss the design and development of a stimuli responsive ion 

gels and hydrogels for DIW AM of functional devices. Chapter 2 introduces a novel ion gel that 

can be used to print 3-dimensional structures without needing to cure between layers or printed 
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onto a nonsolvent for coagulation, enabling creating of complex auxetic sensors that have 

enhanced stretchability through structural design. Chapter 3 builds on this platform by introducing 

a polymerizable group to the ionic liquids to create a continuous network ionoelastomer, which 

exhibits tunable shape memory behavior, allowing for printing of structures that exhibit 

programmable, multi-directional bending upon mechano-activation. Finally, chapter 4 investigates 

a current problem with photopolymerization methods in 3D printing and suggests a solution that 

allows 3D printing and post-print photocuring of thick and opaque hydrogels. 
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Figure 1.1 Comparison between subtractive manufacturing, injection molding, and additive 

manufacturing. Additive manufacturing uses less materials and does not require additional parts 

such as molds. 
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Figure 1.2 Examples for stimuli-responsive materials and their applications. From left to right: 

a thermo-responsive gripper that can be used to do mechanical work, a sensor the converts 

biopotentials to electrical signals that can be read and recorded, and a rod that changes shape 

according to an applied magnetic field that can be used as a biomedical device to navigate 

through blood vessels and remove clots caused by aneurysms. 
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Figure 1.3 Limitations with using hydrogels. When using hydrogel, additives must be water-

soluble to avoid settling issues. Hydrogels dry out in ambient conditions, and swell to their 

maximum capacity when submerged in water. As a result, the mechanical properties are 

significantly different compared to the hydrogel when it was first made.  

 

 

Figure 1.4 Examples of ionic liquids. An ionic liquid is a combination of an organic cation and 

an organic or inorganic anion.  
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Figure 1.5 Comparison between FDM and DIW printing. a) FDM involves using heat to 

extrude thermoplastics in its semi-liquid state, and the filaments solidify upon cooling. b) DIW 

uses viscoelastic shear-thinning inks that can be extruded with application of pneumatic 

pressure or shear force. Self-supporting viscoelastic inks can solidify upon removal of force. 
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Figure 1.6 Pluronic F127, chemical structure shown in (a) is a triblock copolymer that forms a 

gel at concentrations above 20 wt%. The gel exhibits a lower critical solution temperature 

transition (b) and shear-thinning behavior (c). The addition of the bisurethane methacrylate end 

groups allows the gel to under photopolymerization to crosslink the material (d). 
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CHAPTER 2: 3D PRINTING ION GEL AUXETIC 

FRAMEWORKS FOR STRETCHABLE SENSORS 

2.1 ABSTRACT 

Ion gels are an emerging class of soft materials that exhibit ionic conductivity and thermal 

stability without the need to replenish ions or the addition of conductive particle fillers. An ion gel 

ink is reported for direct-write 3D printing to fabricate conductive structures that can vary in the 

printed object geometries. This approach relies on a shear-thinning ion gel ink that can be extruded 

to afford self-supporting constructs. After a brief UV cure, the printed construct is transformed 

into a mechanically tough, transparent structure that is ionically conductive. Upon application of 

stretching and twisting loads, the 3D-printed objects exhibit detectable changes in conductivity. 

To demonstrate the versatility of rapid prototyping with the ion gel inks, an auxetic structure is 3D 

printed and tested as a strain sensor. The printed auxetic structure exhibits an electrical response 

to strain, but also demonstrates increased extensibility and operational range in comparison to a 

casted bulk film with the same outer dimensions. 

2.2 INTRODUCTION  

Stretchable sensors hold great potential for wearable electronics1–3, biomedical devices4,5, 

and soft robotic applications.6–7 In addition to their ability to convert physical variables such as 

motion, pressure, temperature, light and humidity, into electronic signals8–13, stretchable sensors 

also conform to the target’s surface and undergo large amounts of strain without loss in 

performance, leading to higher sensitivity and operation range.14 Stretchable sensors are typically 

comprised of a conductive fillers patterned onto, or encapsulated within, an insulating soft matrix 

such as a silicone.15–18 However, the rigidity of the fillers and electrodes have limited performance 
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and causes hysteresis over repeated deformation cycles. 19,20 While there is an ongoing search for 

new materials, achieving the required mechanical attributes through structural designs via 3D 

printing have emerged as an alternative solution.19,21,22 3D printing is an additive manufacturing 

process that enables the rapid fabrication and iteration of complex geometries for laboratory 

research23–26 and commercial products.27–29 Recent technological advancements and the 

commercial availability of low-cost 3D printers have driven the adoption of this technology. While 

3D printing hardware and software has rapidly improved, there is a great need for new functional 

materials that are specifically designed for 3D printing stretchable sensors.30,31 

 Ion gels are polymer networks swollen with ionic liquids that have emerged as a promising 

solution to creating conductive materials for printing stretchable electronics. Although their ionic 

conductivity is generally lower than the values for salt hydrogels and hydrogels with conductive 

fillers, ionic liquids provide high thermal stability and negligible vapor pressure.32–35 Hence, ion 

gels can retain their shape without the need to be stored in aqueous solution or replenished with 

fresh ions. Incorporating conductive particles such as graphene oxide and CNTs often cause 

turbidity36 and require specialized processing methods to control particle homogeneity.20,37–38 

Recently, the 3D patterning of ion gels has been demonstrated with inkjet39,40 and 

photolithographic techniques.24,41–43 Gatenholm et al. demonstrated44 an extrusion-based 3D 

printing of ion gels wherein the ink was comprised of cellulose dissolved in 1-ethyl-3-

methylimidazolium acetate. However, this approach required printing onto a secondary gel that 

contained water as a nonsolvent for the ink to coagulate and form a structure post-printing. Thus, 

ionic liquid inks that facilitate extrusion printing without the use of additional support surfaces or 

vats could potentially improve feature resolution and expand the geometries that can be afforded. 
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 Herein, we report the first shear-thinning ion gel ink designed for direct-write 3D printing 

conductive 3D constructs, including an auxetic strain sensor. The ion gel was comprised of F127 

bisurethane methacrylate (F127-BUM) dissolved in 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM]BF4) and a photo-radical generator (Figure 1a). The resulting gel was 

pneumatically extrusion-printed to afford a 3D construct. It was then exposed to UV irradiation to 

induce photo-radical polymerization and cross-linking of the polymer network. 

2.3 MATERIALS AND METHODS 

2.3.1 Materials  

Pluronics® F127 (BioReagent), and 1-butyl-3-methylimidazolium tetrafluoroborate 

([BMIM]BF4, ≥98%) was purchased from MilliporeSigma. 2-isocyanatoethyl methacrylate (98%) 

was purchased from Arctom. Dibutyltin dilaurate (>95%) was purchased from TCI America. Ether 

and methanol (HPLC grade) were purchased from Fisher Scientific. All reagents were used as 

received. Anhydrous methylene chloride was obtained by purification over alumina column on a 

Pure Process Technology purification system.  

2.3.2 F127-BUM Synthesis  

Glassware was oven-dried at 125 °C for at least 16 h and F127 (60 g, 4.8 mmol) was dried 

under vacuum (~ 2 Pa) for at least 16 h at room temperature in a round-bottom flask. Anhydrous 

dichloromethane (550 mL) was charged to the flask under an N2 atmosphere. The mixture was 

stirred at 30 °C, and following complete dissolution of the F127, dibutyltin dilaurate (12 drops) 

was added using a glass Pasteur pipette. The 2-isocyanatoethyl methacrylate (3.5 mL, 24.8 mmol) 

was diluted in anhydrous dichloromethane (50 mL) and added to the reaction mixture at a rate of 

approximately 1 drop/s. The reaction was left to stir under dry N2 at 30 °C. After 2 d, the reaction 
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was quenched by the addition of methanol (60 mL), and the mixture was concentrated at 30 °C 

using a rotary evaporator. F127-BUM was precipitated in diethyl ether (2000 mL). During the 

precipitation, ether was stirred in a large conical flask, and the concentrate was poured in slowly. 

The precipitate mixture was stirred for an additional 15 min before separation via centrifugation. 

Eight 50 mL centrifuge tubes were filled with precipitate mixture and centrifuged (3000 g) for 

approximately 10 min. The transparent supernatant in each tube was decanted, and more of the 

precipitate mixture was added on top of each pellet. This process was repeated until all of the 

precipitate had been collected in the eight centrifuge tubes, and all of the solvent had been 

discarded. The precipitate was then washed twice by adding diethyl ether (approximately 30 mL) 

to each pellet and vortex-mixing until redispersion of the precipitate was observed, followed by 

centrifugation (3000 g) for re-separation of the precipitate, and supernatants were again discarded. 

After washing, the F127-BUM from each tube was pooled and transferred to a large beaker. Excess 

ether was allowed to evaporate by agitating with a spatula under an N2 atmosphere. The resultant 

F127-BUM powder was dried fully overnight at room temperature under vacuum (~ 2 Pa) and 

stored in the dark at 4 °C until further use. 

2.3.3 Preparation of Ion Gel Inks  

The ion gel with compositions of 27 wt % polymer were prepared by adding F127-BUM 

(0.81 g) to [BMIM]BF4 (2.19 g). To encourage solubility of the polymer in IL, methanol (approx. 

1.5 mL) was added, followed constant stirring at room temperature until a clear, transparent 

solution was obtained. The photoinitiator 2-hydroxy-2-methylpropiophenone (HMP, 3.0 μL) was 

then added via a volumetric pipette. The solution was then subjected to a short cycle of strong 

mechanical mixing, followed by removal of methanol in vacuo at 40 °C until a self-supporting gel 

was obtained. The gel was loaded onto a 3 cc syringe, capped and centrifuged to remove trapped 
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bubbles. The cap was then removed and replaced with a 25 Ga Metcal extrusion nozzle (I.D. 0.26 

mm).  

2.3.4 Rheometrical Characterization   

Rheometrical characterization was performed on a TA Instruments DHR-2 equipped with 

an Advanced Peltier Plate system and 365 nm LED UV-curing accessory. All rheometric 

experiments were performed using a stainless steel 8 mm upper plate. All gel samples were loaded 

onto a 3 cc syringe, centrifuged to remove any trapped bubbles, and left overnight to equilibrate. 

The sample was then loaded by extruding the gel onto the loading plate and trimmed after the 

upper plate was lowered to the trim gap at 600 µm. The geometry gap between upper and lower 

plates was then set to 500 µm for all experiments. For experiments involving the Peltier plate, a 

pre-shear was applied at 5 °C for 10 s before additional sample conditioning at 25 °C for 8 min.  

A 365 nm LED UV-curing accessory with disposable acrylic plates was used in the photorheology 

experiments.  

2.3.5 DIW Printing of Ion Gels  

DIW 3D printing was performed on a modified Alunar i3 RepRap extrusion printer that 

has been retrofitted for pneumatic dispensation. G-codes were written through text editor for the 

lines and star, while the cylinders, UW logo, and auxetic structure were originally created as a 

CAD file in SolidWorks 2018 and converted to G-codes via Slic3r. All printing was performed 

using the 27 wt% ion gel ink with an extrusion air pressure of 20 psi. The dimensions and print 

speeds for each structure in Figure 1c are as following: 1.5 cm line was printed at 10 mm/s, 1.3 cm 

diameter 5-pointed star was printed at 10 mm/s, the cylinders with diameter of 1 cm were printed 

at 6.5 mm/s, and the UW logo with W×H dimensions 7.0 × 2.5 cm was printed at 10 mm/s. These 
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structures were printed with 0.3 mm layer height. The auxetic structure, with dimensions 4.5 × 7 

cm, was printed with 0.25 mm layer height, 4 layers total, at 7 mm/s. Upon completion of the 3D 

printing, the structures were irradiated under 365 nm light (at 3.4 mW/cm2) for 25 min to cross-

link F127-BUM and chemically fix the structures.  

2.3.6 Mechanical Characterization  

An Instron 5585H 250 kN electro-mechanical test frame with a 50 N load cell was used to 

evaluate the tensile properties of the cross-linked ion gel. The ASTM D638 type V specimen 

specifications were used to prepare dogbone samples by transferring approximately 2 g to 27 wt% 

gel into a Teflon dogbone mold. The gel was then exposed to 365 nm light for 15 min. The 

chemically cross-linked structure was then removed from the mold, flipped and inserted back in. 

A small amount of gel was then used to fill any defects present, and the samples were cured for an 

additional 5 min. The sample was then placed on pneumatic self-aligning grips fixed on the load 

frame, and the sample was subjected to increasing strain at a constant rate of 10 mm/min until 

mechanical failure of the sample. The toughness was calculated by taking an integral to calculate 

the area under the stress-strain curve. 

2.3.7 Conductivity Measurement 

Ion gel samples for conductivity measurement were prepared by the same method 

described above. The ionogel was transferred into a silicone mold via solvent casting. The sample 

was first left under ambient conditions to allow the residual methanol to evaporate, and then placed 

under high vacuum at 60 ° C. Lastly, the film was exposed to a xenon arc lamp (Helios Italquartz, 

45 mW·cm-2) in order to cross-link the material. 
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The ionic conductivity was studied by electrochemical AC impedance spectroscopy (EIS) 

with an Autolab 302N potentiostat galvanostat with temperature control attachment by a Microcell 

HC station. The cross-linked sample was placed between two stainless steel electrodes and sealed 

in a Microcell under argon atmosphere in a glove box (M-Braun) to avoid contact with moisture. 

The frequency range was set from 0.1 MHz to 0.1 Hz and applied amplitude was 10 mV. The 

surface area of the electrode was 0.5026 cm2. The ionic conductivity was measured first at room 

temperature, followed by increments of 10 °C from 30 to 90 °C.  

2.3.8 Thermogravimetric Analysis 

The thermal stability of the cross-linked ion gel was determined by thermogravimetric 

analysis (TGA), which was carried out on a TA Q50 V20.13 Build 39 under N2 atmosphere. A 

sample of the cross-linked ion gel (5.22300 mg) was placed onto a clean platinum pan. Starting at 

room temperature, the sample was then heated to 700 °C at a constant rate of 10 °C/min. The 

weight and derivative weight was then measured as a function of time (Figure S6). 

2.3.9 Initial Evaluation of Soft Sensors 

Changes in the conductivity of films and printed structures were recorded by applying a 

constant potential across the cross-linked samples and measuring the resulting change in current 

due to stretching and twisting motions. A DAGAN Chem Clamp N = 1 headstage was used to 

apply the potential and measure the current for the smaller dimension films (1 × 2.5 cm), while a 

DAGAN Chem Clamp N = 0.01 headstage was used to measure the larger dimension films (4.5 × 

7 cm) and 3D-printed auxetic structures. The N = 0.01 headstage has a higher current threshold to 

accommodate the larger background currents of the larger dimension films and 3D printed auxetic 
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structures. +300 mV was applied to the smaller dimension films and auxetic structure, while +40 

mV was applied to the larger dimension gels.  

The smaller films were clamped between alligator clips on opposing sides of the film, as 

shown in Figure 3b,d, while applying a constant voltage (+300 mV). Upon stretching, the films 

were manually pulled until taut, held in that position for approximately 5-10 s, then slowly relaxed 

back to its neutral position. Upon twisting, the films were manually twisted approximately 450 

degrees clockwise in a quick motion, held for approximately 5-10 s, then quickly untwisted back 

to its neutral rectangular position.  

All stretching and twisting gel movements generated measureable, and predictable changes 

in current (dI). The current signal was sampled at 100 kHz using a 1322A digitizer (Axon 

Instruments), and filtered at 1 kHz with a low-pass Bessel filter (DAGAN Chem Clamp). Current 

vs. time data was recorded using Axoscope 10.0 software (Molecule Devices), and analyzed with 

Clampfit 10.4 (Molecular Devices). The recorded traces were background subtracted and post-

filtered to 100 Hz.  All electrochemical experiments were performed in a home-built, grounded 

faraday cage. 

2.3.10 Sensor Assembly and Electromechanical Testing 

Fabrication of the auxetic structure was previously described in “2.3.5 DIW Printing of Ion 

Gels”. The films were made by curing 6 g of ion gel pressed between 2 large borosilicate glass 

slides with 1mm spacers for 25 min under 365 nm light. The cross-linked ion gel is then removed 

from the glass slides and trimmed with a razor to produce a 4.5 × 7.0 cm film. The samples were 

then assembled into sensors in the following steps shown in Figure S7. Silver conductive coating 

(MG Chemicals) was applied onto 2 sheets of copper plates (1.5 × 7 cm). Upon placing the ends 

of the cross-linked ionogel onto the conductive coating, a thin layer of cyanoacrylate super glue 
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(The Original Super Glue) was spread around and on top of the ionogel followed by a second pair 

of copper plates (1.5 × 5 cm). Binder clips were then used to press the copper plates together at 

each end until the glue was completely dried. 

The electromechanical characterization setup consisted of a dynamic mechanical tester 

(Electroforce Testbench, TA, USA) and source-meter (Keithley 2450, Tektronix, USA). Auxetic 

and film sensors were prepared and loaded into sandpaper lined grips to ensure a non-slip 

condition. The sensors were preloaded 0.1 N, and the cross-sectional area and gauge length was 

measured using the digital caliper. The gauge length was defined as the distance between contact 

points of the grips. 300 mV was applied through the film sensor and 100 mV was applied through 

the auxetic sensor, and the resulting current reading was equilibrated for 20 min before the 

application of a strain. 

Uniaxial mechanical testing includes cyclic and ramp to failure experiments. For the cyclic 

experiments, the sensors are stretched to a specific distance (1.0, 1.5, and 2.0 cm) at a rate of 4 

mm/s and relaxed back to its original position at the same rate. Each test consisted of 15 

stretching/releasing cycles, with a 3 second pause between each cycle (Figure S8). For the ramp 

to failure experiments, the sensors are stretched at a rate of 0.16666 mm/s (10 mm/min) until 

failure. This experiment was performed in triplicate for both the film and auxetic samples.  

2.4 RESULTS AND DISCUSSIONS 

2.4.1 Formulation and Printability of F127-BUM Ion Gel  

In the preparation of the ion gel, we first synthesized F127-BUM45 by reacting the chain 

ends of commercial Pluronic F127 with isocyanatoethyl methacrylate. Pluronic F127 is an 

amphiphilic ABA triblock copolymer, comprised of poly(ethylene oxide) as the A blocks and 

poly(propylene oxide) as the B block, that forms a shear-thinning gel when dissolved in an aqueous 
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medium (20-40 wt%). The F127-BUM is preferred over the F127-dimethacrylate our group has 

previously utilized26,46,47 for its ease of purification. F127-BUM was initially dissolved in ionic 

liquid with methanol as a co-solvent, which was subsequently removed in vacuo. Several ionic 

liquids including 1-butyl-3-methylimidazolium hexafluorophosphate, 1-ethyl-3-

methylimidazolium hydrogen sulfate, 1,3-dimethylimidazolium dimethyl phosphate, and 

[BMIM]BF4 were tested, but only [BMIM]BF4 provided good polymer solubility and afforded a 

gel. The optimal self-suppoting ion gel for DIW printing contained 27 wt% F127-BUM, 72.99 

wt% [BMIM]BF4, and 0.01 wt% photoinitiator (Figure 2.1). 

2.4.2 Viscoelastic Behavior via Rheology  

The shear-thinning and yielding characteristics of the ion gel were investigated using 

rheometrical experiments to better understand the behavior of the gel during extrusion. The strain 

sweep experiment (Figure 2.2a) was performed at 25 °C from 0.01 to 100% strain (1 Hz). This 

experiment showed the viscoelastic changes in the ion gel with increasing applied stress. The 

relatively high storage modulus (1.9 × 104 Pa) at low oscillatory stresses indicated the material is 

a firm gel. When the applied stress exceeded ~359 Pa, the storage modulus rapidly decreased, 

suggesting a gel-to-sol transition—the behavior required for the ion gel to flow out from the nozzle 

with applied stress. The viscosity versus shear rate experiment (Figure 2.2b) was performed at 25 

°C over a shear rate range of 0.01 to 100 s-1. This experiment showed the decrease in viscosity of 

the gel with an increase in applied shear rate, confirming the gel’s shear-thinning behavior. In 

Figure 1d, a strain sweep experiment showed the gel-to-sol transition. The cyclic shear strain 

experiment (Figure 2.2c) was performed at 25 °C using alternating strains of 1% for 5 min and 

100% for 3 min (1 Hz). In this experiment, the storage modulus instantly switched between high 

(1.6 × 104 Pa) and low (171 Pa) values by alternating the amount of applied strain from 1% to 
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100%, respectively. The rapid transition between the two states suggested a fast response in which 

the ion gel could flow when pressure was applied and quickly recover its gel state when pressure 

was removed. The process of alternating between high and low stress was repeated for 5 cycles 

without any significant hysteresis, and minimal thixotropy was observed. As a result, the ion gel 

ink reliably printed self-supporting multi-layered constructs, even in the absence of chemical 

cross-linking.  Lastly, a UV-curing rheometrical experiment (Figure 2.2d) showed the process of 

the gel cross-linking via photopolymerization. The samples were equilibrated for 120 s, and a 1200 

s irradiation with 365 nm light at 5 mW·cm-2 intensity was applied, and the sample was monitored 

at room temperature for a total of 1500 s (1 Hz, 1% strain). After exposure to 365 nm light for a 

period of 25 min, the storage modulus increased from 1.67 × 105 Pa to 2.66 × 105 Pa, which 

suggested an increase in firmness of the gel due to the photocrosslinking process. 

2.4.3 Ion Gel Properties Post-Curing  

After cross-link, the gel exhibits excellent transparency as well (Figure 2.3a) Additionally, 

the bulk mechanical strength of the cross-linked ion gel was determined via tensile testing. As 

shown in the stress-strain curve (Figure 2.3b), the tensile strength of the ion gel reaches 0.81 MPa 

at 242 % strain. In addition to their elasticity, the cross-linked ion gel exhibited a high degree of 

toughness (1.02 × 106 J·m-3). Interestingly, both the ultimate strain  and toughness were higher 

than other reported values for ion gels.42,48–50  

The ionic conductivity of the ion gel before and after cross-linking was evaluated by AC 

impedance spectroscopy. Figure 2.4a represents the Arrhenius plots for both samples. Similar to 

previous reports, the addition and cross-linking of polymer appears to decrease the overall 

conductivity of the system.13,33.51,52 We observed that cross-linking the polymer decreased the 

conductivity values by one-third of the initial values. However, with remarkable improvement of 
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the ion gel’s mechanical properties, the cross-linked gel still provided a good ionic conductivity, 

suggesting that the ionic mobility is not significantly compromised by the cross-linked network.53  

Thermogravimetric analysis (Figure 2.4b) was performed to confirm that the incorporation 

of a cross-linked polymer network did not hinder the ionic liquid’s high thermal stability.32,54 The 

results indicated that the cross-linked ion gel was stable at high temperatures and the onset of 

decomposition did not occur until 361 °C. In comparison, pure [BMIM]BF4 has an onset of thermal 

decomposition of 357 °C54, which confirmed that the incorporation of the ionic liquid into a cross-

linked polymer network did not affect its thermal stability. Additionally, total mass loss from room 

temperature to 200 °C is 0.3747%, suggesting that there was no water or methanol remaining in 

the sample from gel processing. 

2.4.4 Initial Evaluation as Soft Sensor  

The cross-linked gel was tested for its capability as a strain sensor by measuring its current 

response while applying a constant potential. Initial testing by hand on a small ionogel sample 

with dimensions 1 cm × 2.5 cm and thickness of 0.6 mm showed that small mechanical motions 

such as stretching and twisting generated relatively large current fluctuations (Figure 2.5). These 

current changes in response to the gel’s mechanical motions can be explained using Equation 1 

and Equation 2.20  Equation 1 describes the relationship between resistance (R, Ω) to resistivity (ρ, 

Ω·m), with varying length (L, m) and cross sectional area (A, m2). Equation 2 is derived through 

substitution of Ohm’s law (V=IR) for resistance to explicitly show the relationship between 

current, I, and film geometry L, A.  

𝑹 =  𝝆
𝑳

𝑨
        (1) 

𝑽

𝑰
= 𝝆

𝑳

𝑨
       (2) 
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The polarity of the measured current responses were in agreement with Equation 2. While 

the film is stretched, the length increased and the area decreased, which resulted in a decrease in 

current. Likewise, the twisting motion slightly decreased the length of the film and increased the 

cross-sectional area due to the gel folding on itself, to afford an increase in current. Since the 

applied movements produced predictable changes in current according to Equation 2, we 

demonstrated that our ionogel may be used as a sensor for detecting these mechanical movements. 

2.4.5 Direct-Write 3D Printing  

The ion gel was extruded through a 25 gauge nozzle (I.D. 0.260 mm) onto a glass slide 

under a pressure of 20 psi. The position of the nozzle was controlled by movement of the syringe 

holder and print bed. All prints done in this works are shown in Figure 2.6. We have printed 20 

layer-single lines without loss in layer-to-layer integrity, a leaning cylinder with 35° offset without 

needing supports, a 5-pointed star with intersecting filaments, and a large UW logo. These 

examples show the versatility in the structures achievable, and the ability of the ion gel inks to 

self-support the structure without needing to photocure layer-by-layer.    

2.4.6 Fabrication of Auxetic Sensor and Electromechanical Testing  

Subsequently, we compared the current responses of an auxetic structure versus a bulk 

rectangular film with the same outer dimensions. We printed an hourglass auxetic structure with 

line widths in the range of 0.5-0.7 mm at a pitch of 7.5 mm. By design, auxetic structures exhibit 

a negative Possion’s ratio, wherein they expand and contract in directions transverse to the applied 

loads (Figure 2.7).55 Auxetic structures are low in density (22% in area when compared to the bulk 

film) and more mechanically robust than their bulk equivalent forms. Additionally, fabrication of 
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the auxetic sensors requires less material and yield a lightweight structure. For wearable sensors, 

this translates to increased sensor robustness and overall wear comfort for the user.  

To accurately test the current change responses to applied strain, the film and auxetic 

structures were subjected to multiple stretching cycles at specific stretching distances. The auxetic 

structure was more sensitive to changes in elongational strain, which was reflected by changes in 

the current. As expected, the % change in current output doubled when the sensor was subjected 

to twice the stretching distance. The experiment was repeated to show consistent output across 3 

different samples  (Figure 2.8). With the same stretching distance, the percent change in current 

response are constant across the cycles. Cyclic testing was also performed on film samples. 

However, upon stretching the films by 1.5 cm over repeated cycles, the film mechanically fails 

(Figure 2.9).  

Ramp to failure experiments demonstrated that the auxetic structure can be stretched 

further by over twice the distance. The bulk film sensors typically failed at 16.43, 10.25, 9.77 mm 

, while the auxetic sensor’s first failure point occurs at 23.53, 28.96, 51.10 mm (Figure 2.10). At 

the first failure point, the films break completely and can no longer operate to give a current 

reading. In contrast, at each failure point for the auxetic structure, only one filament within the 

structure mechanically failed while the rest of the sensor remained intact and conductive. In 

contrast to the bulk film’s immediate failure, the auxetic structure remains conductive and can still 

provide current readings in response to strain after multiple failure points. Therefore, the auxetic 

structure has a better operational range as a strain sensor relative to the analogous continuous film. 

The ramp to failure experiments for the auxetic sensor was recorded until the third failure point of 

the sensor.  
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2.5 CONCLUSION 

In conclusion, we developed a shear-thinning ion gel that can be printed into geometric 

objects that are ionically conductive. The cured elastomeric ion gels exhibited a high toughness 

and were well suited for fabricating strain sensors that were sensitive to bending, twisting, and 

stretching motions. A strain sensor based on the ion gel printed into an auxetic geometry 

exhibited up to 310% greater extension relative to a continuous film. The auxetic construct 

exhibited a tolerance to internal mechanical failure during extension, as demonstrated by the 

small changes in conductivity as individual filaments were damaged. Moreover, the fabrication 

process consumes less material and yields a lightweight structure for overall increased wear 

comfort. Thus, these 3D printable ion gels are promising candidates to enable rapid prototyping 

and reiteration of complex geometries that can be integrated into sensor devices. 
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Figure 2.1 The optimized ion gel was formed from F127 bisurethane methacrylate (F127-BUM) 

using 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF4) as the ionic liquid and 2-

hydroxy-2-methylpropiophenone (HMP) as the photoradical initiator. Methanol was initially 

used as a cosolvent. Upon evaporation of methanol, a clear, self-supporting ion gel is obtained. 



55 

 

 
 

 

 

 

 

 

 

 

 
 

Figure 2.2 Rheometrical characterization including a) strain sweep representing the yielding 

point of ion gel in response to applied stress, b) cyclic strain experiment, which illustrates the 

fast transition between sol- and gel-state with with alternating low (1%) strain and high (100%) 

strain, c) viscosity vs. shear rate to show the shear-thinning behavior, and d) UV cure 

experiment to show increase in robustness after exposure to 365 nm light to induce 

photopolymerization. 
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Figure 2.3 Properties of the ion gel after photocrosslinking. a) Photograph of a cross-linked ion 

gel disk demonstrating its excellent transparency (16.4 mm diameter, 1.0 mm thickness). b) 

Tensile stress-strain curve for 27 wt% F127-BUM hydrogel and ion gel. 
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Figure 2.4 a) Calculated ionic conductivity values across a temperature range 25-90 °C. b) The 

resulting TGA plot shows high thermal stability and low water content in the crosslinked ion 

gel. 
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Figure 2.5 Changes in current were measured for a cross-linked ion gel continuous film (1 × 

2.5 cm) in response to (c) stretching by 1 cm and (d) twisting clockwise by 450° by hand. The 

changes in current are repeatable, as shown in the characteristic shape of the curves with each 

deformation mode. 
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Figure 2.6 All printed objects have 0.3 mm single layer heights.  Example prints include (left 

to right): 20 layer line; 1 cm diameter leaning cylinder with 35° offset; 8 layer, 1.3 cm wide 

star; 20 layer, 1 cm diameter cylinder; 8 layer, 7 × 2.5 cm UW logo. 

 

 

 

Figure 2.7 The printed and cross-linked auxetic structure (4.5 × 7 cm) expands in the direction 

normal to the tensile forces when stretched. 
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Figure 2.8 Cyclic test on printed auxetic sensor. The graphs show the current changes that 

occur as the auxetic structure was stretched by 1 cm and 2 cm for 15 cycles. The % current 

change doubled when the sensor was stretched to twice the distance. The current changes are 

similar across multiple printed samples. 

 

Sample #1:

Sample #2:

Sample #3:
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Figure 2.9 Cyclic test on bulk film sensor. a) The film breaks during the 1.5 cm stretching 

cyclic test, dropping the current reading to 0 A. b) Electromechanical testing setup while 

applying a constant potential of 300 mV on the casted film and 100 mV on the printed auxetic 

structure. 

 

a

b

Bulk film Auxetic
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Figure 2.10 Ramp to failure experiment on both the bulk film and printed auxetic structure 

shows the increased stretchability of the auxetic structure relative to the casted film. The auxetic 

structure provides a current response after multiple failure points (labeled with boxed 1, 2, and 

3), while the current response from the film immediately falls to 0 A at the first failure point. 

 

Printed AuxeticBulk Film
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CHAPTER 3: MECHANO-ACTIVATED OBJECTS WITH 

MULTIDIRECTIONAL SHAPE MORPHING PROGRAMMED 

VIA 3D PRINTING 

3.1 ABSTRACT 

Mechano-activation as a stimuli-response in 4D printing offers advantages such as 

orthogonality to other stimuli and control over the magnitude of applied force. Herein, we 

demonstrate mechanically activated morphing with directional control that is dictated by the 

patterns produced via multi-material 3D printing. An advantage of this approach is that pre-

stretching of the sample is not required. We developed on gel inks comprised of a cross-linkable 

self-assembling triblock copolymer and polymerizable ionic liquids that varied in the size of the 

cation. The multi-material printing of these inks afforded objects that changed their shape in a 

predetermined manner upon the application of a tensile force. 

3.2 INTRODUCTION  

Stimuli-responsive 3D printed objects (4D printing) have recently garnered much attention 

due to their potential in the development of robotic actuators, sensors, and biomedical devices.1–3 

By utilizing responsive materials, the printed constructs undergo chemical or physical changes 

through time when exposure to various stimuli, including temperature, light, or electromagnetic 

fields, are used to induce a mechanical shape change.4–8 In contrast, biological systems, such as 

Venus fly traps and mimosa plants, have inspired a growing interest in 4D objects that respond to 

mechanical stimuli (either applied force or deformation) to achieve a complex autonomous 

response.9–16 



63 

 

Mechanical forces can be orthogonal to other stimuli and offer facile control over the 

magnitude of the applied force. One mechanism that has been shown to achieve shape morphing 

is to leverage composite (e.g. two materials bonded together, which we also refer to as a “bilayer”) 

elements with mismatched elastic properties.17–21 Upon compressive loading17 or relaxation of a 

previously applied strain (e.g. pre-strain)18–21, composite elements can undergo 3D shape changes 

via buckling instabilities or bending. Within the context of 4D printing, previously demonstrated 

examples of mechanically induced shape change have been restricted to 3D printing on already 

pre-strained layers. The major downside of this approach is that it significantly confines the 

possible designs that can be printed and the resulting morphed shapes achieved, due to the 

necessity of a pre-stretched sheet. For instance, prior studies on pre-stretched sheets were restricted 

to unidirectional folding.18 Without the need for pre-straining the sample, the ability to easily 

fabricate complex 3D geometries with multiple materials, can be leveraged, and more complex 4D 

objects and responses achieved. So far, two examples that demonstrated mechano-activated shape 

change in the absence of a pre-stretched layer were achieved by mismatched recovery introduced 

by alignment of embedded fibers22 and degree of crystallinity23, however, these examples cannot 

be 3D printed, which limits the complexity of their potential shape changes. 

Herein, we demonstrate 3D printable ion gel inks that enable fabrication of multi-layered 

and multi-material objects with tunable viscoelastic and plastic responses, and then show how 

these inks can be used to create 3D constructs that can undergo multidirectional mechano-activated 

shape change without the need for pre-strain (Figure 3.1a). Tailoring the underlying materials’ 

viscoelastic and plastic response enables control over the temporal response of the composite, as 

well as its reversibility. Shear-thinning ion gel inks based on self-assembling F127-bisurethane 

methacrylate (F127-BUM, Figure 3.1b) in imidazolium ionic liquids were previously shown to be 
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effective for direct ink write (DIW) 3D printing to afford robust multi-layered constructs.24 Unlike 

hydrogels (a commonly utilized 4D printing ink), ion gels utilize ILs with low vapor pressures25–

27, and as a consequence, do not dry out under ambient conditions. The polymerizable ionic liquids 

(PIL) used to form the ion gels in this study contain vinyl groups that can undergo photo-initiated 

polymerization (Figure 3.1c). Thus, after the ion gels were printed, the entire construct was photo-

cured to form ionoelastomer comprised of continuous polymer networks and F127-BUM 

crosslinks (Figure 3.1d) that had varied elastic, viscous, and plastic mechanical proper-ties. Used 

in the context of multi-material DIW printing, these ion gels with varied mechanical properties 

enabled our creation of objects that are programmed via 3D printing to undergo multidirectional 

mechano-activated shape change in response to tensile forces. 

3.3 MATERIALS AND METHODS 

3.3.1 Materials  

Pluronics® F127 (BioReagent) was purchased from MilliporeSigma. 2-isocyanatoethyl 

methacrylate (98%), dibutyltin dilaurate (>95%), 1-bromoethane (>99%), 1-bromobutane (>98%), 

1-bromohexane (>98%), and sodium tetrafluoroborate (>95%) were purchased from TCI America. 

1-vinylimidazole (>99%) was purchased from Alfa Aesar. Diethyl ether, acetone, and methanol 

(HPLC grade) were purchased from Fisher Scientific. All reagents were used as received. 

Anhydrous methylene chloride was obtained by purification over alumina column on a Pure 

Process Technology purification system. All 1H and 13C NMR spectra were collected on a Brüker 

Avance DRX 500 MHz spectrometer equipped with a Brüker triple resonance TXO probe (SI). 

Spectra were collected at 298 K with a pulse delay time (d1) of 5 or 10 s and 24 scans (1H) and 32 

scans (13C). The spectrometer was interfaced with a computer running Red Hat Enterprise Linux 
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6.2 and Topspin 2.1 software. Spectra were analyzed with Topspin 4.0.7 software. DMSO-d6 was 

purchased from Cambridge Isotope Laboratories (D, 99.9% + 0.05% V/V TMS). 

3.3.2 Synthesis of 1-ethyl-3-vinylimidazolium bromide ([EVIM]Br)  

To a solution of 1-vinylimidazole (18.12 mL, 200 mmol) in acetonitrile (100 mL), 1-

bromoethane (17.91 mL, 240 mmol, 1.2 equiv.) was added and magnetically stirred at 40 °C for 

24 h. The solution was allowed to cool, and the crude product was precipitated in 500 mL EtOAc. 

The solids are collected by filtration, redissolved with minimal amount of MeOH, and added 

dropwise into 500 mL EtOAc. The precipitate is collected by filtration as a white solid and further 

dried in vacuo at 35 °C (32.71 g, 80 %). 1H NMR (500 MHz, DMSO-d6, δ): 9.67 (s, 1 H); 8.26 (t, 

1 H); 8.00 (t, 1 H); 7.33 (q, 1 H); 6.00 (dd, 1 H); 5.41 (dd, 1 H); 4.25 (q, 2 H); 1.45 (t, 3 H). 

3.3.3 Synthesis of 1-butyl-3-vinylimidazolium bromide ([BVIM]Br)  

1-vinylimidazole (9.06 mL, 100 mmol) and 1-bromobutane (12.89 mL, 120 mmol, 1.2 

equiv.) were magnetically stirred at 45 °C for 24 h. After cooling, the viscous solution was washed 

with 100 mL ether three times and dried under vacuum to yield a pale yellow viscous liquid in 

quantitative yield. 1H NMR (500 MHz, DMSO-d6, δ): 9.80 (s, 1 H); 8.30 (t, 1 H); 8.03 (t, 1 H); 

7.36 (q, 1 H); 6.03 (dd, 1 H); 5.41 (dd, 1 H); 4.24 (t, 2 H); 1.81 (quintet, 2 H); 1.27 (sextet, 2 H); 

0.89 (t, 3 H). 

3.3.4 Synthesis of 1-hexyl-3-vinylimidazolium bromide ([HVIM]Br)  

1-vinylimidazole (9.06 mL, 100 mmol) and 1-bromohexane (16.80 mL, 120 mmol, 1.2 

equiv.) were magnetically stirred at 45 °C for 24 h. After cooling, the viscous solution was washed 

with 100 mL ether five times and dried under vacuum to yield a pale yellow viscous liquid in 

quantitative yield. 1H NMR (500 MHz, DMSO-d6, δ): 9.76 (s, 1 H); 8.29 (t, 1 H); 8.01 (t, 1 H); 
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7.35 (q, 1 H); 6.02 (dd, 1 H); 5.41 (dd, 1 H); 4.22 (t, 2 H); 1.82 (quintet, 2 H); 1.26 (m, 6 H); 0.84 

(t, 3 H). 

3.3.5 Synthesis of 1-ethyl-3-vinylimidazolium tetrafluoroborate ([EVIM]BF4) 

1-ethyl-3-vinylimidazolium bromide (32.71 g, 161 mmol) and sodium tetrafluoroborate 

(18.57 g, 169 mmol, 1.05 equiv.) were added to acetone (75 mL) and let stir at rt for 48 h. The 

solution is then filtered through alumina to remove NaBr (fine white powder) and acetone was 

removed in vacuo to obtain a pale yellow oil. The oil is then filtered through alumina to remove 

remaining NaBF4 (white crystalline solids) and dried in vacuo (23.08 g, 68%). 1H NMR (500 MHz, 

DMSO-d6, δ): 9.45 (s, 1 H); 8.16 (t, 1 H); 7.91 (t, 1 H); 7.27 (q, 1 H); 5.94 (dd, 1 H); 5.41 (dd, 1 

H); 4.23 (q, 2 H); 1.45 (t, 3 H). 

3.3.6 Synthesis of 1-butyl-3-vinylimidazolium tetrafluoroborate ([BVIM]BF4), 1-hexyl-3- 

vinylimidazolium tetrafluoroborate ([HVIM]BF4) 

[BVIM]BF4 and [HVIM]BF4 were prepared using the same method for [EVIM]BF4. The 

resulting products were pale yellow oils ([BVIM]BF4 :16.17 g, 67.9%, [HVIM]BF4: 14.85 g, 

55.8%). [BVIM]BF4 
1H NMR (500 MHz, DMSO-d6, δ): 9.46 (s, 1 H); 8.18 (t, 1 H); 7.91 (t, 1 H); 

7.27 (q, 1 H); 5.95 (dd, 1 H); 5.42 (dd, 1 H); 4.20 (t, 2 H); 1.81 (quintet, 2 H); 1.29 (sextet, 2 H); 

0.91 (t, 3 H). [BVIM]BF4 
13C NMR (500 MHz, DMSO-d6, δ): 135.3; 128.8; 123.2; 119.1; 108.6; 

49.0; 31.0; 18.8; 13.2. [HVIM]BF4 
1H NMR (500 MHz, DMSO-d6, δ): 9.46 (s, 1 H); 8.18 (t, 1 H); 

7.92 (t, 1 H); 7.28 (q, 1 H); 5.95 (dd, 1 H); 5.42 (dd, 1 H); 4.19 (t, 2 H); 1.82 (quintet, 2 H); 1.27 

(m, 6 H); 0.86 (t, 3 H). [HVIM]BF4 
13C NMR (500 MHz, DMSO-d6, δ): 135.3; 128.9; 123.2; 

119.1; 108.6; 49.2; 30.5; 29.0; 25.1; 21.8; 13.8.  
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3.3.7 ATR-FTIR on PILs Before/After UV Curing  

Photopolymerization of the PILs are monitored via FTIR spectroscopy. Spectra were 

collected on a Perkin Elmer Frontier FT-IR/FIR Spectrometer with a Universal ATR Sampling 

Accessory. Both the PILs and ionoelastomers were tested under ambient conditions.  

3.3.8 Preparation of Ion Gels 

The [EVIM]BF4 and [BVIM]BF4 ion gels were prepared by adding 0.81 g F127-BUM to 

2.19 g [EVIM]BF4 or [BVIM]BF4. To prepare the [HVIM]BF4 ion gel, 1.11 g of F127-BUM was 

added to 1.89 g [HVIM]BF4. To each mixture, 6 μL of 2-hydroxyl-2-methylpropriophenone was 

added via volumetric pipette and approximately 3 mL of MeOH was added as a cosolvent. The 

mixtures are subjected to magnetic stirring for 2 h until a clear solution was obtained. MeOH was 

then removed in vacuo at 40 °C until a transparent, self-supporting gel was obtained. The ion gels 

are loaded into syringes and centrifuged to remove air pockets. The syringe cap was then removed 

and replaced with a 25 Ga Metcal extrusion nozzle (I.D. 0.26 mm). 

3.3.9 Small-Angle X-ray Scattering 

SAXS measurements were carried out at the Small- and Wide-Angle X-Ray Scattering 

(SAXS/WAXS/GISAXS) Beamline 7.3.3 at the Advanced Light Source facility located in the 

Lawrence Berkeley National Laboratory, Berkeley, CA. A monochromated X-ray beam with a 

wavelength of 1.23984 Å was used to irradiate the samples at room temperature, and the sample-

to-detector distance was set at 3570 mm. The scattered X-rays were counted using ADSC Quantum 

4r CCD detectors with an active area of 188x188 mm2 (pixel size 0.172 mm). The beamline control 

and data acquisition (DAQ) was done through LabVIEW, provided at the ALS.28 In each 

measurement for the ion gels, the ion gels were extruded into the center of stainless steel washers, 
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sealed with Kapton tape, and mounted onto the sample holder. For measurements on the 

ionoelastomers, the samples were directly taped onto the sample holder.  

By obtaining the Q-values at the maxima of the peaks, the corresponding particle diameter 

(Equation 1) can be determined.  

 

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =
2𝜋

𝑄
    (1) 

 

For our material system, the particle diameter is equivalent to the average distance between the 

centers of micelles. 

3.3.10 Rheological characterization 

Rheological characterization was performed on a TA Instruments DHR-2 equipped with 

an Advanced Peltier Plate system. All rheometric experiments were performed using a stainless 

steel 8 mm upper plate. All gel samples were loaded onto a 3 cc syringe, centrifuged to remove 

any trapped air bubbles, and left overnight to equilibrate. The sample was then loaded by extruding 

the gel onto the loading plate and trimmed after the upper plate was lowered to the trim gap at 600 

μm. The geometry gap between upper and lower plates was then set to 500 μm for all experiments. 

For all experiments, a pre-shear was applied at 5 °C for 10 s before additional sample conditioning 

at 25 °C for 8 min. The frequency sweep experiment was performed to measure the storage and 

loss moduli at 1% strain over frequency range of 0.1 to 100.0 rad/s (equivalent to 0.0159-15.9 Hz). 

The strain sweep experiment was performed to measure the storage and loss moduli over 0.01 to 

100% strain (1 Hz). The cyclic shear strain experiment (Figure 1e) was performed at 25 °C using 

alternating strains of 1% for 5 min and 100% for 3 min (1 Hz). The viscosity versus shear rate 

experiment was performed at 25 °C over a shear rate range of 0.01 to 100 s-1.  
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3.3.11 Conductivity Measurement  

The ionic conductivity was studied by electrochemical AC impedance spectroscopy (EIS) 

with a Princeton Applied Research Ametek Parstat 4000A potentiostat with a Rhd Instruments 

Passive Cell Holder. Three different samples were measured for each material. For the ion gels, 

the gel was first extruded onto an electrode with a Teflon washer (inner area of 0.196 cm2 and 

thickness of 0.2 cm). The top electrode was then placed, and the overflowing gel was carefully 

cleaned off with a Kimwipe. For the ionoelastomers, samples with area 0.785 cm2 and thickness 

0.3-0.5 mm were prepared by curing a thin layer of ion gel under 365 nm light for 55 min and cut 

into discs using a 1 cm diam. biopsy punch. In each measurement, the sample was placed between 

two stainless steel electrodes, sealed in a Metrohm TSC SW closed measuring cell, and connected 

to the cell holder. The frequency range was set from 5 MHz to 1 Hz and applied amplitude was 10 

mV. The measurements were performed at room temperature. The results were displayed as 

Nyquist plots in ZView, and the ionic conductivity (σ) was calculated by taking the ratio between 

the thickness of sample (length of electrode gap, L) and the product of the resistance minima (Z0) 

and sample area (A) (Equation 2). 

𝜎 =
𝐿

𝑍0∙𝐴
     (2) 

 

3.3.12 Thermogravimetric Analysis 

The thermal stabilities of the ionoelastomers with and without F127-BUM were determined 

by thermogravimetric analysis (TGA), which was carried out on a Mettler Toledo TGA/DSC 3+ 

Thermogravimetric Analyzer under N2 atmosphere. Each sample of the ionoelastomers (masses 5-

7 mg) were placed onto a tared standard aluminum pan and sealed. Starting at room temperature, 

the sample was then heated to 450 °C at a constant rate of 10 °C/min. 
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3.3.13 Direct-Write 3D Printing 

 Direct Ink Write 3D printing was performed on a modified Alunar i3 RepRap extrusion 

printer that has been retrofitted for pneumatic dispensation. G-codes were written through text 

editor for the lines and lattice structure, while the cylinders and shape-shifting constructs were 

originally created as a CAD file in SolidWorks 2019 and converted to G-codes via Slic3r. All 

printing was performed using the ion gel inks with an extrusion air pressure of 17-20 psi. The 

structures were printed with 0.3 mm layer height, with printing speeds at 6-10 mm/s. Upon 

completion of printing, the structures were irradiated under 365 nm light (at 3.4 mW·cm-2) for 55 

min to polymerize the PILs and crosslink the network with F127-BUM, irreversibly fixing the 

structures. 

3.3.14 Mechanical Characterization  

An Instron 5585H 250 kN electro-mechanical test frame with a 200 N load cell was used 

to evaluate the mechanical properties of the ionoelastomers. All dogbone samples used in tensile 

tests were 5 mm long, 2 mm thick, and 2 mm wide in the narrow section. The dogbones were 

prepared by either extruding the ion gel into a dogbone mold or printed on the RepRap extrusion 

printer. The gel was then exposed to 365 nm light for 55 min. The sample was then attached to the 

pneumatic self-aligning grips fixed on the load frame with sandpaper and superglue. In tensile 

tests, the samples were subjected to increasing strain at a constant rate of 10 mm/min until 

mechanical failure of the sample. Additional dogbones were made and submerged in methanol for 

7 days to extract any unpolymerized IL. Tensile tests were performed on extracted dogbones and 

compared to the original samples. 
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3.3.14 Extent of Shape Change in Bilayer Structures  

All bilayer dogbone samples used in tensile tests were 10 mm long and 5 mm wide in the 

narrow section. The dogbones were printed on the RepRap extrusion printer, with one material 

per layer, setting layer height to 0.3 mm (thickness/layer). The printed parts were then exposed to 

365 nm light for 55 min. The sample was then attached to the pneumatic self-aligning grips fixed 

on the Instron 5585H 250 kN electro-mechanical test frame with sandpaper and superglue. The 

samples were subjected to increasing strain at a constant rate of 10 mm/min until 50, 75, or 

100% strain, then removed from the grips. After 1 minute, the photo of the bilayer is taken and 

the degree of bending is measured with ImageJ software. 

3.4 RESULTS AND DISCUSSIONS 

3.4.1 Synthesis and Photopolymerization of PILs  

Three PILs [EVIM]BF4, [BVIM]BF4, and [HVIM]BF4 were synthesized via neat SN2 

reaction29,30 followed by anion exchange31(Scheme 3.1). The first step involves an SN2 

quarternization reaction between vinyl imidazole and an alkyl halide, ran neat at elevated 

temperature. The unreacted starting material is extracted with diethyl ether. The second step is a 

simple anion exchange with sodium tetrafluoroborate, where sodium bromide is insoluble in 

acetone and can be filtered out before the solution is concentrated to obtain the product. The 

cation’s side chain length were varied by changing the alkyl halide used in the SN2 reaction. The 

vinyl group on the cation allows the PILs to polymerize via free radical polymerzation. When 

mixed with a small amount of HMP as the photoradical initiator, the PILs can be photocured when 

irridiated with 395 nm light to form an ionoelastomer. The polymerization is observable through 
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ATR-FTIR, where decrease in signals for vinyl C=C peaks at 1656 cm-1 suggest the PILs undergo 

photopolymerization when exposed to 395 nm light (Figure 3.2).  

3.4.2 Formulation of Polymerizable Ion Gels 

Three ion gel inks using PILs were developed, which were comprised of F127-BUM 

dissolved in [EVIM]BF4, [BVIM]BF4, or [HVIM]BF4. The imidazolium ionic liquids possess 

vinyl groups that can undergo photo-initiated radical polymerization that can also co-polymerize 

with the methacrylate endgroups of F127-BUM to form a crosslinked polymerized ionic liquid 

network. Three different alkyl chain lengths were chosen as we hypothesized that these side chains 

would affect the viscoelastic and plastic properties of both the ion gel and the polymerized ionic 

liquid. Ion gels that were formed from [EVIM]BF4 and [BVIM]BF4 each required 27 wt% F127-

BUM to achieve self-supporting gels. SAXS characterization of these ion gels showed multiple 

distinct signal peaks, which suggested the presence of F127-BUM micelles arranged in an ordered 

packing structure (Figure 3.3). The q-value ratios were summarized in Tables 3.1. The normalized 

Q-values roughly corresponding to 1, 11/2, 31/2, indicating a BCC arrangement, which is consistent 

with F127-based hydrogels that have been reported in the literature.32,33 A higher loading of F127-

BUM (37 wt%) was required when [HVIM]BF4 was the solvent, which was likely due to the 

increased compatibility between the imidazolium cation and poly(propylene oxide) blocks of the 

triblock copolymer.  

3.4.3 Characterization of Ion Gels Pre- and Post-Curing 

To confirm good shear-thinning behavior during the printing process, rheometrical 

characterizations were performed on the ion gels. The frequency sweep experiments (Figure 3.4a) 

were first performed to confirm stability of the ion gels over a frequency range. The storage and 
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loss moduli appeared steady over 0.0159-15.9 Hz, suggesting that results from future experiments 

done within this frequency range would not be affected by the frequency. Therefore, the strain-

sweep and cyclic experiments discussed next were performed at 1 Hz. Oscillatory strain-sweep 

experiments (Figure 3.4b) displayed the gel-sol transition the ion gels experienced when extruded 

(at 11% oscillatory strain), and cyclic strain experiments (Figure 3.4c) showed that the gel-sol 

transition is fast and reversible over multiple cycles without significant hysteresis. The prior two 

properties are important in the printing process, as the gel must be able to flow through the nozzle 

then quickly recover its gel state after exiting the nozzle, and the transition should happen 

reproducibly each time pressure is applied. Lastly, viscosity vs. shear rate experiments (Figure 

3.4d) showed the decreasing viscosity with increasing shear rate, confirming that the ion gels are 

shear-thinning.  

EIS showed that the ionoelastomers retained ionic conductivity from the ILs. The 

calculated ionic conductivities obtained through EIS were summarized in Table 3.2, with 

examplary Nyquist plots of [EVIM]BF4 ion gel before and after curing shown in Figure 3.5. 

Overall, they were found to be in the range of 10-3−10-4 S·cm-1, which are typical values for ion 

gels containing nonconducting polymers. Additionally, due to increasing molecular weight, ion 

gels containing ILs with longer side chains have a lower density of charge carriers. Therefore, the 

ionic conductivity of the [BVIM]BF4 ion gel is lower than the [EVIM]BF4 ion gel, and [HVIM]BF4 

ion gel the lowest. After curing, the ionic conductivity for the polymerized systems decreased to 

10-6−10-7 S·cm-1, which was expected due to lower number of mobile ions.34 However, the cured 

material containing [BVIM]BF4 has higher ionic conductivity compared to [EVIM]BF4. With 

increasing side chain length, the inter-chain spacing increases, as the glass transition temperature 

(Tg) of the material. It has been shown that the ionic conductivity of ionoelastomers are largely 
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dependent on the Tg, although not exclusively.35–37 The relationshop between ionic conductivity 

and Tg can be described by Vogel–Tamman–Fulcher (VTF) equation for polyelectrolytes 

(Equation 3): 

𝜎 = 𝐴𝑇1/2𝑒−𝐸𝑎/(𝑇−𝑇𝑔)   (3) 

 

Where σ is the ionic conductivity, A is the frequency factor, T is temperature, and Ea is the 

activation energy.38 [HVIM]BF4 ionoelastomer also has a lower ionic conductivity due to the 

larger amount of F127-BUM used. 

Additionally, TGA suggests the ionoelastomers retained the thermal stability of the ionic 

liquids. The TGA plots looks very similar between the ionoelastomers (Figure 3.6a) and 

ionoelastomers with added F127-BUM (Figure 3.6b). Overall, the onsets of decomposition for the 

[EVIM]BF4, [BVIM]BF4, and [HVIM]BF4 ion gels decreased by 16.9 °C, 18.5 °C, and 30.6 °C, 

respectively, with addition of F127-BUM (Table 3.3). Despite a significant amount of F127-BUM 

added, these onset temperatures are much higher than that of pure F127, which is at 200 °C.39,40 

The presence of the polymerized ILs contribute to a marked increase in thermal stability of the 

ionoelastomers. 

3.4.4 DIW Printing  

The ion gels were printed using a pneumatic DIW system. Multi-layered constructs were 

successfully printed with an extruded filament diameter of ~0.4-0.6 mm (0.26 mm I.D. nozzle, 0.3 

mm layer height), and did not require photo-curing between layer deposition. All structures were 

printed with 0.3 mm layer height. The [EVIM]BF4 (Figure 3.7a) and [BVIM]BF4 (Figre 3.7b) ion 

gels afforded successful multi-layered objects up to 20 layers, and the viscoelastic properties of 
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the printed ion gel supported overhanging features. The softer [HVIM]BF4 ion gel afforded 

constructs containing up to 8 layers with good layer-to-layer integrity (Figure 3.7c). 

3.4.5 Mechanical Characterization of Casted Bulk vs. Printed Parts  

All multi-layered constructs were UV-cured after they were entirely printed to encourage 

isotropic mechanical properties. A single post-print UV-cure reduces the interlayer defects, which 

is a common source of mechanical weakness in structures printed via 3D printing. Dogbone 

samples of each ion gel were casted in a mold and 3D printed in two different directions, and then 

characterized via tensile tests as is shown in Figure 38. The cured [EVIM]BF4 PIL exhibits the 

stiffest response, with an elastic modulus of approximately 550 MPa, whereas the polymerized 

[BVIM]BF4 and [HVIM]BF4 ionoelastomers were almost an order of magnitude less stiff, with 

elastic moduli of 68 and 34 MPa, respectively. All three polymers exhibited a highly ductile 

response, wherein the [EVIM]BF4 ionoelastomer showed the lowest ultimate strain, followed by 

the [HVIM]BF4 then [BVIM]BF4 ionoelastomers (Table 3.4). The differences in quasi-static 

mechanical properties between the different elastomers can be explained based on the size of the 

cation’s alkyl side chain length. The [HVIM]BF4 ionoelastomer, having the longest alkyl group of 

the set, consequently had the lowest Tg and thus the greatest amount of material flexibility.35 We 

also observed that the mechanical properties of the ionoelastomers were independent of the method 

of dogbone fabrication, specifically, whether they were printed vertically, horizontally, or casted 

in a mold. 

In comparison to other ionoelastomers, our materials appeared more flexible. We 

hypothesized that the increased flexibility in the materials are from the ILs that are not fully 

incorporated into the polymer network after curing. The unpolymerized ILs can disrupt point 

interactions between  polymerized IL chains and increase distance between polymer chain 
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backbones, which results in increased flexibility in the material. Gel fraction experiments were 

done to observe the difference in weight of the cured materials after 7 days of submersion in 

methanol. In all materials, approximately 90 wt% of the material was retained (Table 3.4), 

suggesting that 10 wt% of the materials were unpolymerized ILs that were leached out into 

methanol. We further confirmed this hypothesis by submerging dogbone samples in methanol for 

48 h, and subjecting the samples to tensile tests after drying (Figure 3.9). Upon removal of residual 

ionic liquid, all of the samples showed increased elastic moduli and decreased ultimate strain, 

while maintaining a generally ductile response 

3.4.6 Shape Recovery Properties  

The tensile experiments further revealed that all of the ionoelastomers exhibited a varied 

time dependent (and generally nonlinear viscoelastic) recovery toward their original shape, as can 

be seen in Figure 3.10. All three polymers showed an initial, relatively rapid, partial shape recovery 

from 150% strain within the first 10 seconds, with the [EVIM]BF4 and [BVIM]BF4 ionoelastomers 

returning to 100% strain and the [HVIM]BF4 ionoelastomer to 55% strain. After this initial rapid 

recovery, the viscoelastic recovery becomes slower and more varied between the three samples. 

After 120 hours, the [EVIM]BF4 ionoelastomer, which exhibits the slowest recovery, retains 

approximately 54% strain, which suggests a partially plastic response. In contrast, the [BVIM]BF4 

and [HVIM]BF4 ionoelastomers exhibited nearly full shape recovery after 2 hours, with the 

[HVIM]BF4 ionoelastomer showing the faster recovery. While [EVIM]BF4, [BVIM]BF4, and 

[HVIM]BF4 polymerized to form linear chains, the F127-BUM serves as a crosslinker in this 

polymer network and provides the ‘memory’ of the original shape of the object. We suggest the 

variable time-dependent recovery is likely due to the transient charge interactions between 
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polymerized IL chains. The larger butyl and hexyl groups can shield the cation, which leads to 

higher mobility of the chains. 

3.4.7 Fabrication of Shape-Morphing Bilayer Constructs  

The differences in mechanical properties of the cured ion gel were utilized to print bilayers 

that were programmed via 3D printing to undergo mechano-activated shape changes. For example, 

a bilayer construct comprised of a [BVIM]BF4 layer printed onto a [EVIM]BF4 layer was cured 

and then mechano-activated by stretching (150% strain) and releasing the film. The combination 

of the plastic deformation of the [EVIM]BF4 layer and the viscoelastic recovery of the [BVIM]BF4  

led to permanent bending of the bilayer construct in the direction of the elastomeric layer. The 

extent of curvature was dependent upon the applied strain, wherein smaller bending angles were 

produced with small strains (50%) and larger bending angles at higher strains (100% strain) 

(Figure 3.11).  

The multi-material DIW printing process also enables the programming of more complex 

mechano-activated multidirectional shape-morphing. For example, we printed alternating parallel 

lines of [EVIM]BF4 and [BVIM]BF4 ion gels at a 135° angle on top of a [BVIM]BF4 ion gel layer. 

The bilayer was UV-cured and then mechano-activated to fold into a helical structure, as is shown 

in Figure 3b. Bilayers were also programmed via 3D printing to encode letters that were revealed 

upon mechano-activation (Figure 3.12). A “U”, which requires bending in one direction was 

created by printing [BVIM]BF4 ion gel on the upper layer in the region where the bend was desired. 

On the other hand, a “W” required the spatial localization of the [BVIM]BF4 ion gel within both 

layers, in different locations, in order to facilitate the bending in opposite directions. Strain-

concentrating regions were incorporated into the design in this case to maximize the strain incurred 
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to the intended bending region, and minimize the strain incurred to the intended straight regions, 

under application uniaxial tensile load at the edges of the sample. 

3.5 CONCLUSION 

In summary, we have used multi-material DIW, enabled by polymerizable ion gels, to 

program the mechano-activated multidirectional folding of planar structures into 3D shapes. The 

polymerizable ion gels that were developed for this application exhibited variable viscoelastic or 

viscoelastic-plastic behaviors upon the application and release of a tensile load. The ability to 

control the viscoelastic and plastic response of the constituent materials of the printed morphing 

structure offers significant potential benefit, wherein future, time-dependent, sequential folding or 

autonomous origami schemes can be envisioned. The ion gels exhibited good shear-thinning 

behavior with rapid transitions between the gel- and sol-states. Mechanical characterization 

performed on cured structures confirmed minimal interlayer defects were introduced during the 

printing process. The ionic liquid within the ion gel was polymerized during a post-print UV cure, 

which led to objects with a high degree of isotropy. Unlike other methods of producing objects 

that undergo mechanically induced shape changes, our approach does not require pre-stretching 

before or during fabrication. Thus, the full capabilities of 3D printing can now be used to program 

more complex geometrical changes upon mechano-activation. 
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Figure 3.1 Strategy towards shape change and chemical compositions of the materials. a) Upon 

stretching and releasing the bilayer, the shape memory materials recover at different rates and to 

different degrees, allowing the bilayer to bend towards the side that recovers the most. The ion 

gels used to fabricate these structures were comprised of (b) an F127-based triblock copolymer 

with bisurethane methacrylate chain ends (F127-BUM) and (c) one of the following ILs: 1-ethyl-

3-vinylimidazolium tetrafluoroborate ([EVIM]BF4), 1-butyl-3-vinylimidazolium tetrafluoroborate 

([BVIM]BF4), or 1-hexyl-3-vinylimidazolium tetrafluoroborate ([HVIM]BF4). d) The ion gel was 

shear-thinning and comprised F127-BUM micelles dispersed in the IL. After UV cure (365 nm), 

the methacrylate chain ends of F127-BUM and IL co-polymerize to form a shape memory 

polymeric network. 
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Scheme 3.1 Synthesis of polymerizable ILs. The first step involves an SN2 quarternization 

reaction, ran neat at elevated temperature. The second step is a simple anion exchange with sodium 

tetrafluoroborate in acetone.  

 

 

Figure 3.2 ATR-FTIR spectra for the polymerizable ILs before and after UV curing. The 

disappearance of C=C bond suggests successful polymerization of the cation’s vinyl group to 

create a continuous polymer network. 
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Figure 3.3 SAXS data plot of 15 wt% F127-BUM in [EVIM]BF4 and [BVIM]BF4 (solution), 30 

wt% F127-BUM in [EVIM]BF4 and [BVIM]BF4 (ion gel), and 30 wt% F127-BUM in [EVIM]BF4 

and [BVIM]BF4 (x = cured). The broad peaks for the polymer solutions suggest presence of free 

floating micelles, while multiple, sharp peaks for the ion gel suggest BCC packing of the micelles 

that leads to gelation. 

[EVIM]BF4 

Q-value (A-1) 

[EVIM]BF4 

dist. (Å) 

[EVIM]BF4 

normalized  

Q-ratio 

[BVIM]BF4 

Q-value (A-1) 

[BVIM]BF4 

dist. (Å) 

[BVIM]BF4 

normalized 

Q-ratio 

   

0.044527 141.110 1 0.044947 139.791 1 
   

0.063015 99.709 1.415 (~√2) 0.064209 97.855 1.429 (~√2)    

0.077644 80.923 1.744 (~√3) 0.077468 81.107 1.724 (~√3) 
   

Table 3.1 Q values, micelle-to-micelle distance, and normal Q-ratios for 30% F127-BUM in 

[EVIM]BF4, [BVIM]BF4 
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Figure 3.4 Rheometric characterizations on the PIL inks. (a) Frequency sweep experiment 

showing stable storage moduli values. (b) Oscillatory strain sweep experiment on the ion gels 

showing the storage and loss moduli as a function of strain, showing the gel-sol transition that 

enables printing. (c) Cyclic experiment to show that the transition is fast and reversible, and (d) a 

viscosity vs. shear rate to model the shear thinning behaviours. 

a b

c d
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Figure 3.5 Representative Nyquist plots from EIS measurement on the ion gels before and after 

curing. After cure, the plot shows significantly higher resistance (Zre as -Zim → 0 Ω), which leads 

to lower ionic conductivity.  

[EVIM]BF4 Ion Gel Before Curing [EVIM]BF4 Ion Gel After Curing

Composition σ gel (×10-3 S·cm-1) σ cured (×10-6 S·cm-1) 

[EVIM]BF4 +27% F127-BUM 3.12±0.09 2.26±0.67 

[BVIM]BF4 +27% F127-BUM 1.41±0.04 8.08±0.92 

[HVIM]BF4 +37% F127-BUM 0.38±0.02 5.32±0.66 

Table 3.2 Calculated ionic conductivity values (σ) for both the ion gels and cured products. 



88 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.6 TGA plots for the ionoelastomers without F127-BUM (a) and with F127-BUM 

crosslinks (b).  

a b

Polymerized IL Tonset ionoelastomer,  

no F127-BUM 

Tonset ionoelastomer  

+ F127-BUM 
∆  

p([EVIM]BF4) 343.98 °C 327.06 °C 16.92 °C 

p([BVIM]BF4) 347.69 °C 329.20 °C 18.49 °C 

p([HVIM]BF4) 355.63 °C 325.03 °C 30.60 °C 

Table 3.3 Decomposition temperature onsets for both the cured ion gels with and without added 

F127-BUM and the calculated differences. 
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Figure 3.7 Example prints including (a) a 2-layer perpendicular serpentine structure and a  20-

layer offset cylinder with a 40° overhang ([EVIM]BF4 ion gel), (b) a 20-layer single line and a 20-

layer offset cylinder with a 40° overhang ([BVIM]BF4 ion gel),  (c) an 8-layer 5-pointed star and 

a 20-layer straight cylinder ([HVIM]BF4 ion gel). 

 

5 mm5 mm
5 mm

5 mm

10 mm

10 mm 5 mm

a b c

 

Figure 3.8 Stress-strain curves of the cured materials are shown for dogbone samples that were 

casted, printed perpendicular (DH), or printed parallel (DV) to the axis of applied strain. The 

similarity between tensile curves for each sample shows the advantage of curing at once after the 

printing to minimize interlayer defects and anisotropy in printing direction. 

 

DV DH
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Composition 
Young’s Modulus  

(MPa) 

Ultimate Strain 

(mm/mm) 

Gel Fraction  

(7 days) 

[EVIM]BF4 + 

27% F127-BUM 
552.05±31.04 2.99±0.17 89.0±1.31% 

[BVIM]BF4 + 

27% F127-BUM 
68.02±10.78 4.08±0.38 89.6±0.38% 

[HVIM]BF4 + 

37% F127-BUM 
34.44±7.08 3.51±0.30 89.9±0.86% 

Table 3.4 Young’s moduli and ultimate strains from tensile tests on casted dogbones, and gel 

fraction taken after submerging PILs in methanol for 7 days and drying overnight at 70 °C. 

 

Figure 3.9 Tensile plots for dogbones directly after uv curing (solid lines) and gel fraction 

dogbones that have been extracted with methanol for 48 h and dried overnight (dashed lines). 
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Figure 3.10 To observe the shape recovery of the cured structures, casted dogbones were stretched 

to 150% strain and released. The lengths of the dogbone’s narrow sections were monitored and the 

shape recovery as a function of time for the ion gels are plotted to show the difference in speed 

and extent of recovery. 
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Figure 3.11 Printed bilayer strips can be stretched to 50%, 75%, and 100% strain. Upon release 

of tension, the structures bends. The amount of bending can be controlled by the magnitude of 

applied strain and the combination of selected materials. 
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Figure 3.12 Mechano-activated shape transformation into (a) a helical ribbon, and (b) planar 

constructs that were encoded to transform into a “U” and a “W”.  
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CHAPTER 4: PHOTOCURING 3D PRINTED OPAQUE 

COMPOSITE NETWORKS VIA TRIPLET FUSION 

UPCONVERSION 

4.1 ABSTRACT 

 High energy photons (λ<400 nm) are frequently used to initiate free radical 

polymerizations to form polymer networks, but is only effective for transparent objects. This poses 

major challenges to photochemically modify the physicochemical and mechanical properties of 

particle-reinforced composite networks since deep light penetration of short-wavelength photons 

is stifled. Herein, we employ the unconventional, yet versatile multiexciton process of triplet-

triplet annihilation upconversion (TTA-UC) for curing opaque hydrogel composites created by 

direct-ink-write (DIW) 3D printing. TTA-UC mediates the conversion of low-energy red light 

(λmax = 660 nm) for deep-penetration into higher-energy blue light to initiate free radical 

polymerizations within opaque objects. As proof-of-principle, hydrogels containing up to 15 wt% 

TiO2 filler particles and doped with TTA-UC chromophores were readily cured with red light, 

while composites without the chromophores and TiO2 loadings as little as 1-2 wt% remained 

uncured. Importantly, this method has wide potential to modify the chemical and mechanical 

properties of complex DIW 3D-printed polymer-particle composites. 

4.2 INTRODUCTION 

Additive manufacturing (AM or 3D printing) involves selective deposition of materials in 

a layer-by-layer fashion to create customizable structures with precise 3-dimensional control. As 

AM evolved from a rapid prototyping process to a key driver towards the next industrial revolution, 

massive effort and progress have been made towards developing advanced printable materials.1–6 
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In many AM techniques, printing robust 3D objects relies on the formation of polymer networks 

via photoinitiated radical polymerizations to achieve the desired mechanical properties.7,8 

Photopolymerization is a preferred method as it is fast and can be done at ambient temperature 

with spatiotemporal control. Network formation can occur during the printing process, in which 

patterned light is used to generate the 3D object.9,10 Alternatively, network formation can be 

photoinitiated in a post-print cure step that occurs after the printing process is complete.11,12 Both 

of these processes commonly use high energy light with wavelengths below ≤405 nm to generate 

radicals that initiate polymerization.13–15 However, light penetration depth becomes increasingly 

critical in the fabrication of objects with homogeneous mechanical properties as the thickness of 

the printed part exceeds millimeter length scales. Most materials (including biological tissues) 

scatter light with smaller wavelengths via Mie and Rayleigh scattering.16,17 Hence, 

photopolymerization with high energy light can require a longer exposure time or higher intensity, 

which increases energy consumption, risks dehydration of the hydrogels, and causes issues related 

to degradation.18 While homogenous curing of thick and/or visually opaque materials to create 

uniform polymer networks would be beneficial for applications in particle composites or tissue 

engineering, this capability remains a significant challenge for the AM field. 

Triplet-triplet annihilation upconversion (TTA-UC) is a process that effectively converts 

low energy photons19 (long wavelength) into high-energy excitons, which can then emit short-

wavelength irradiation or undergo energy transfer processes. Thus, we reason that this mechanism 

could present a facile methodology to cure polymer networks using conventional long-wavelength 

irradiation sources, devoid of highly specialized photochemical equipment. For example, two-

photon polymerization (TPP) utilizes takes advantage of the deep penetration of red and infrared 

light to fabricate 3D objects.20–24 However, the necessity for a single molecule to simultaneously 
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absorb two photons requires an expensive laser set-up with high fluences. Similarly, Zhu, et al. 

demonstrated an application of DIW printing of pigmented inks using NIR-driven upconversion 

with inorganic nanoparticles.25 Although upconversion using inorganic nanoparticles can also 

initiate photopolymerization with low energy photons26, this technique requires a high excitation 

power density and has a lower absorption of visible excitation light and quantum yield.19 

Alternatively, TTA-UC involves two chromophores27, a sensitizer and an annihilator, and benefits 

from the high extinction coefficient of the sensitizers and excitation at a relatively low light 

fluence.28 The ability to employ TTA-UC to initiate polymerizations is rapidly gaining traction 

due to the versatility of the systems used, especially in molding and printing 3D polymeric 

objects.29,30 Considering the vast advantages resulting from doping plastics with fillers to reinforce 

and alter mechanical properties of thermoplastics and thermosets, it is imperative develop 

photochemistries that yield reinforced composites by light irradiation in order to access chemically 

tunable 3D-printed objects made from materials that are sensitive to thermally-driven molding 

processes.  

Herein, we introduce a modular strategy for multimaterial direct-ink-write (DIW) 3D 

printing composites and subsequent light-curing of thick and optically opaque hydrogels mediated 

by TTA-UC. We utilized a benchtop red light source (660 nm) to cure combinations of transparent 

hydrogels and opaque TiO2 reinforced hydrogels. In order to test how TTA-UC compares to 

conventional UV light photocuring post-3D printing, core-shell objects were fabricated with a 

hydrogel core and TiO2-reinforced hydrogel shell. The limited penetration of UV light through 

the composite layer resulted in a “jammy gel” composite, comprising a cured shell and uncured 

core (Figure 4.1). In contrast, the construct cured via TTA-UC was cured through its entirety to 

afford a “hard-cured gel.” These results highlight the remarkable potential of implementing TTA-
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UC to facilitate photoinitated polymer network formation through thick and opaque 3D printed 

objects that cannot be uniformly cured otherwise. 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

 Pluronics® F127 (BioReagent), triethanolamine (98%), Eosin Y (99%), Titanium(IV) 

oxide (325 mesh/44 microns, >99%) and CDCl3 (D, 99.8% + 1% V/V TMS) were purchased from 

MilliporeSigma. Titanium(IV) oxide (NanoArc, 32 nm APS powder, 99.9%) was purchased from 

Alfa Aesar. 2-isocyanatoethyl methacrylate (>98%), dibutyltin dilaurate (>95%), and 2-hydroxy-

2-methylpropiophenone (>96%) were purchased from TCI America. PdTPTBP was purchased 

from Santa Cruz Biotechnology, Inc. TIPS-anthracene was synthesized according to the reported 

procedure.31 Diethyl ether, acetone, and tetrahydrofuran (HPLC grade) were purchased from 

Fisher Scientific. All reagents were used as received. Anhydrous methylene chloride was obtained 

by purification over alumina column on a Pure Process Technology purification system. Soybean 

oil was purchased from Alfa Aesar. 

4.3.2 TTA-UC Solution Preparation 

PdTPTBP (2.5 mg) was dissolved in tetrahydrofuran (1.00 mL) as a stock solution. To 

the freshly prepared stock solution (100 µL) was added TIPS-anthracene (14.0 mg). 

tetrahydrofuran (900 µL) was added to completely dissolve the TIPS-anthracene followed by the 

addition of soybean oil (1.00 mL). The control solution was made in the same way without 

addition of the TIPS-anthracene. 
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4.3.3 Synthesis of F127-BUM (New Workup Method) 

Glassware was oven-dried at 125 °C for at least 16 h and F127 polymer (60 g, 4.8 mmol) 

was dried under vacuum (~ 2 Pa) for at least 16 h at room temperature in a round-bottom flask. 

Anhydrous dichloromethane (550 mL) was added to the flask under N2 atmosphere. The mixture 

was stirred at 30 °C, and after the polymer has dissolved, dibutyltin dilaurate (12 drops) was added 

using a glass Pasteur pipette. The 2-isocyanatoethyl methacrylate (3.5 mL, 24.8 mmol) was diluted 

in anhydrous dichloromethane (50 mL) and added to the reaction mixture at a rate of approximately 

1 drop/s. The reaction was left to stir under N2 at 30 °C. After 2 d, the reaction was concentrated 

at 30 °C using a rotary evaporator. The polymer was precipitated by slowly pouring the concentrate 

into diethyl ether (1.8 L) in a large beaker. The precipitate mixture was stirred for an additional 30 

min before turning off stirring to let the precipitate settle for 2 h. Diethyl ether was decanted off 

and the precipitate was then washed twice by adding diethyl ether (1 L), stirring for 15 min, and 

letting settle for 1 h. After the second washing, ether was decanted and the remaining residual 

amount was allowed to evaporate by agitating with a spatula under an N2 flow. The resultant F127-

BUM powder (56 g, 93.3% yield) was dried fully overnight at room temperature under vacuum (~ 

2 Pa) and stored in the dark at 4 °C until further use. 

4.3.4 Preparation of Hydrogels and Hydrogel Composites 

The standard UV-cure hydrogels (5 g scale) were prepared by combining F127-BUM (1.5 

g), TiO2 (0.0x g; x = percent TiO2), deionized water (3.5  ̶  0.0x g), and 2-hydroxy-2-

methylpropiophenone (5 μL). The upconversion hydrogels were prepared by combining F127-

BUM, TiO2, and deionized water. Triethanolamine (13.56 wt% solu. in PBS), Eosin Y (0.647 wt% 

solu. in PBS), and upconversion solution were then added via volumetric pipette, vortexed until 

mostly homogenous, and stored at 4 °C overnight to let F127-BUM dissolve. The amounts of each 
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components used to make the upconversion hydrogels are summarized in Table 4.1. With the 

exception of tensile test, where both nano- and micron-sized TiO2 particles were used, all other 

experiments used the micron-sized TiO2. 

4.3.5 Small-Angle X-Ray Scattering 

Small-angle X-ray scattering (SAXS) was performed on beamline 12-ID-C at the 

Advanced Photon Source at Argonne National Laboratory over a Q-range of 0.01 to 1.3 Å−1 in a 

pinhole configuration. The instrument used an X-ray source of 20 keV, corresponding to a 

wavelength of 0.62 Å, a beam size of 0.4 mm x 0.15 mm and a flux density of approximately 2 X 

1012 photons/s/mm2. Samples were loaded and cured in place in a custom aluminum 48 well plate, 

sealed between two Kapton windows.32 SAXS data were collected at room temperature and with 

exposure times of 1 second each. Scattering profiles were radially integrated on-site using locally 

authored MATLAB software and were normalized using Kapton background subtraction.  

4.3.6 Rheometric Characterization 

Rheometrical characterization was performed on a TA Instruments DHR-2 equipped with 

an Advanced Peltier Plate system. All experiments were performed using the 8 mm flat stainless 

steel upper plate. The sample was cooled to 0 °C, then loaded by pouring the gel onto the bottom 

plate. The sample is then trimmed after the upper plate was lowered to the trim gap at 600 μm. The 

final geometry gap was then set to 500 μm, and pre-shear was applied at 5 °C for 10 s before 

additional sample conditioning at 25 °C for 8 min. The strain sweep experiment was performed to 

measure the storage and loss moduli over 0.01 to 100% strain (1 Hz). The cyclic shear strain 

experiment was performed at 25 °C using alternating strains of 1% for 5 min and 100% for 3 min 

(1 Hz). The frequency sweep experiment was performed to measure the storage and loss moduli 
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at 1% strain over frequency range of 0.1 to 100.0 rad/s (equivalent to 0.0159-15.9 Hz). For the 

frequency sweep, the uncured material is trimmed at 1050 μm trim gap and the final gap is 1000 

μm. For the frequency sweep on cured upconversion material, the gel was sandwiched between 2 

microscope glass slides (using additional glass slides as spacers), and cured until 650 nm light for 

25 minutes, and an 8 mm Royaltek biopsy punch was used to obtain the final sample. The sample 

is then placed on the geometry, which was lowered to a gap of 1000 μm (measured axial force = 

1.7 N) for the data collection. 

4.3.7 Gel Fraction Experiment 

Cooled hydrogels are poured into a Sylgard mold for cylindrical samples (radius 10 mm, 5 

mm height). Excess material was removed with a razor, and a large glass slide was placed over the 

top of the mold. The samples are then irradiated with 650 nm light for 25 min, and the entire setup 

was flipped and irradiated for an additional 5 min. The original masses are recorded, cut in halves 

and placed in tared scintillation vials with 10 mL acetone. The samples are then left for +1, +2, +3 

days and acetone was decanted off and the vials are placed into vacuum oven for at least 24 h 

before mass of each sample is collected. The gel fractions are calculated by taking the ratio 

between the collected mass and the calculated dry original mass (original mass multiplied by 

percent of expected F127-BUM and TiO2 in each formulation). 

4.3.8 Mechanical Characterization 

TestResources Universal Test System 1.1 kN electromechanical actuator single column 

load frame with a 44 N high accuracy S10 type load cell was used to evaluate the mechanical 

properties of the cured hydrogels. For dimensions of all dogbones, ASTM D638 type V specimen 

specifications were used. The dogbones were prepared by pouring the cooled hydrogel into a 
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Teflon dogbone. Excess material was scraped off by a razor and a microscope glass slide was 

placed on top. The gel was then exposed to 650 nm light for 25 min, then removed from the mold, 

flipped and cured for an additional 5 min. The sample was then attached to the vice grips with 

diamond grit jaw and subjected to increasing strain at a constant rate of 10 mm/min until 

mechanical failure. 

4.3.9. Direct-write 3D Printing of Hydrogel Composites 

Direct Ink Write 3D printing was performed on a HyRel Engine SR extrusion printer with 

SDS-5 syringer dispenser. The G-codes were written through a text editor. All printing was 

performed using F127-BUM upconversion system inks with an extrusion rate of 81 pulse/µL. The 

structures were printed with a layer height of 0.6 mm, with print speeds at 300 mm/min.  After 

printing was completed, the printed structures are placed into a sealed petri dish and purged with 

argon before curing with red light for 25 minutes, followed by direct light curing with the petri 

dish lid off for another 10 minutes.  

4.4 RESULTS AND DISCUSSION 

4.4.1. Upconversion Hydrogel Composite Formulation 

For this study, we used F127 bisurethane methacrylate (F127-BUM), which is a triblock 

copolymer that forms a versatile temperature responsive and shear-thinning hydrogel ink for DIW 

3D printing (Figure 4.2a).33 The hydrogel undergoes a temperature dependent sol-gel transition at 

~17 °C34,35, which enables additives to be incorporated homogenously while in its liquid form at 

low temperatures (5 °C). Upon warming to ambient temperature, the material becomes a self-

supporting and shear-thinning gel that can be extruded from a nozzle to fabricate 3D constructs. 

Typically, a photoradical generator such as 2-hydroxy-4’-(2-hydroxyethoxy)-2-
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methylpropiophenone36 (Irgacure 2959) or Eosin Y/triethanolamine37 is included in the 

crosslinkable F127 gel formulation for photocuring the construct. Thus, a hydrogel comprising a 

continuous polymer network can be formed by UV photoinitiated free radical polymerization of 

the F127-BUM chain ends. 

To overcome the limitations of UV photoinitiated systems for hydrogels that absorb or 

scatter UV light, F127-BUM hydrogels were formulated with TTA-UC chromophores that could 

be incorporated within aqueous media.31 Matching the absorption profile of Eosin Y was 

accomplished using the combination of palladium(II) meso-tetraphenyl tetrabenzoporphyrin 

(PdTPTBP) and 9,10-bis((triisopropylsilyl)ethynyl)anthracene (TIPS-anthracene), a sensitizer and 

annihilator, respectively (Figure 4.1).38 The TTA-UC chromophores were dissolved in a mixture 

of tetrahydrofuran (THF) and soybean oil, the latter acting as an oxygen scavenger necessary to 

avoid quenching of triplet excitons.39 A conventional photoredox initiator system based on Eosin 

Y and triethanolamine (TEA) was chosen since it can be activated using blue light.40,41 The TTA-

UC system is introduced to the 30 wt% F127-BUM hydrogel via addition of the sensitizer + 

annihilator, Eosin Y, and TEA solutions, followed by vortexing. While incorporation of other 

additives into hydrogels can change the polymer-polymer and polymer-solvent interaction 

gelation42–45, our hydrogel with the TTA-UC system did not exhibit a significant shift in LCST 

(Figure 4.2b) and retains shear thinning behavior (Figure 4.2c).  

4.4.2. Hydrogel Properties 

F127-BUM self-assembles in aqueous media to form micelles that pack into ordered 

lattices that give rise to the gel state.46 Characterization of these hydrogels by SAXS confirmed 

that the addition of the upconversion components did not disrupt the assembled structure in the gel 

(Figure 4.3a). There was no significant increase in the q-value, which represents the average 



103 

 

intermicellar distance, in the presence of the TTA-UC additives. Thus, the presence of emulsion 

droplets (Figure 4.3b) from the TTA-UC solution does not alter the F127 micelle size and packing. 

The ratios of normalized Q-values amongst the peaks for both samples suggest the presence of 

micelles with ordered BCC packing, consistent with another study that observed BCC packing in 

purified F127.47 

The viscoelastic properties of the hydrogel inks were characterized by rheometry to 

determine their suitability for DIW 3DP. Figure 4.4a shows a strain sweep experiment at room 

temperature, where the storage moduli at low strains (< 1%) was 30-40 kPa, suggesting firm gels 

that can support the load from subsequent layers in a multi-layered construct. Upon increasing 

applied strain, the materials exhibited a yielding behavior where the storage modulus decreased 

rapidly the loss modulus eventually exceeded the storage modulus. This gel-to-sol transition allows 

the hydrogels to flow out of the nozzle during the printing process. A cyclic strain experiment 

(Figure 4.4b), wherein the gel was subjected to alternating high (100%) and low (15%) strains 

showed that the changes in the moduli are reversible and instantaneous. The results show that the 

hydrogel can be extruded from a nozzle with an immediate response to applied force, and quickly 

recovers its gel state upon exiting the nozzle. Thus, these rheometric experiments suggest the 

addition of the TTA-UC components to the F127-BUM hydrogel does not affect its viscoelastic 

behaviors. 

4.4.3. Photopolymerization with Visible Red Light 

The F127-BUM hydrogel containing TTA-UC additives was photocured with red (660 nm) 

and UV (365 nm) light, and compared it to a control hydrogel (containing sensitizer, initiator 

system, but no annihilator). As shown in Figure 4.5a, both the upconversion and control hydrogels 

crosslinked under UV light, however, only the TTA-UC hydrogel crosslinked under red light. This 
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result demonstrates that without the annihilator, the photoinitiator system remains inactive when 

exposed to red light, and no crosslinking was observed. We further confirmed the crosslinking 

using a frequency sweep rheometric experiment on the hydrogel pre- and post-cured with red light. 

The storage modulus increased three-fold after crosslinking and was stable across a range of 

frequencies over time, suggesting irreversible crosslinking (Figure 4.5b).  

4.4.4. Using Red Light to Cure Opaque Hydrogel Composites 

Inorganic fillers have been added to hydrogels to reinforce and modify the mechanical 

properties48,49, but have limited function in photocurable materials as addition of the fillers reduce 

the transparency of the matrix.50 As a representative example, we included TiO2 particles in our 

hydrogels, which allowed us to test whether using red light can offer an advantage in deeper light 

penetration through opaque materials. In order to demonstrate this, we added varying amounts of 

TiO2 particles into the hydrogel to reduce the transparency of the material. The gels were cast into 

a mold, cured, then cut in half to observe the extent of curing inside. While samples cured with 

UV light have uncured material in the center (more with increasing wt% TiO2 particles), all 

samples cured with red light were entirely crosslinked through the center (Figure 4.6a). This 

observation was further quantified through gel fraction experiments, where the samples were cut 

in half and any material not crosslinked into the network are extracted with acetone. For transparent 

samples without TiO2, the gel fraction for samples cured using UV light retained 96.2±1.5 wt% of 

the original polymer mass, but the samples cured using red light retained 84.21±0.55 wt%. We 

posit that potential side-reactions with the alkene groups in soybean oil could decrease the gel-

fraction51, which may be circumvented using other oxygen scavengers. On one hand, as we 

increased the amount of TiO2, the mass fractions of samples cured with 365 nm light (Figure 4.6b) 

rapidly decreased, going from 64.7±2.5% (1 wt% TiO2), to 21.1±1.1% (2 wt% TiO2), to 14.3±3.9% 
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(5 wt% TiO2). On the other hand, the mass fractions for samples cured with 650 nm light (Figure 

4.6c) were very close to each other, between 81.83±0.87%(1 wt% TiO2) and 76.91±0.96% (5 wt% 

TiO2). The similar mass fractions suggested that samples cured using red light was not affected by 

addition of particles that reduce transparency, allowing the hydrogels to cure consistently 

throughout the structure. Through the same rheometric frequency sweep experiments as Figure 

2E, we have demonstrated successful red light curing for hydrogels containing up to 15 wt% TiO2 

(Figure 4.7). 

4.4.5. Mechanical Properties of Hydrogel Composites 

To characterize the differences in mechanical properties of the hydrogel composites, such 

as Young’s modulus and maximum strain, we performed tensile tests on the dogbones that were 

cast and cured using red light, shown in Figure 4.8. The calculated Young’s modulus and 

maximum strain are summarized in Table 4.2. To further probe the effect of particle size, we did 

measurements on both micron and nanometer-sized TiO2 particles. With increasing amount of 

micron-sized TiO2, the Young’s moduli increased and the maximum strain decreased. For the 

addition of nanometer-sized TiO2, the particles initially have a plasticizing effect at low 

concentrations, reducing the Young’s moduli and increasing the maximum strain, but ultimately 

stiffened the material as we increased the amount. The ability to either stiffen or soften the material 

with different types, size, and concentration of particles52–54, and the limit to filler concentration 

that contributes to the change in mechanical properties aligned with other observations in 

literature.23,55,56 While the increase in filler amount from 2 to 5 wt% of the nanometer-sized 

particles seemed to have a significant increase in stiffness, there was no significant difference for 

the micron-particles. This observation was attributed to the difficulty in dispersing larger particles 

in the hydrogel, as settling can occur and prevent the filler from effectively tuning the mechanical 
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properties. While this study was only limited to 2 types of fillers, we were able to obtain a wide 

range of Young’s modulus ranging from 27.98±0.46 to 80.2±5.8 kPa, falling into the same range 

of many soft biological tissues (vocal ligament 33.1 kPa57, cardiac tissue 5-50 kPa58, lens 54 kPa59, 

glandular breast tissue 48-66 kPa60, skin 50-150 kPa61). Additionally, our values were in similar 

range to many reported soft hydrogels systems developed for biological tissue mimics.62–64 In 

future studies, varying the polymer composition, type and particle size of fillers can also further 

expand the range of mechanical properties.  

4.4.6. Multi-Material DIW Printing of Hydrogel Composites 

DIW printing enables the fabrication of multi-material objects without the need for a highly 

customized printer such as multi-wavelength printer10,65, and the ability to print with compositional 

variations throughout the printed structure.66–69 This form of AM also allows us to print the entire 

structure before photocuring, which enables polymer networks to be formed in the x, y, and z 

directions, and across the extruded filament boundaries. As a result, interlayer defects and 

interfacial boundaries between contrasting materials of a multi-material print were minimized, 

resulting in improved mechanical properties.70,71 Therefore, multi-material DIW 3DP of hydrogel 

composites can be used to simulate biological systems comprising a complex scaffold of multiple 

cell type domains with varying mechanical properties.72–74 As shown in Figure 4.9a, various 

architectures of dual composite materials of gels with and without particle additives were printed 

using a HyRel mechanical extrusion printer. The hydrogel and composite inks were readily 

transferred into syringes for extrusion while in their sol state at ~5 °C. The inks were extruded 

through a 20-gauge nozzle (0.603 mm I.D.) to produce filaments with 0.67 mm diameter to 

fabricate multi-material objects that could vary in their composition in the x, y, and z directions 

(Figure 4.9b). First, we printed a clear hydrogel layer sandwiched between 2 opaque hydrogel 
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layers (Figure 4.9c), followed by irradiation with the light source above the opaque layer. Using 

UV light clearly resulted in a sluggishly cured gel that lost its shape when pressed. On the other 

hand, implementing TTA-UC to mediate photocuring resulted a thoroughly cured, mechanically 

robust polymer network. Another key advantage of the polymers used is that the interface between 

the opaque and clear layers contains methacrylic groups that can effectively fuse the entire 

construct. Thus, the multi-material print maintained its spatially and compositionally defined 

regions even after cutting through the object. 

To challenge the photocuring process mediated by TTA-UC in opaque constructs, we 

devised an experiment to test the chemistry of core-shell objects (Figure 4.10). The printed 

constructs were cured with UV or red light, and then submerged in water to remove the uncured 

material. To our surprise, the cube structures with a transparent shell cured entirely under both 

conditions. Although UV light cannot penetrate through opaque regions, it is possible for the 

radical polymerization that initiates in the transparent regions to then propagate into the opaque 

section. However, the structure with the opaque shell led to drastic differences when irradiated 

with UV vs. red light. While the entire structure can be cured throughout by red light, the same 

structure irradiated with UV light exhibited a significant amount of uncured material in both layers, 

as evidenced by the presence of a void in the center of the cube. Although transparent, the core of 

the structure was not cured when using UV light. 

Lastly, we explored the opportunity to exploit DIW printing of composites to create 

complex structures with mechanical reinforcement furnished by particle additives. Prior studies of 

gels with gradient layered structures highlight the importance of varying the mechanical properties 

within molded objects.75 Thus, we printed composites with macroscopically well-defined 

interfaces between particle-reinforced and pristine gels. An optical microscopy image of a cross 
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section (Figure 4.11a) of the structure from Figure 4C left in water for 1 month showed distinct 

separation between the materials (dark area = 1% TiO2, transparent area = 0% TiO2), revealing 

precise spatial control of printed materials by DIW. To compare differences in the mechanical 

properties of pristine and composite structures, we printed pristine gels and layered composite 

dogbones (five alternating layers of transparent hydrogel and TiO2 hydrogel composite). Uniaxial 

tensile experiments revealed that composite dogbones can undergo twice the stretching distance 

before failure, suggesting a potential to use TiO2/hydrogel composite as reinforcement layers to 

the overall printed structure (Figure 4.11b). Interestingly, the Young’s modulus of both systems 

remains the same. These results underscore the importance of photocurable-particle reinforced 3D 

printed objects. 

4.5 CONCLUSION 

In summary, we demonstrated how unconventional photochemical multiexciton processes 

can be exploited for initiating polymer network formation within 3D printed hydrogel composites. 

Low energy light can penetrate into visibly opaque hydrogels laden with TiO2 particles, and TTA-

UC chromophores activated the photoredox initiators to induce the formation of a covalent 

polymer network. While complementary systems that respond to visible light have emerged for 

initiating radical chemistries17,76,77, our study shows that simply modifying the mechanism to 

activate conventional photoinitiation systems can be a powerful tool to chemically modify objects 

that block high energy photons. F127-BUM hydrogels retained their printability despite the 

addition of the TTA-UC components and TiO2 particles. Multi-material DIW 3DP with hydrogel 

composites afforded homogeneously cured constructs with mechanically enhanced properties. The 

fabrication of these, and other hydrogel composites, via TTA-UC will have future utility as inks 
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for DIW 3DP to produce complex multi-material objects with low optical transparency for use in 

tissue engineering and soft robotics. 
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Figure 4.1 Design and formulation of TTA-UC hydrogel system. A) Our strategy was to cure a 

hydrogel composite with an opaque component by using low energy red light, which offered better 

penetration into most opaque materials and exploited the TTA-UC to obtain blue light to initiate 

crosslinking. 
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wt% 

TiO2 

F127-

BUM [g] 
TiO2 [g] DI H2O [g] 

TEA solu. 

[μL] 
Eosin Y 

solu. [μL] 
UC solu. 

[μL] 

0 1.5 0 3.393 37 50 20 

1 1.5 0.05 3.343 37 50 20 

2 1.5 0.10 3.293 37 50 20 

5 1.5 0.25 3.143 37 50 20 

 

Table 4.1 Formulations for upconversion hydrogel/TiO2 composites (5g scale). 

 

Figure 4.2 Our selected base material, F127-BUM hydrogel, forms micelles when dissolved in 

water and can undergo LCST transition and shear-thinning behavior (a). Upon addition of the 

TTA-UC system, the hydrogel retains its ability to undergo LCST sol-gel transition (b) and shear 

thin (c). 

c

ba

F127 bisurethane methacrylate (F127‐BUM)
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Figure 4.3 SAXS characterization of hydrogel inks with and without the TTA-UC additives. a) 

SAXS suggest BCC packing of F127-BUM micelles that leads to gelation was not affected by the 

presence of micron-sized upconversion droplets resulting from the emulsion between 

tetrahydrofuran, water, and soybean oil (b). 

50 μm

a b

 

Figure 4.4 Rheometrical characterization includes a) strain sweep and b) cyclic strain experiments. 

Addition of TTA-UC additives did not affect the viscoelastic properties the material possess for 

good printability. 

a b
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Figure 4.5 Red light curing of the TTA-UC and control gels (a), showing all components of TTA-

UC system was required for photocuring with red light, and a frequency sweep rheometric 

experiment (b) to show the three-fold, irreversible increase of storage moduli after photocuring. 

a b

 

Figure 4.6 Characterization of materials after photocuring. a) Cross-sections of gel fraction 

samples with increasing amounts of TiO2 after 6 days of acetone extraction. Gel fraction 

experiments for samples cured under UV light (b) and red light (c) reveals that the transparent 

samples (0 wt% TiO2) has a higher extent of curing when cured with UV light, but had a difficult 

time curing when TiO2 was added, while gel fraction of samples cured under red light were not 

significantly affected due to the addition of TiO2. 

a

b c
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Figure 4.7 Frequency sweep rheometric experient to show the irreversible increase of storage 

moduli for the cured material at the maximum amount of TiO2 loading tested at 15 wt%. 

 

Figure 4.8 Tensile stress-strain curve for hydrogel samples with varying amounts of TiO2. 
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 0% TiO2 1% 

micron 

TiO2 

2% 

micron 

TiO2 

5% 

micron 

TiO2 

1% nano 

TiO2 

2% nano 

TiO2 

5% nano 

TiO2 

Young’s 

Modulus 

[kPa] 

53.63±0.99 51.2±4.9 73.2±1.2 79.1±4.1 27.98±0.46 36.8±2.0 80.2±5.8 

Maximum 

Strain 

[mm/mm] 

5.70±0.63 4.51±0.36 4.00±1.4 5.50±1.2 6.51±0.53 5.65±0.83 3.69±1.2 

 

Table 4.2 Calculated Young’s modulus and maximum strain from tensile test in Figure 3D. Micron 

TiO2 particle size is 44 microns, while the nano TiO2 particle size is 32 nm. 
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Figure 4.9 Multi-material DIW 3DP demonstrations using a HyRel extrusion printer (a) Prints 

include with changing materials in x,y,z directions b) checkered cube, c) sandwich cured under 

both UV and red light, where the UV cured structure was not cured entirely. 

5 mm

365 nm 
cured

660 nm 
cured

a b

c
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Figure 4.10 The structures in (D) are cured and washed and shown in (E) and (F). E) The UV 

cured structure on the right side is not cured completely, but F) red light cured structures were both 

completely cured. 

 

Figure 4.11 Optical microscopy image of sandwich (1 mm slice) in Figure 4.9c. H) Tensile test 

for printed single material (0% TiO2) and composite (alt. layers 0/1% TiO2) dogbones. 

1 mm

a b
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APPENDIX A 

3D Printing Ion Gel Auxetic Frameworks for Stretchable Sensors 

 

Ionic Liquid Screening 

Imidazolium ILs with 5 different anions were screened for compatibility with F127-BUM to 

obtain a self-supporting gel. Imidazolium ILs were picked for their commercial availability and 

cost. The ILs were screened by dissolving 20-40 wt% F127-BUM. For ILs with hydrophilic 

anions, such as dimethyl phosphate (DMP) and hydrogen sulfate (HSO4), F127-BUM overall has 

poor solubility. Despite use of methanol as cosolvent, the polymer precipitated out upon 

evaporation. For the ILs with hydrophobic anions, such as hexafluorophosphate (PF6) and 

bis(trifluoromethane)sulfonimide (TFSI), F127-BUM dissolves in the ILs without the use of a 

cosolvent. However, no gelation was observed, which we hypothesized is due to lack of phase 

separation required for micelle formation, as both the PEO and PPO blocks of F127-BUM has 

good solubility due to the ion-dipole and hydrophobic interaction, respectively, with the ILs. For 

ILs with tetrafluoroborate anion (BF4), F127-BUM was initially insoluble. But with use of 

methanol cosolvent to encourage the initial dissolution, clear, self-supporting gels were obtained 

upon evaporation of methanol. This lead us to the conclusion that in order to obtain a gel, the 

PPO block needs to be partially soluble in the IL. However, further studies are required to 

confirm these observations.  
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Figure A1. Screening of Ionic Liquids for Gel Formation with F127-BUM 
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APPENDIX B 

Mechano-Activated Objects with Multi-Directional Shape Morphing Programmed via 3D Printing 

 

 

 

 

Figure B1. 1H NMR of [EVIM]Br, 500 MHz frequency, T = 298 K 

 

 

 

 

 

Figure B2. 1H NMR of [BVIM]Br, 500 MHz frequency, T = 298 K 
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Figure B3. 1H NMR of [HVIM]Br, 500 MHz frequency, T = 298 K 

 

 

 

 

 

 

Figure B4. 1H NMR of [EVIM]BF4, 500 MHz frequency, T = 298 K 
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Figure B5. 13C NMR of [EVIM]BF4, 500 MHz frequency, T = 298 K 

 

 

 

 

 

 

Figure B6. 1H NMR of [BVIM]BF4, 500 MHz frequency, T = 298 K 
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Figure B7. 13C NMR of [BVIM]BF4, 500 MHz frequency, T = 298 K 

 

 

 

 

 
 

 

Figure B8. 1H NMR of [HVIM]BF4, 500 MHz frequency, T = 298 K 
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Figure B9. 13C NMR of [HVIM]BF4, 500 MHz frequency, T = 298 K 
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