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3D printing has gained popularity due to the ability to fabricate complex structures from materials 

ranging from hard materials such as metal and concrete to softer materials including hydrogels and 

ion gels. Stretchable conductive materials have also attracted great attention due to their potential 

applications as strain sensors, wearable electronics, soft robotics, and medical devices. The 

fabrication of these materials with customized object geometries is desirable, but the methods to 

achieve them are still highly limited. 3D printing via vat photopolymerization can easily generate 

sophisticated object geometries, but there is still a significant need to print with materials that 

afford improved conductivity, mechanical properties, elastic recovery, and durability. 

Additionally, while 3D printing enables control over sensor design in multiple dimensions, 

customizability of a sensor toward different individual use cases is still limited because each sensor 



 

requires a new design and manufacturing step. This thesis focuses on the development of ionic 

liquid gels as materials for conductive, elastomeric sensors. Chapter 1 serves as an introduction to 

3D printing in general and discusses why ionic liquids are ideal materials for flexible devices. 

Chapter 2 discusses the application of ion gels as sensors and examines the effects of altering resin 

components on mechanical properties. Chapter 3 builds on these sensors by incorporating multiple 

ionic liquids into one structure. The difference in mechanical and elastic recovery properties 

produces shape transformation when strain is applied to the multi-material constructs. Lastly, 

chapter 4 seeks to improve the customizability of these ion gel sensors by incorporating dynamic 

bonds into the polymer networks to form covalent adaptable networks (CANs). The reversable 

covalent bonds introduced to the networks allow post-printing modification of the gels and 

facilitate fabrication of modular strain sensors. 
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Chapter 1. INTRODUCTION  

1.1 INTRODUCTION TO 3D PRINTING AND STIMULI RESPONSIVE MATERIALS 

Additive manufacturing, also known as 3D printing, is a manufacturing technique developed in 

the late 1970s and early 1980s where an object is fabricated layer by layer.1-6 This approach 

contrasts traditional manufacturing methods such as subtractive manufacturing (e.g. milling), 

whereby an object is created from a large block of material such as metal or plastic, and material 

is removed until the desired object is obtained.7,8 Molding is another traditional manufacturing 

method in which a liquid substance is introduced to a hollow mold, causing the substance to adopt 

the shape of the mold’s interior as it solidifies following application of compression or heat. 3D 

printing offers several benefits over these more traditional methods, including reduction of waste 

and lower costs. Subtractive manufacturing generates significant amounts of waste that may not 

be reusable in the next round of production.7,9 Molding limits waste, however it remains difficult 

to create molds of objects with complex geometries. In addition, rapid design iteration is restricted 

in molding because it is costly and time consuming to fabricate a new mold for each new design.6,9 

3D printing offers a solution to these issues because only the required parts of a desired object are 

printed, limiting material use and waste. Objects intended for 3D printing are created digitally 

using computer aided design (CAD) software, which provides the ability to rapidly iterate new 

designs at low cost and without the need to create new molds.   

There are a variety of types of 3D printing, such as fused deposition modeling (FDM), 

direct ink writing (DIW), stereolithography apparatus (SLA), selective laser sintering (SLS), and 

binder jetting, among others.4,8,10-14 The type of printer employed depends on the properties of the 

materials used, such as whether the material is a powder, photo-responsive liquid resin, or plastic 
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which can be melted. A wide range of materials are available for 3D printing, including hard 

materials such as ceramics, metals, and concrete, as well as softer materials such as sugars, 

hydrogels, and ion gels.8,10,12,15-26 Applications for 3D printed objects are also wide ranging. 

Industrial 3D printers are used to create larger objects such as houses and parts for ships, 

automobiles, and aircraft. Smaller objects which can be 3D printed include healthcare monitors, 

soft robots, food, toys, and proof of concept prototypes.27-41 3D printing technology has improved 

sufficiently such that two-photon lithography has been utilized to 3D print sculptures on the tip of 

a pencil, with features possessing nm resolution.42  

The increase in popularity of 3D printing has given rise to the field of 4D printing, where 

3D objects change properties in response to external stimuli, with time serving as the fourth 

dimension.11,15,17,18,25,43-63 These stimuli responsive materials have been designed to change shape 

or mechanical properties in response to light, heat, pH, magnetic field, and strain. Examples of 

stimuli responsive materials include mechanical grippers for soft robotics,43,61,62 magneto-

responsive polymer networks which change shape in response to external magnetic fields,25,59,63 

and flexible sensors which change shape upon the application of strain.17,18   

1.2 INTRODUCTION OF IONIC LIQUIDS AS MATERIALS FOR FLEXIBLE SENSORS 

Ionic liquids (ILs) are organic salts which are liquid at temperatures below 100 °C. These materials 

consist of organic cations paired with organic or inorganic anions. The cations tend to be large, 

bulky, and asymmetric, which causes frustration of crystallization.64-66 ILs are useful materials for 

3D printing because they have highly tunable chemical structures, allowing for precise adjustment 

of material properties toward a desired application. For example, the anion can be altered to make 

the IL more or less hydrophobic, and substituents can be added to the organic cation to affect the 

viscosity or photo-responsive properties of the liquid salts. Due to their ionic nature ILs are also 
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conductive, and coulombic interactions lead to low vapor pressures. As a result, IL-swollen 

polymer networks are resistant to evaporation, which allows these ion gels to maintain their 

properties over extended periods of time. This is in contrast to water swollen networks (hydrogels), 

which are significantly affected by factors such as drying out as well as ambient conditions such 

as pH, humidity, and temperature. Changes to these conditions will affect the water content of the 

gel, which will considerably alter the performance of the material due to swelling or loss of 

water.34,35,37,41  

ILs can be used to create elastomeric sensors for use in flexible devices. Applications for 

flexible sensors include healthcare monitors,16,21,39-41,65,67 actuators and sensors in soft 

robotics,12,14,28-33,48,61,62,68 and artificial skins.34-38,69 Notable examples containing ILs include an 

ionic skin (i-skin) developed by Hao et al.36 The material was ultra-stretchable (strain at break 

>10,000%), with an operating temperature range of −40 to 150 °C. The i-skin was comprised of 

poly (zwitterionic ionic liquid)-co-poly (acrylic acid) networks swollen with 1-ethyl-3-methyl- 

imidazolium ethyl sulfate and could be SLA 3D printed into wearable sensors used for monitoring 

human motion. Chossat et al.69 utilized an IL-swollen network to develop a tactile sensor. A 

silicon-based elastomer was fabricated into a microchannel matrix filled with 1-ethyl-3-

methylimidazolium ethyl sulfate which allowed predictable and reproducible sensing of changes 

in pressure. Chen et al.20 developed an ionogel that functioned as both a pressure and temperature 

sensor. The network was primarily comprised of acrylamide and acrylic acid copolymerized in 1-

ethyl-3-methylimidazolium ethyl sulfate. The presence of the IL afforded high sensitivity towards 

changes in pressure and temperature, which manifested as a drastic change in resistance 

(temperature coefficient of resistance (TCR) = 3.79 °C-1). Jurinovs et al.68 formulated a biobased 

IL gel by mixing 1-ethyl-3-methylimidazolium acetate with single walled carbon nanotubes 
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(SWCNTs) in acrylated rapeseed oil. The combination of IL and SWCNT provided excellent 

conductivity, and the material was able to be SLA 3D printed into functional actuators for soft 

robotics.  

1.3 CONTROLLING PROPERTIES OF IL RESINS 

When formulating IL resins for SLA printing, two important parameters to consider are the resin 

viscosity and rate of photopolymerization. SLA printing involves a tray with a transparent base 

containing a photopolymerizable resin. When placed in the printer, the tray sits above a lens which 

houses a UV laser. The laser photopatterns cross-sectional areas of a 3D structure in a layer-wise 

fashion according to the parameters input into the CAD file. The 3D printed structure is assembled 

on an aluminum build plate that is suspended on a mechanical arm over the resin tray. The build 

plate is incrementally raised as each layer of the structure is deposited. The resin viscosity must 

remain below 10 Pa•s for the resin to flow during printing. This is important because as the build 

plate lifts out of the resin and is repositioned to print the next layer of the structure, the resin must 

be able to recoat the bottom of the print tray to avoid defects in the printed object. The rate of 

photocuring is important as well because the resin must cure quickly enough to adhere to the build 

plate, but not too quickly to prevent overcuring during the printing process which may result in a 

loss of resolution in printed features. These parameters can be controlled by modifying the amount 

of photoinitiator and photoabsorber incorporated into the resin.22 The photoinitiator serves to 

initiate free radical polymerization of the resin, while the photoabsorber limits light scattering and 

improves the resolution of the printed structure.   

Resin properties can also be controlled by altering the chemical structure of the ILs 

themselves. Subtle alterations to the chemical structure can result in significant changes in material 

properties. For example, in the photopolymerizable ionic liquids 1-vinyl-3-butyl imidazolium 
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bis(trifluoro methanesulfonyl)imide ([BVIM]TFSI) and 1-vinyl-3-ethyl imidazolium 

bis(trifluoromethanesulfonyl)imide ([EVIM]TFSI), the length of the alkyl substituent influences 

the viscosity of the IL as well as the viscoelastic properties of the resulting ion gel. The viscosity 

of [BVIM]TFSI resins are higher than those containing [EVIM]TFSI. Polymerized structures 

comprised of [BVIM]TFSI have lower Young’s modulus and increased strain at break relative to 

structures comprised of [EVIM]TFSI. In both cases, polymerized networks solely comprising 

these ILs are brittle due to the formation of linear chains. Crosslinkers such as oligo and 

polyethylene glycol (PEG) have been demonstrated to provide increased elasticity to poly(IL) 

networks.17,22,70 The amount of copolymer included in the resin affects the resin viscosity and 

viscoelastic properties of the polymerized network as well. In general, formulations with higher 

PEG content possess lower Young’s modulus and increased strain at break. Higher PEG content 

yields a higher viscosity resin as well. The variety of parameters which can be altered to influence 

material properties provides a high degree of control when formulating resins for SLA printing.    

1.4 CONCLUSION 

The following chapters describe the formulation of IL resins for SLA printing of conductive, 

elastomeric ion gels. Chapter 2 introduces the application of these gels as strain sensors and 

investigates the effects of altering the w/w% of the resin components. Chapter 3 builds on these 

materials by combining multiple IL resins into one structure. Strain induced shape transformations 

are observed in these multi-material gels due to the difference in mechanical and shape recovery 

properties of the different materials. Finally, chapter 4 discusses the development of an IL covalent 

adaptable network (CAN) by introducing dynamic covalent bonds into the crosslinks of these 

polymer networks. The reversable nature of these crosslinks facilitates post-polymerization 

modification of the networks, allowing fabrication of modular ion gel strain sensors.      
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Figure 1.1 Example of cations and anions utilized to create ionic liquids.  
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Figure 1.2 Chemical structures of photopolymerizable ionic liquids 1-vinyl-3-butyl imidazolium 

bis(trifluoromethanesulfonyl)imide ([BVIM]TFSI) and 1-vinyl-3-ethyl imidazolium 

bis(trifluoromethanesulfonyl)imide ([EVIM]TFSI), as well as crosslinker polyethylene glycol 

bis(urethane) methacrylate (PEG-BUM). 
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Chapter 2. 3D PRINTING OF IONIC LIQUID POLYMER 

NETWORKS FOR STRETCHABLE CONDUCTIVE SENSORS 

Adapted with permission from Narupai, B.; Wong, J.; Sanchez-Rexach, E.; Smith-Jones, J.; Le, 

V. C. T.; Sadaba, N.; Sardon, H.; Nelson, A. 3D Printing of Ionic Liquid Polymer Networks for 

Stretchable Conductive Sensors. Adv. Mater. Technol. 2023, 2300226. Copyright 2023 John 

Wiley and Sons. 

2.1 ABSTRACT 

Stretchable conductive materials have attracted great attention due to their potential applications 

as strain sensors, wearable electronics, soft robotics, and medical devices. The fabrication of these 

materials with customized object geometries is desirable, but the methods to achieve them are still 

highly limited. Additive manufacturing via vat photopolymerization can generate sophisticated 

object geometries, but there is still a significant need to print with materials that afford improved 

conductivity, mechanical properties, elastic recovery, and durability. Here we report stretchable 

strain sensors with a range of 3D printed designs using vat photopolymerization. Ionic liquid resins 

were optimized for their printability using Sudan I as a photoabsorber and used to fabricate 3D 

objects that were subjected to compression, stretching, and bending loads that were detected as 

real-time changes in current. Additionally, the self-adhesive nature of these materials enabled 

mechanically damaged structures to be mended together to regain their function as strain sensors. 

These ionic liquid resins are compatible with commercial 3D printers, which enhances their 

applicability for on-demand production of customized devices. 
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2.2 INTRODUCTION 

Stretchable conductive materials are of significant attention for their use in applications that 

include wearable electronics,1-3 sensors,4 human-machine interface,5-7 biomedical devices,8-9 and 

soft robotics.10-11 Substantial progress has been achieved in the field to create stretchable and 

wearable conductive devices, which can comprise conductive metals, carbon nanotubes, or 

graphene encapsulated in an insulating soft matrix such as silicone.12-16 Conductive metals and 

fillers are intrinsically not stretchable; thus, the sensors either lack the ability to withstand large 

mechanical strain, or must utilize patterned metal wires that can undergo large deformations.17-18   

Ionic liquids have emerged as a promising candidate for stretchable and wearable 

electronics due to high thermal and chemical stability, wide electrochemical windows, high ionic 

conductivity, and negligible vapor pressure.19-26 Sun and co-workers reported an ionic conductor 

that comprised of poly(acrylic acid) and 1-butyl-3-methylimidazolium trifluoromethanesulfonate 

to afford an ion gel that exhibited high stretchability, transparency, and self-adhesion.27 This 

approach used traditional casting techniques to fabricate structures, which limits the complexity 

of the architectures that can be formed.28-30 The future implementation of wearable electronics and 

sensors may require object geometries that are specific to an individual or a specific application. 

In such cases, 2D patterning may be insufficient to meet the demands for more complex 3D 

designs.  

Additive manufacturing (AM), also known as 3D printing, is a versatile platform to 

fabricate customized objects with locally tuned chemical compositions and intricate 

architectures.31-35 AM offers the ability to print object geometries and designs such as lattice 

structures, hollow objects, auxetic structures and graded materials, which are not accessible 

through traditional manufacturing methods.36-37 In addition, AM can fabricate personalized objects 
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that are customized to an individual to improve wearable comfort. While several different AM 

techniques are available, vat photopolymerization is especially well-suited to fabricate complex 

high-resolution objects with excellent accuracy and reproducibility.38-39 However, the 

development of materials that are specifically designed for vat photopolymerization to afford 

functional stimuli-responsive objects is still limited.  

A broad array of ionic liquids has been utilized to create 3D strain sensors.40-42 Zhang and 

co-workers developed 3D printed strain sensors using a poly(ionic liquid) and a hyperbranched 

polymer as a macro-crosslinker.43 The ionogel exhibited high stretchability (>1000% strain), high 

ionic conductivity (5.8 mS/cm), and excellent thermomechanical stability (-75 – 200 °C). Song 

and coworkers also reported 3D printed photoluminescent ionic skin based on hybrid network 

ionogels composed of poly(zwitterionic ionic liquid)-co-poly(acrylic acid) and hyperbranched 

polymer.44 These ionogels were ultra-stretchable, strongly adhesive, and self-healable strain and 

touch sensors. Song et al. further showed the 3D printing of conductive, stretchable poly(ionic 

liquids) with high toughness, ultra-strong adhesive properties, and rapid self-healing.45 Zhuo and 

coworkers reported 3D printed ionogels composed of a carboxylic ionic liquid and copolymerized 

acrylic acid/alkyl acrylate.46 This elastomer, which also functions as a strain sensor, exhibited 

100% autonomous self-healing efficiency. While these recent reports demonstrate the successful 

3D printing of stretchable strain sensors using ionic liquids, the challenge of achieving complex 

geometries that include over-hanging features, large voids, and good resolution has not been 

addressed.   

Here we demonstrate a low viscosity, photopolymerizable ionic liquid resin for vat 

photopolymerization to 3D print conductive, stretchable sensors. The ionic liquid polymer network 

was prepared by photopolymerization of 1-butyl-3-vinylimidazolium bis(trifluoromethane) 
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sulfonamide ([BVIM]TFSI), poly(ethylene glycol)-bisurethane methacrylate (PEG-BUM) as a 

photocrosslinker, phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) as a photoinitiator, 

and Sudan-I as a photoabsorber (Figure 2.1a). Different concentrations of photoinitiator, 

photoabsorber, and crosslinker were studied to investigate the printability, resolution, and 

mechanical properties of printed structures. To the best of our knowledge, there have been no 

reports on using photoabsorber to tune the mechanical properties and resolution of 3D printed 

poly(ionic liquids) strain sensors. A variety of 3D printed complex geometries were photopatterned 

using a commercially available Form 2 printer and the structures were then further cured with 405 

nm light to polymerize unreacted monomers (Figure 2.1b-c). The resulting ionic gels exhibited 

good conductivity, high stretchability, excellent elastic recovery, strong adhesion to a range of 

materials, and self-adhesion. Wearable stretchable sensors were 3D printed and used as strain 

sensors to detect human motions. The sensors exhibit an electrical response to strain and remain 

conductive after structural damage. Importantly, they also show self-adhesive behavior enabling 

the repair of mechanically damaged structures to regain ionic conductivity and mechanical 

strength.   

2.3 RESULTS & DISCUSSION 

2.3.1 Resin Formulation for Vat Photopolymerization 

During vat photopolymerization, the poly(ionic liquid) networks were formed via photo-initiated 

radical polymerization of the vinyl imidazolium monomers with the methacrylates of the PEG-

BUM cross-linker. We first investigated a series of photoinitiators including BAPO, lithium 

phenyl trimethylbenzoylphosphinate (LAP), ivocerin and ruthenium tris(bipyridyl) chloride with 

sodium persulfate ((Ru(bpy)3Cl) with SPS) on resin printability. The resin formulations tested 

comprised 0.6 wt% photoinitiator (except for 0.05 wt% Ru(bpy)3Cl with 0.18 wt% SPS), 11 wt% 
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PEG-BUM and [BVIM]TFSI. BAPO provided good solubility and afforded the best resolution of 

3D printed architecture while Ru(bpy)3Cl) with SPS system was not printable due to poor 

solubility (Figure A4).   

Two important parameters for stereolithography apparatus (SLA) printing are resin 

viscosity and rate of photocuring, which can be evaluated via rheology. A resin with high viscosity 

(>10 Pas) is slow to reflow and self-level, resulting in unsuccessful prints. Additionally, a slow 

rate of photocuring could require long irradiation times for each layer, making it unsuitable for 

SLA printing.47-52 All of the formulations tested afforded a sufficiently low viscosity (less than 1 

Pas), which is appropriate for any type of vat photopolymerization (Figure 2.2a).53-55 Since the 

irradiation time and the wavelength of light (405 nm) of Form 2 printers are not adjustable, the 

resin formulations required further optimization for printing. Photorheology was used to 

investigate the cure rate of resin formulations. Upon irradiation with 405 nm light, the storage 

modulus of the resin increased and plateaued at ~80 MPa within 5 s. The BAPO concentrations 

tested ranged from 0.04 to 4 wt%. Interestingly, the ideal range for BAPO was between 0.4-0.8 

wt%; outside of this range, the cure rate was lower. These observations are consistent with too few 

or too many initiating sites during printing, respectively (Figure 2.2b).  

2.3.2 Effect of Resin Components on Material Properties 

We further investigated the influence of BAPO concentrations on the mechanical properties of 

printed cylindrical specimens via uniaxial compression tests. The compressive modulus increased 

with BAPO concentration between 0.04 to 0.4 wt% (Figure 2.2c) and decreased with the BAPO 

concentrations between 0.6 and 0.8 wt% (Figure A5). In addition, we evaluated the printability 

and the resolution limit of printed structures using BAPO concentrations of 0.04, 0.08, 0.2, 0.4, 

0.6, 0.8, 2 and 4 wt%. The resin formulation of 0.6 wt% BAPO offered the best resolution where 
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the printed structure exhibited sharp edge and resolved hollow architecture (Figure A6-7). The 

resins of 2 wt% and 4 wt% BAPO afforded incomplete structures due to excess photoinitiator. We 

hypothesize that excess BAPO absorbed and blocked the light needed to penetrate and cure the 

rest of the structure. In contrast, using too little BAPO (0.04-0.2 wt%) resulted in unresolved 

features. This might be because fewer BAPO molecules absorb less light, so any excess light can 

penetrate and cure through previous layers of the printed structure.  

Sudan-I has been used as a photoabsorber to control the optical path length of incident 

light.56 In 3D printing, Sudan-I can reduce the penetration depth of the light and prevent 

photocuring in unwanted areas, such as in previous layers of a printed construct.57 Therefore, 

Sudan-I was added in our resin formulations to improve the resolution of printed structures. We 

investigated the influence of Sudan-I on printability, resolution, viscosity, cure rate and mechanical 

properties. Resin formulations were comprised of 11 wt% PEG-BUM, 0.6 wt% BAPO, 

[BVIM]TFSI and different concentrations of Sudan-I including 0.01, 0.02, 0.03 and 0.04 wt%. 

Addition of Sudan-I at various concentrations did not increase the viscosity of the resins, which 

remained below 1 Pas (Figure 2.2d). In addition, photorheology with 405 nm irradiation showed 

that increasing the amount of Sudan-I reduced the rate of photocuring (Figure 2.2e). Interestingly, 

the addition of Sudan-I notably decreased the compressive moduli: 2.81, 1.37, 0.66 and 0.35 MPa 

with 0.01, 0.02, 0.03 and 0.04 wt% Sudan-I, respectively. Additionally, compressive stress at 50% 

strain also decreased with an increased amount of Sudan-I (Figure 2.2f, Figure A8). 

Stereomicroscopy was performed to evaluate the resolution of printed structures shown in Figure 

2.2g. Addition of Sudan-I significantly improved the resolution of the 3D printed constructs. Using 

0.04 wt% of Sudan-I afforded the best resolution with resolved complex geometry and clear hollow 

space (Figure 2.2g). Since Sudan-I affected both the printing resolution and mechanical properties 
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simultaneously, the amount of Sudan-I used in the resin formulation needed to be optimized for 

both properties. In this study, we selected 0.02 wt% Sudan-I as the concentration used in all 

subsequent experiments because higher amounts of Sudan-I afforded brittle constructs which were 

difficult to remove from the printer.  

2.3.3 Mechanical Properties of Ion Gel Sensors 

An important feature of flexible and wearable electronics is their stretchability and elastic 

recovery. We hypothesized that linear polymeric crosslinkers could afford high stretchability 

because a stored length of polymer chain could be released during mechanical deformation.58-61 

PEG-BUM (Mn = 8000 Da) was synthesized and used as photocrosslinker. The relationship 

between the amount of photocrosslinker and mechanical properties was examined using resin 

formulation comprising of 0.6 wt% BAPO, 0.02 wt% Sudan-I, [BVIM]TFSI and different amount 

of PEG-BUM (7, 11 and 15 wt%). The compressive stress-strain curve is shown in Figure 2.3a. 

As expected, an increase in the amount of PEG-BUM decreased the rigidity of materials. The 

compressive elastic modulus of 7, 11 and 15 wt% PEG-BUM were 3.23, 2.06 and 1.56 MPa, 

respectively (Figure A9). We further investigated the stretchability of these materials via tensile 

tests. 3D printed tensile dogbones with 7 wt% PEG-BUM can be elongated up to 920% strain, 

demonstrating excellent stretchability while 11 and 15 wt% PEG-BUM exhibited 770% and 580% 

strain, respectively (Figure 2.3c). The decreasing strain at break with increasing PEG-BUM 

content is consistent with the higher degree of crosslinking in the cured polymer network.   

To examine the elastic recovery, cyclic compression tests and cyclic tensile stress-strain 

fatigue tests were performed. Figure 2.3b shows the fully elastic recovery of a 3D printed cylinder 

using 15 wt% PEG-BUM after 10 cycles of 50% strain. Additionally, Figure 2.3e and 2.3f showed 

the stress-strain curves of dogbones during the loading-unloading process with 50% tensile strain. 



 

 

23 

The result demonstrated good stretchability and recoverability. To highlight both the range of 

printable geometries and elastomeric properties of the materials, we 3D printed a puppy, lattice 

structure and Eiffel Tower with a formulation of 15 wt% PEG-BUM, 0.6 wt% BAPO, 0.02 wt% 

Sudan-I and [BVIM]TFSI. We applied mechanical loads on these 3D printed structures by 

stretching the puppy legs, compressing the lattice structure, and bending the Eiffel Tower (Figure 

2.3g-i). All of them rapidly recovered back to the original state, confirming excellent elastic 

recovery behavior which is ideal for flexible electronic devices. In addition, the thermogravimetric 

analysis (TGA) showed negligible water absorption by these materials and a decomposition 

temperature above 320 °C, which confirms excellent thermal stability of the materials (Figure 

2.3d). 

2.3.4 Conductivity of Ion Gel Sensors 

One of the most attractive features of ionic liquids is they offer high ionic conductivity. The 

electrochemical properties of these ionic liquid polymer networks were measured by 

electrochemical impedance spectroscopy. The as-printed ionic liquid gels showed high ionic 

conductivity up to 0.72 mS/cm for 7 wt% PEG-BUM, while increasing %PEG-BUM decreased 

ionic conductivity to 0.66 and 0.58 mS/cm for 11 and 15 wt% PEG-BUM. The decrease in 

conductivity is due to the reduction of ionic liquid content. Additionally, printed structures were 

subjected to a post-print curing step with 405 nm for 1 h to induce further cross-linking of uncured 

monomers and polymerizable ionic liquid within the materials. The ionic liquid gels with 7, 11 

and 15 wt% PEG-BUM showed ionic conductivity of 0.014, 0.021, 0.037 mS/cm, respectively. 

The ionic conductivity of materials with post-curing were an order of magnitude lower than the 

as-printed materials, suggesting that the crosslinked network restricted the ionic mobility. This 

result is evidenced by a 34% mass loss for printed structures with post-print curing and 73% mass 
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loss for structures without post-print curing. The difference in mass loss demonstrates the influence 

of free ionic liquid in printed structures on ionic conductivity (Table A1). It should be noted that 

the mechanical properties of printed structures with post-curing were 10 times stronger than as-

printed structures (Figure A10). Therefore, the materials were post-cured with 405 nm for 1 h after 

print in all subsequent experiments.   

Based on the ionic conductivity of the materials, we tested their capability as strain sensors 

by applying a constant potential to 3D printed structures and measuring the changes in current in 

response to mechanical deformation of the printed objects. The current changes in response to the 

mechanical motions can be explained by the expression  

𝑉 𝐼 = 𝜌(𝐿 𝐴⁄⁄ )                                                           (2.1) 

which represents the relationship between voltage (V), current (I), resistivity (ρ), material length 

(L), and cross-sectional area (A).62-63 We first tested a 3D printed lattice by manually compressing 

it by hand and observed a large current fluctuation (Figure 2.4a). As the lattice structure was 

compressed, the cross-sectional area increased, causing a rise in current. Likewise, when the 

mechanical load was removed, the current rapidly dropped. In the second example, we tested an 

hourglass shaped auxetic structure (Figure 2.4b) with different tensile loads. We manually 

stretched the auxetic structure over multiple cycles to different magnitudes of strain. The auxetic 

structures were highly sensitive to slight changes in elongation. (Figure 2.4b).   

A powerful feature of 3D printing is the ability to print personalized objects. To highlight 

this capability, a wearable strain sensor was 3D printed and used to detect various human 

physiological activities. The lattice cylinder can detect the bending motion of a finger in real time, 

demonstrating excellent performance for detecting human joint motions and differentiating 

between 0°, 45° and 90° bending angles (Figure 2.4c). Then, the cylinder was intentionally cut 
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multiple times to investigate the operation of the sensor in the event of damage. Remarkably, this 

lattice cylinder remained operational even after extensive structural damage (3 separate cuts) was 

introduced (Figure 2.4d). 

2.3.5 Adhesive Properties of Ion Gel Sensors  

An additional attractive feature of this material is its adhesive behavior, which is highly desirable 

for wearable devices.64-67 We tested the adhesive performance of a 3D printed squirrel by adhering 

it to various substrate surfaces. The 3D printed structure strongly adhered to cardboard (2x heavier 

than the printed squirrel), a razor blade (2x), glass slide (10x) and glass vial (20x) as shown in 

Figure 2.5a. The strong adhesion between the printed ionic liquid polymer network and substrates 

may be explained by the various interactions between those surfaces including hydrogen bonds, 

electrostatic interactions, ion-dipole interactions and van der Waals interactions.44-45 The ionic 

liquid polymer network also exhibited self-adhesion. For example, a 3D printed Eiffel Tower was 

cut and then re-attached. Surprisingly, the reattached Eiffel Tower was highly stretchable (Figure 

2.5b). Moreover, when a dogbone specimen was cut and re-attached, the self-adhered structure 

withstood a weight up to 100 g. We hypothesized that this strong adhesion was the result of 

hydrogen bonding interactions together with electrostatic interaction between alkoxy moieties of 

PEG-BUM backbone and imidazolium cation coupled with bis(trifluoromethanesulfonimide) 

anion from ionic liquid. These interactions have been reported to be responsible for the adhesive 

behavior of other similar ionic liquid systems.68-69 Tensile experiments were conducted to 

quantitatively evaluate the self-adhesion strength. The stress-strain curves showed an elongation 

at break around 170%, 200%, and 350% when the two halves of a dogbone were reattached under 

ambient conditions, in the dark, and under 405 nm exposure, respectively (Figure A11). We also 
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observed that the healing time and the number of reattachments influenced the self-adhesion 

strength (Figure A12-13).   

 The self-adhesive feature of these materials also enables recovery of conductivity, which 

can increase the reliability and service lifetime of wearable devices. Thus, we investigated the 

ionic conductivity of printed structures after self-adhesive reattachment. For example, the tower 

shown in Figure 2.5c exhibited a current of 27 nA in its resting state, but the current was lost when 

the structure was cut into two parts. Upon re-adhesion, the current was instantaneously recovered 

(45 nA, Figure 2.5c). The self-adhesive strength was further examined for the reattached dogbone. 

As expected, the current recovered instantly when two halves of the dogbone were reattached. 

Importantly, the dogbone could still be stretched and remained operational as a strain sensor, 

although full recovery of the material strength was not observed (Figure 2.5d). These results 

indicate that strain sensors based on ionic liquid polymer networks afford robust devices that can 

undergo self-adhesive repair to regain function.  

2.4 MATERIALS & METHODS 

2.4.1 General Reagent Information 

All purchased reagents were used as received without further purification unless otherwise 

specified. 1-vinylimidazole (>98.0%), 1-bromobutane (>99.0%), 2-isocyanoethyl methacrylate 

(>98.0%, stabilized with BHT), dibutyltin dilaurate (>95.0%) were purchased from TCI America. 

Lithium bis(trifluoromethane) sulfonamide salt (99.95%), methanol, and ethyl acetate were 

purchased from Millipore Sigma. Polyethylene glycol (PEG)-8000, diethyl ether (anhydrous, 

stabilized with BHT), acetonitrile, and dichloromethane were purchased from Fisher Scientific. 

Dry dichloromethane was obtained from a Pure Process Technology purification system. 
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2.4.2 General Analytical Information 

1H NMR spectra were collected on a Bruker Avance 500 MHz spectrometer. The spectrometer 

was equipped with a Bruker triple resonance TXI probe and interfaced with a computer running 

Red Hat Enterprise Linux 6.3 and Topspin 2.1 software. 13C NMR and 19F NMR spectra were 

recorded on a Bruker Avance DRX499 spectrometer, equipped with a Bruker triple resonance 

BBO probe, and interfaced with a computer running Red Hat Enterprise Linux 6.2 and Topspin 

1.3 software. Microscopy images were taken with Axiozoom: Zeiss Axio Zoom.V16 microscope, 

PAA A053. All rheological measurements were performed on a TA Instruments Discovery HR-2 

hybrid rheometer equipped with Peltier temperature control accessory. Mechanical tests were 

performed on a Test Resources Universal Testing Machine. Thermogravimetric analysis was 

conducted on TA Instruments Q5000 TGA. Samples were sealed in an aluminum pan and heated 

from 10 to 600 °C under N2 atmosphere. 

2.4.3 Synthesis of PEG-bisurethane methacrylate (PEG-BUM) 

A Teflon stir bar and 60 g of PEG-8000 (0.0075 mol) were dried under vacuum for 12 h in a single-

neck 1 L round-bottom flask. The flask was then backfilled with dry nitrogen. Maintaining positive 

N2 flow, 550 mL of anhydrous DCM was added to the round-bottom flask and stirred at 30 °C 

until PEG was fully dissolved. 0.89 mL (0.0015 mL) dibutyltin dilaurate was added to the solution. 

A 50 mL addition funnel was attached to the round-bottom flask. In a separate 100 mL round-

bottom flask, 50 mL of anhydrous DCM and 5.3 mL (0.0375 mol) of 2-isocyanatoethyl 

methacrylate was added and swirled to mix. The isocyanate/DCM mixture was transferred to the 

addition funnel, which was adjusted to slowly (about 1 drop per second) add the isocyanate 

solution to the reaction mixture. Following complete addition of isocyanate, the addition funnel 

was removed and left to stir at 30 °C for 2 d under nitrogen. The reaction mixture was then 
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concentrated on a rotary evaporator at 30 °C until viscous and precipitated twice in diethyl ether. 

The product was then collected via vacuum filtration and dried at room temperature under high 

vacuum using a Schlenk manifold (Yield: 20.67 g, >95%). 1H NMR (500 MHz, CDCl3) δ 6.16 (s, 

1H), 5.64 (s, 1H), 5.19 (s, 1H), 4.28 (s, 4H), 1.99 (s, 3H), protons from PEG appear at 3.69 ppm. 

IR (ATR-FTIR, νmax, cm-1): 2881, 2742, 2697, 1979, 1718, 1533, 1467, 1359, 1341, 1279, 1289, 

1146, 1095, 1059, 959, 945, 840.  

2.4.4 Synthesis of 1-vinyl-3-butyl imidazolium bromide ([BVIM]Br) 

Under neat conditions, 200 mL (2.2 mol) 1-vinyl imidazole and 285 mL (2.65 mol) 1-bromobutane 

were stirred magnetically at 45 °C for 24 h. The viscous solution was allowed to cool before 

washing 3-4 times with excessive diethyl ether until the liquid solidifies. The white solid product 

was collected by vacuum filtration and dried at room temperature under high vacuum using a 

Schlenk manifold (Yield: 456.23 g, 90.1%). 1H NMR (500 MHz, DMSO-d6): δ 9.61 (s, 1H), 8.24 

(t, 1H), 7.97 (t, 1H), 7.33 (m, 1H), 6.00, 5.43 (d of d, 2H), 4.22 (t, 2H), 1.81 (q, 2H), 1.30 (m, 2H), 

0.91 (t, 3H). 13C NMR (300 MHz, CDCl3): δ 135.22, 128.74, 123.17, 119.17, 108.57, 48.81, 30.98, 

18.68, 13.19. IR (ATR-FTIR, νmax, cm-1): 3110, 3093, 3039, 3024, 2968, 2928, 2871, 1652, 1566, 

1539, 1457, 1367, 1159, 982, 926, 880, 804, 739, 659, 603.  

2.4.5 Synthesis of 1-vinyl-3-butyl imidazolium bis(trifluoromethane)sulfonamide 

([BVIM]TFSI) 

96.34 g (0.42 mol) of [BVIM]Br and 122.6 g (0.427 mol) of lithium bis(trifluoromethane) 

sulfonamide salt were dissolved in 160 mL of DI water and stirred at room temperature for 48 h. 

The biphasic mixture was then poured into a separatory funnel and the ionic liquid layer was 

extracted from the water layer and passed through a column of neutral alumina. The product 



 

 

29 

appears as a clear liquid (Yield: 152.12 g, 84%). 1H NMR (500 MHz, DMSO-d6): δ 9.46 (s, 1H), 

8.18 (t, 1H), 7.91 (t, 1H), 7.28 (m, 1H), 5.96, 5.42 (d of d, 2H), 4.19 (t, 2H), 1.80 (q, 2H), 1.27 (m, 

2H), 0.91 (t, 3H). 13C NMR (300 MHz, CDCl3): δ 135.28, 128.85, 123.21, 119.16, 108.58, 48.97, 

31.03, 18.77, 13.15. 19F NMR (500 MHz, DMSO-d6): δ -78.6. IR (ATR-FTIR, νmax, cm-1): 3150, 

3110, 2968, 2945, 2880, 1656, 1572, 1552, 1464, 1347, 1328, 1177, 1132, 1052, 952, 916, 845, 

788, 739, 652, 612, 569. 

2.4.6 Resin Preparation 

To prepare 13 g of the final formulation resin, 15 wt% (2 g) PEG-BUM, 0.6 wt% (0.075 g) BAPO, 

and 0.02 wt% (0.0025 g) of Sudan-I were added to an amber vial. 11 g of [BVIM]TFSI was then 

added, and the mixture was vortexed for 10-15 mins until it was fully dissolved.  

2.4.7 3D Printing Process 

The resin was poured into a customized resin tray and the print was initiated. The completed 

structure was removed from the build plate carefully using a putty knife and residual resin was 

removed by gently rolling the structure in kimwipes until minimal resin remains. If the shape of 

the structure permits, the printed structures may be centrifuged at 1000 RPM for one minute to 

help remove residual resin. The structure was then post-cured using 405 nm light for 30 mins on 

one side, flipped, then cured for an additional 30 mins on the other side. 

2.4.8 Rheology 

All experiments were conducted on the TA DHR-2 rheometer. All viscosity vs. Shear rate 

experiments were conducted using an Advanced Peltier Plate, a stainless steel 8 mm geometry, 

measuring the viscosity at 25 °C over a shear range of 0.01 to 100 s-1. All photorheology 
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experiments were performed using a 405 nm LED UV-curing accessory. The samples were first 

equilibrated for 60 s, followed by 9 min of irradiation with 405 nm light. 

2.4.9 Compression Test 

The compressive stress–strain curves of ionogels were obtained by applying uniaxial compression 

force with a universal test machine (TestResources, MN, USA) equipped with a 1 kN load cell in 

ambient condition. Ionogel disks with dimensions of 10 mm (diameter) and 5 mm (height) were 

subjected to compression at the rate of 1.3 mm/min until the specimen broke to calculate the 

compression stress at 50 % strain and the compressive elastic modulus from the slope of the elastic 

region. For cyclic compression tests, the samples were compressed at 0.5 mm/min until 50 % 

strain, followed by complete unloading between cycles. 

2.4.10 Tensile Test 

The tensile test was carried out on the universal test machine (TestResources) that was equipped 

with a 43 N load cell in ambient condition. 3D printed dogbones (ISO 527-2/5B/10) were stretched 

at 10 mm/min. For the compositions showing elastomeric-like behavior, the elastic modulus was 

calculated as the secant modulus at 2% of deformation, whereas the Young’s moduli based on two 

specified strain values, i.e. 0.025 % and 0.05 %, were calculated for compositions showing a 

thermoplastic-like behavior. All the elastic modulus data, tensile strength, as well as elongation at 

break or ultimate strain in this study were tested in triplicate and data are expressed as mean ± 

standard deviation. Fatigue testing was conducted on the Instron 5585H load frame with a 50 N 

load cell. All tests were conducted at room temperature using a crosshead rate of 50 mm/min. 
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2.4.11 Electrochemical Impedance Spectroscopy 

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 sample set. The samples (0.5 cm 

radius, 0.2 cm thickness) were inserted into Teflon washers (inner area of 0.196 cm2 and thickness 

of 0.2 cm). In each measurement, the washer was then 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 10 Hz and the 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). 

𝜎 =
𝐿

𝑍0∙𝐴
=

0.2 𝑐𝑚

𝑍0(𝛺) ∙ 0.196 𝑐𝑚2
                                (2.2) 

2.4.12 Sensor Electromechanical Test 

The electromechanical characterization was performed using a source-meter (Keithley 2450, 

Tektronix, USA). The printed structures were connected to the leads with copper wire and 

conductive paint. During the test, a constant potential of 500 mV was applied while the current 

was measured as the printed structures undergoes deformation by hand. The current changes in 

response to the mechanical motions can be explained by  

𝑅 = 𝜌(𝐿 𝐴⁄ )                                                            (2.3) 

which relates resistance (R) to resistivity (), length (L) and cross-sectional area (A). The 

resistance is substituted by Ohm’s law (𝑉 = 𝐼𝑅), so the derived equation is  

𝑉 𝐼 = 𝜌(𝐿 𝐴⁄⁄ )                                                           (2.4) 
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demonstrating the relationship between current (I) and material geometry (L, A). 

2.5 CONCLUSION 

In conclusion, we developed a photopolymerizable resin based on imidazolium ionic liquids that 

can be 3D printed into polymer networks via vat photopolymerization. We demonstrated that the 

resolution of the printed structures can be controlled using a photoabsorber that enables the 

printing of more complex geometries that include over-hanging features. The printed networks 

were not only conductive, but also viscoelastic in their mechanical character. As a result, highly 

responsive strain sensors were 3D printed with a range of complex geometries. Additionally, the 

self-adhesive property of these materials allowed the mechanically damaged sensor to stick 

together and regain its function. These 3D printed ionic liquid polymer networks present 

opportunities to generate smart materials for future applications including strain sensors, wearable 

electronics, soft robotics, and electronic skin. 
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Figure 2.1 (a) Chemical scheme showing a resin comprised of photocrosslinker (PEG-BUM), 

polymerizable ionic liquid ([BVIM]TFSI), photoinitiator (BAPO) and photoabsorber (Sudan-I) 

and corresponding ionic liquid polymer network after photopolymerization. (b) Scheme of 3D 

printing process via Stereolithography followed by a post-print 405 nm curing step. (c) 3D printed 

structures with different geometries. 
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Figure 2.2 (a) Viscosity versus shear rate data for 0.04 - 4 wt% BAPO formulations. (b) 

Photorheology of resin with various amount of BAPO. (c) Compressive stress versus strain curves 

of printed cylinders using various amounts of BAPO. (d) Viscosity versus shear rate data for 0.01-

0.04 wt% Sudan I formulations. (e) Photorheology of resins with various amount of Sudan-I. (f) 

Compressive stress versus strain curves of printed cylinders using various amounts of Sudan-I. (g) 

Stereomicroscopy of 3D printed structures with different concentrations of Sudan-I.  
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Figure 2.3 (a) Compressive stress versus strain curves of printed cylinders with various amounts 

of PEG-BUM. (b) Cyclic compression test of printed cylinder with 15 wt% PEG-BUM. (c) Tensile 

stress versus strain curves of printed dogbones with various amounts of PEG-BUM. (d) 

Thermogravimetric analysis (TGA) of ionic liquid polymer network with 15 wt% PEG-BUM. (e-

f) Cyclic tensile stress-strain fatigue tests of a printed dogbone with 15 wt% PEG-BUM. (g) 

Stretching 3D printed puppy. (h) Compressing lattice structure. (i) Bending Eiffel tower. 
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Figure 2.4 Electrochemical performance of 3D printed flexible strain sensors showing the current 

changes in response to mechanical motions. (a) Compressing the lattice structure. (b) Stretching 

the hourglass auxetic structure to different distances. (c) Bending the wearable lattice cylinder at 

different angles. (d) Current response after multiple intentional cuts on the lattice cylinder. 
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Figure 2.5 Adhesive performance of ionic liquid polymer network. (a) 3D printed squirrel adhered 

to an array of materials including cardboard, a razor blade, glass slide, and glass vial. (b) Self-

adhesive behavior of Eiffel Tower after the cut and reattachment. (c) The current running through 

the Eiffel Tower decreased to 0 nA after being cut and recovered to 45 nA after reattaching. (d) 

Dogbone regained ionic conductivity and strength after the cut and reattachment. 
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Chapter 3. MECHANOMORPHIC RESPONSES IN 3D PRINTED 

IONIC LIQUID POLYMER NETWORKS 

3.1 ABSTRACT 

3D printing has gained popularity due to the ability to fabricate structures from a wide range of 

materials and to easily create complex structures. This has given rise to the field of 4D printing, in 

which 3D printed objects can change properties over time in response to applied stimuli such as 

heat, pH, and strain. A challenge currently faced by mechanomorphic structures is that they are 

often limited to 2D constructs with pre-strained layers. The form factor of these devices often lack 

complexity, limiting the types of shape transformation which can be achieved. Here, we present a 

stimuli-responsive ionic liquid gel comprised of the photopolymerizable ionic liquids 1-vinyl-3-

butyl imidazolium bis(trifluoromethanesulfonyl) imide ([BVIM]TFSI) and 1-vinyl-3-ethyl 

imidazolium bis(trifluoromethanesulfonyl)imide ([EVIM]TFSI), crosslinked by polyethylene 

glycol bis(urethane) methacrylate (PEG-BUM). Combining both ionic liquids into one multi-

material structure facilitates shape transformation in response to applied strain, without the need 

for pre-strained layers. The degree to which the shape is deformed can be controlled by the polymer 

content, the amount of strain applied, as well as by the geometric design of the printed object. 

Potential applications for these mechanomorphic structures include actuators in soft robotics.    

3.2 INTRODUCTION 

Since the introduction of 3D printing in the late 1970s and early 1980s, the technique has provided 

a platform for fabricating structures from a variety of materials including metals, concrete, and 

softer materials such as hydrogels and ion gels.1-15 In addition to the wide range of applicable 

materials, 3D printing facilitates the fabrication of complex geometries that are inaccessible using 
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traditional manufacturing methods.6,16-20 As 3D printing technology has advanced, it has given rise 

to the field of 4D printing, in which 3D printed objects respond to external stimuli and change their 

properties over time.18,21-37 The application of external stimuli such as temperature, light, magnetic 

field, pH, and strain can lead to shape transformations, which can be applied in fields such as 

architecture, healthcare, and soft robotics.4,6,8,25,38-47 In particular, mechano-activation of shape 

transformations is desirable as the amount of strain applied can be easily controlled regardless of 

external conditions. Mechanical stimulus can also be applied orthogonally to other stimuli, 

minimizing interference.9 One of the main challenges currently faced by mechanomorphic 

structures is that they are often limited to 2D constructs with pre-strained layers.15,48-51 The form 

factor of these devices often lack complexity, limiting the types of shape transformation which can 

be achieved. Current research is focused on fabricating 3D objects capable of having their 

properties altered over time without the need for a pre-strained layer.9,10,13,26,52-54 Skylar Tibbits 

and Stratasys Ltd.52 collaborated to demonstrate the concept with multi-material linear objects 

which could fold into more complex shapes such as the letters “MIT” or a Hilbert cube. Since then, 

numerous examples of stimuli responsive 3D printed objects have been published, such as a shape 

memory polymer developed by Ge et al.53 Benzyl methacrylate was combined with various 

methacrylated oligo- and polyethylene glycol polymers to produce 3D printable resins which were 

utilized to fabricate a set of grippers which were actuated upon application of heat. Lantean et al.13 

incorporated magnetite (Fe3O4) particles into urethane-acrylate resins, with butyl acrylate serving 

as the reactive diluent. These materials were 3D printed using digital light processing (DLP) to 

create magnetoresponsive structures which could move or change shape in response to an external 

magnetic field. Stimuli responsive ion gels were developed by Wong et al.9 which were composed 

of various vinyl imidazolium ionic liquids (ILs) crosslinked with bis(methacrylated) F-127 
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polymers. Upon the application of strain, the multi-material objects changed shape, twisting or 

bending into predetermined shapes based on the form factor of the printed object. Additional 

advancements by Basu et al.10 incorporated methacrylated spiropyran moieties into IL polymer 

networks. Application of strain caused ring opening of the spiropyran into the merocyanine form, 

which displays a purple color. The mechanophore served as an indicator of strain applied to the 

object. Recently, Peng et al.26 developed shape-shifting polymers comprised of polylactic acid and 

poly(lactic-co-glycolic acid). The materials were designed as anastomosis rings, capable of being 

deformed and recovering their initial shape upon submersion in hot water.    

Polymerizable ILs present a promising platform for fabricating mechanomorphic 

structures. ILs possess low to negligible vapor pressures, allowing them to maintain their 

properties over extended periods of time. They are also intrinsically conductive due to their ionic 

nature. The high tunability of their chemical structure allows for a range of viscoelastic properties 

to be realized and allows for the incorporation of photo-responsive moieties into their chemical 

structure,55,56 which allows fabrication via photopolymerization-based 3D printing. By combining 

two ILs with different mechanical properties into one structure, the mismatch in properties can 

result in shape transformations such as bending and curling when strain is applied to the structure. 

The resulting shape transformation can be influenced by the design of the structure, allowing for 

predictable, anisotropic shape transformations.    

Here we present multi-material IL gels, where the two photopolymerizable IL 1-vinyl-3-

butyl imidazolium bis(trifluoromethanesulfonyl)imide ([BVIM]TFSI) and 1-vinyl-3-ethyl 

imidazolium bis(trifluoromethanesulfonyl)imide ([EVIM]TFSI) are combined in a single 

structure. The difference in mechanical properties afforded conductive ionogels capable of 

undergoing predictable shape transformations without the need for pre-straining layers. 



 

 

46 

Polyethylene glycol bis(urethane) methacrylate (PEG-BUM) was included as a crosslinker to 

provide increased flexibility to the gels. The degree to which the objects changed shape was 

controlled by the polymer content, the amount of strain applied, as well as by the geometric design 

of the printed object. COMSOL simulations were employed to accurately model the deformation 

and stress placed on the network during compression testing.   

3.3 RESULTS & DISCUSSION 

3.3.1 Preparing Resins for Multi-Material 3D Printing 

ILs are versatile materials. They are intrinsically conductive, possess low vapor pressures, and are 

stable at elevated temperatures.38,55 The ability to tune the chemical structure of ILs allows for 

control over material properties such as hydrophobicity, viscosity, and solubility. The 

photopolymerizable ILs [BVIM]TFSI and [EVIM]TFSI were chosen for this study because the 

vinyl substituents were compatible with stereolithography apparatus (SLA) 3D printing. In 

addition, the difference in alkyl chain length influenced resin viscosity and the viscoelastic 

properties of the resulting gels. The longer butyl chain of [BVIM]TFSI resulted in a material with 

lower Young’s modulus and increased strain at break relative to the shorter ethyl chain of 

[EVIM]TFSI.9 Polymer networks comprised solely of polymerizable ILs are brittle, therefore 

PEG-BUM was incorporated as a crosslinker as it has been shown to improve flexibility.7,9,57 

(Figure 3.1).   

In addition to IL and PEG-BUM, resins for SLA printing were prepared containing phenyl 

bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO, 0.75 wt%) as a photoinitiator and Sudan I 

(0.025 wt%) as a photoabsorber. The photoinitiator initiates free radical polymerization of the 

vinyl and methacrylate substituents, while the photoabsorber serves to improve resolution during 

the printing process. The amount of photoinitiator and photo absorber were kept constant in all 
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resin formulations, while the amount of co-polymer present was varied from 10, 15, to 20 wt% to 

modulate the viscoelastic properties of the polymer network. The resin formulations were labelled 

according to which IL served as the reactive diluent, along with the wt% of polymer present (10B, 

15B, 20B, 10E, 15E, and 20E). For example, a resin containing 10 wt% PEG-BUM dissolved in 

[BVIM][TFSI] was labeled 10B, while 20E corresponds to 20 wt% PEG-BUM in [EVIM][TFSI]. 

In general, formulations with higher PEG-BUM content resulted in lower Young’s modulus and 

increased strain at break. To create multi-material gels, a desired resin was poured into the 

reservoir of a Formlabs Form 2 SLA printer. Half of the intended structure was printed, then the 

print was paused, and the structure was wiped free of unpolymerized resin while still attached to 

the build plate. This allows a clean interface between the partially printed structure and the next 

resin to be incorporated into the structure. Once the partial print was cleaned, a new resin was 

placed in the reservoir and the print was allowed to continue to completion.  

Two important resin properties to consider for SLA printing are the viscosity and rate of 

photocuring. It is important that the viscosity of the resin remains below 10 Pa•s to allow the resin 

to flow properly during printing. The resin must also cure rapidly during printing to adhere to the 

build plate, while at the same time not polymerizing too quickly which may result in poor print 

resolution. The rate of photocuring and print resolution can be controlled with the quantity of 

photoinitiator and photoabsorber used in formulating the resin.7 The viscosity of all formulations 

utilized in this study remained below 1 Pa•s, well withing the range required for printing (Figure 

B4).  

3.3.2 Mechanical and Shape Recovery Properties of Single-Material Ion Gels 

In order to induce shape transformation in the multi-material structures, there needs to be a 

mismatch in shape recovery properties of the incorporated materials. To probe the shape recovery 
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properties of gels comprised of only one IL, ISO 527-2 5B tensile specimens were printed and 

stretched until 150% strain. The length of the elongated specimens was monitored until the 

structures regained their original shape (Figure 3.2a, b). Gels comprised of 20B recovered the 

fastest, achieving nearly full shape recovery within 3 minutes. 10E gels took the longest amount 

of time to relax, requiring nearly 4 days to reach their initial state. The mechanical properties of 

the gels are displayed in Figure 3.2c, highlighting the difference in stiffness and strain at break 

between the various resins. 

3.3.3 Examining Strain-Induced Shape Transformation in Multi-Material Gels 

The range of shape recovery and mechanical properties observed is desirable because a larger 

difference in recovery time between two resins incorporated into a single structure resulted in a 

more drastic shape transformation. This is because the material which recovers more quickly pulls 

on the slower recovering material, causing the structure to bend towards the more elastic material. 

This effect can be observed most clearly in multi-material tensile specimens, which bend upon the 

application of strain. The amount of strain applied had a strong influence on the degree of bending 

(Figure 3.3a). When subjected to 25% strain, samples consisting of 10E/20B experienced 72° 

bending (Figure B5). When the strain increased to 75%, the degree of bending increased 

significantly to 227°. 10B/20B samples displayed a similar trend in the degree of bending, with 

93° at 25% strain and 221° at 75% strain. On the other hand, samples of 15E/15B, which possessed 

more similar recovery properties, achieved 50° bending at 25% strain and 115° bending at 75% 

strain. The composite structures took different amounts of time to recover their initial shape; 

10B/20B gels fully recovered within 30 minutes, 15E/15B gels recovered in 52 minutes, while 

10E/20B gels took 9 hours to fully recover (Figure B8-11). 
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3.3.4 Anisotropic Strain-Induced Shape Transformation in Multi-Material Gels 

To display the versatility and high resolution of the IL resins, a range of intricate structures were 

printed (Figure 3.4a). Each structure was composed of multiple materials, yet no discontinuity was 

visible at the point where the resins were changed. In an effort to explore shape transformations in 

more complex objects, a multi-material octet-truss lattice was printed (Figure 3.1b). Upon the 

application of strain, the lattice bent into an arch, similarly to what was observed with the tensile 

specimens. The degree of bending could be controlled by how much strain was applied, and the 

structure was able to relax to its original shape over time. Anisotropic shape transformation was 

observed in a second multi-material structure, named “wheel-to-box.” This object consisted of 

three parallel rectangular panels connected by four hinges (Figure 3.4b). Upon the application of 

strain perpendicular to the longest side of the rectangles (x-axis), the shape folded along the hinges 

into a triangular box. Increasing the amount of strain applied resulted in the panels completely 

folding over one another, with the rectangles stacked on top of one another (Figure B7). When 

strain was applied parallel to the longest side of the rectangles (y-axis), the wheel-to-box rolled up 

into a cylinder. This demonstration highlights the ability to control shape transformations not only 

with the composition of the resins, but also with the form factor of the printed object.  

3.3.5 COMSOL Simulations of Deformation and Stress Distribution 

COMSOL simulations were applied to model the deformation and stress distribution of a lattice 

cylinder during compression testing (Figure 3.5a, b). In order to model the viscoelastic properties, 

the software required the material density (1200 kg/m3), Young’s modulus (720 kPa and 77.2 MPa 

for 20B and 10E, respectively), Poisson’s ratio (0.45), and relaxation time (40.4828 s and 253.4399 

s for 20B and 10E respectively). A 2D model containing two linear elastic materials was created 

with solid-mechanics and a time-dependent study. After running the study, a video of the stress 



 

 

50 

distribution throughout the cylinder was created and compared with an experimental video of the 

cylinder being compressed, with 20B on the left and 10E on the right. Snapshots of this process 

are displayed in Figure 3.5c, d. The simulation was not only able to accurately model the 

deformation of the cylinder, but also demonstrated that the majority of the stress was placed on 

the stiffer material.   

3.4 MATERIALS & METHODS 

3.4.1 General Reagent Information 

All purchased reagents were used as received without further purification unless otherwise 

specified. 1-vinylimidazole (>98.0%), 1-bromobutane (>99.0%), 1-bromoethane (>98.0), 2-

isocyanoethyl methacrylate (>98.0%, stabilized with BHT), dibutyltin dilaurate (>95.0%), 

triethylamine (>99.0%), were purchased from TCI America. Lithium 

bis(trifluoromethanesulfonyl)imide salt (99.95%), methanol (>99.9%), aluminum oxide 

(activated, neutral, Brockmann I) and ethyl acetate (>99.7%) were purchased from Sigma Aldrich. 

PEG-8000, diethyl ether (anhydrous, stabilized with BHT, >99.0%), and dichloromethane 

(>99.9%) were purchased from Fisher Scientific. Dry dichloromethane was obtained from a Pure 

Process Technology purification system.   

3.4.2 General Analytical Information 

Nuclear magnetic resonance spectra were recorded on a Bruker 300 or 500 MHz instrument. 

Rheology measurements were performed on a TA Discovery HR-2 Hybrid Rheometer. 

Mechanical stress/strain measurements were performed on a Test Resources Universal Testing 

Machine. 3D printed structures were printed using a Formlabs Form 2 SLA printer. Mass Spec 

measurements were performed on a Bruker Esquire LC - Ion Trap Mass Spectrometer.  
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3.4.3 Synthesis of PEG-bis(urethane) methacrylate (PEG-BUM) 

A Teflon stir bar and 60 g of PEG-8000 (0.0075 mol) were dried under vacuum for 12 hours in a 

single-neck 1 L round-bottom flask. The flask was then backfilled with dry nitrogen. Maintaining 

positive N2 flow, 550 mL of anhydrous DCM was added to the round-bottom flask and stirred at 

30 °C until PEG is fully dissolved. Add 0.89 mL (0.0015 mL) dibutyltin dilaurate to the PEG 

solution. Attach a 50 mL addition funnel to the 1 L round-bottom flask. In a separate 100 mL 

round-bottom flask, add 50 mL of anhydrous DCM along with 5.3 mL (0.0375 mol) of 2-

isocyanatoethyl methacrylate and swirl to mix. Pour the isocyanate/DCM mixture into the 50 mL 

addition funnel. Adjust the flow rate of the addition funnel so that the isocyanate is added slowly 

(about 1 drop per second) to the reaction mixture. This can take up to 2 hours. Following the 

complete addition of isocyanate, remove the addition funnel and reattach the vacuum adapter to 

the round-bottom flask. Stir reaction mixture at 30 °C for 2 days under nitrogen. The reaction 

mixture is then concentrated on a rotary evaporator at 30 °C until viscous. The product is 

precipitated twice in diethyl ether. The product was collected by vacuum filtration and dried at 

room temperature under high vacuum using a Schlenk manifold (Yield: 19.48 g, 93.7%). 1H NMR 

(500 MHz, CDCl3): δ 6.04 (s, 2H), 5.52 (t, 2H), 5.18 (t, 1H) 1.87 (s, 6H), protons from PEG appear 

at 4.14 ppm and 3.57 ppm. 13C NMR (300 MHz, CDCl3): δ 70.59. IR (ATR-FTIR, νmax, cm-1): 

2880, 1720, 1468, 1340, 1280, 1092, 960, 840.   

3.4.4 Synthesis of 1-vinyl-3-butyl imidazolium bromide ([BVIM]Br) 

200 mL (2.2 mol) of 1-vinyl imidazole and 285 mL (2.65 mol) of 1-bromobutane were stirred 

magnetically at 45 °C for 24 hours. The viscous solution was allowed to cool before washing 3-4 

times with excessive diethyl ether until the liquid solidifies. The product was collected by vacuum 

filtration and dried at room temperature under high vacuum using a Schlenk manifold. The product 
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appears as a white solid (Yield: 456.23 g, 90.1%). 1H NMR (500 MHz, DMSO-D6): δ 9.61 (s, 

1H), 8.24 (t, 1H), 7.97 (t, 1H), 7.33 (m, 1H), 6.00, 5.43 (d of d, 2H), 4.22 (t, 2H), 1.81 (q, 2H), 

1.30 (m, 2H), 0.91 (t, 3H). 13C NMR (300 MHz, CDCl3): δ 135.22, 128.74, 123.17, 119.17, 108.57, 

48.81, 30.98, 18.68, 13.19. IR (ATR-FTIR, νmax, cm-1): 3092, 3040, 2956, 1652, 1568, 1540, 1456, 

1160, 984, 928, 880, 804, 740, 724, 660, 636, 604.  

3.4.5 Synthesis of 1-vinyl-3-butyl imidazolium bis(trifluoromethane sulfonyl)imide 

([BVIM]TFSI) 

96.34 g (0.42 mol) of [BVIM]Br and 122.6 g (0.427 mol) of Lithium bis(trifluoromethanesulfonyl) 

imide salt were dissolved in 160 mL of DI water and stirred at room temperature for 48 hours. The 

mixture was then poured into a separatory funnel and the ionic liquid layer was allowed to separate. 

The ionic liquid was separated from the water layer, then passed through a column of neutral 

alumina. The product appears as a clear liquid. (Yield: 152.12 g, 84%). 1H NMR (500 MHz, 

DMSO-D6): δ 9.46 (s, 1H), 8.18 (t, 1H), 7.91 (t, 1H), 7.28 (m, 1H), 5.96, 5.42 (d of d, 2H), 4.19 

(t, 2H), 1.80 (q, 2H), 1.27 (m, 2H), 0.91 (t, 3H). 13C NMR (300 MHz, CDCl3): δ 135.28, 128.85, 

123.21, 119.16, 108.58, 48.97, 31.03, 18.77, 13.15. IR (ATR-FTIR, νmax, cm-1): 3156, 2972, 1660, 

1552, 1348, 1180, 1132, 1052, 956, 920, 740, 612, 568, 508.  

3.4.6 Ion Gel Resin Preparation 

Example of a typical procedure to prepare 20 g of 20B resin for 3D printing:    

20 wt% (4 g) of PEG-BUM is added to an amber vial. 0.75 wt% (0.15 g) of BAPO was added, 

followed by 0.025 wt% (0.005 g) of Sudan 1. 15.85 mL of [BVIM]TFSI (~80 wt%) is then added 

and the mixture is vortexed for 10-15 mins before being stored at 4 °C overnight. Solution is 
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vortexed again if the PEG is not fully dissolved. The amount of each component used to make the 

ion gels are summarized in Table B1.  

3.4.7 3D Printing Single-Material Ion Gels Using a Stereolithographic Apparatus (SLA) 3D 

Printer 

The desired resin was poured into the resin tray and the print was initiated on a Formlabs Form 2 

SLA printer in open mode. The z-axis step size was 0.100 mm. CAD files used for building blocks 

were downloaded from Thingiverse.com. Upon print completion, the structure was removed from 

the build plate carefully using a metal scraper and residual resin was removed by gently rolling the 

structure in kimwipes until minimal resin remained. If the shape of the structure permits, the 

printed structures may be centrifuged at 1000 RPM for one minute to help remove residual resin. 

The structure was then cured using 405 nm light for 30 mins on one side, flipped, then cured for 

an additional 30 mins on the other side.  

3.4.8 3D Printing Multi-Material Ion Gel Objects Using a SLA 3D Printer 

To create multi-material gels, a desired resin was poured into the reservoir of a Formlabs Form 2 

SLA printer. Half of the intended structure was printed, then the print was paused, and the structure 

was wiped free of unpolymerized resin while still attached to the build plate. This allows a clean 

interface between the partially printed structure and the next resin to be incorporated into the 

structure. The first resin was then removed from the print tray, and it was cleaned thoroughly with 

methanol. Once the partial print and the print tray were cleaned, a new resin was placed in the 

reservoir and the print was allowed to continue to completion. 
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3.4.9 Rheology 

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

Advanced Peltier Plate system. Experiments were performed using either an 8 mm flat stainless 

steel upper plate or a 40 mm hard anodized aluminum conical upper plate with a cone angle of 1°. 

Resin samples were loaded via glass pipette 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. Viscosity vs Shear Rate experiments were performed to measure the viscosity of the 

ion gel resins. The viscosity of resins must remain below 10 Pa•s for resin to flow properly during 

SLA printing. All resins reported in this manuscript had viscosities below this threshold. Resins 

were found to increase in viscosity with increasing amount of PEG co-polymer 

present. Photorheology experiments were also conducted to ensure resins cured rapidly enough for 

SLA printing. 

3.4.10 Tensile Tests 

TestResources Universal Test System 1.1 kN electromechanical actuator single column load frame 

with a 43 N high accuracy S10 type load cell was used to evaluate the mechanical properties of 

3D printed ion gels. For dimensions of all tensile specimens, ISO 527-2 5B specimen 

specifications were used. The samples were attached to vice grips with diamond grit jaw and 

subjected to increasing strain at a constant rate of 5 mm/min until mechanical failure.  

3.5 CONCLUSION 

This study presented multi-material IL gel structures fabricated using SLA 3D printing. The 

structures possessed a range of mechanical and shape recovery properties, which could be 
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controlled by altering the substituents on the IL as well as by changing the wt% of co-polymer 

added to the resins. We demonstrated that by combining materials with different mechanical and 

shape recovery properties into a single structure, complex shape transformations could be achieved 

without the need for pre-straining any layers. In addition, COMSOL simulations were employed 

to model deformation and stress distribution on a lattice cylinder during compression testing.  
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Figure 3.1 a) Overview of SLA multi-material printing process. i) Initial resin is loaded into the 

print tray. ii) Print is paused halfway, the printed object is cleaned, and the resin is removed from 

the tray. New resin is then introduced to the print tray. iii) Print is allowed to proceed to 

completion. iv) Chemical structure of reactive diluents [BVIM]TFSI and [EVIM]TFSI are shown, 

along with crosslinker PEG-BUM. Not included: BAPO and Sudan 1. The cartoon is a 

representation of the polymerized multi-material ionic liquid polymer networks. b) Example of 

stain induced shape transformation in a multi-material tensile specimen. 
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Figure 3.2 a) Graph of shape recovery properties of IL gels as a function of time. The first 15 

minutes are displayed. b) Full shape recovery experiment over four days. c) Stress−strain curves 

of individual resins.  
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Figure 3.3 a) Multi-material tensile specimens experienced different degrees of bending 

depending on the amount of strain applied. b) Shape recovery rate of multi-material tensile 

specimens.  
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Figure 3.4 a) Multi-material geodesic lattice sphere, horizontal lattice with panels, and Eiffel 

tower. b) Shape transformation of octet-truss lattice. c) Anisotropic shape transformation in wheel-

to-box construct.  
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Figure 3.5 COMSOL modeling of deformation and stress distribution in lattice cylinder during 

compression testing. The units for von Mises stress scale bar are in N/m2.  
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Chapter 4. 3D PRINTED MODULAR STRAIN SENSORS BASED ON 

IMIDAZOLIUM IONIC LIQUIDS   

4.1 ABSTRACT 

Flexible and lightweight sensors can assess their environment for a broad range of applications 

that include wearables for health monitoring and soft robotics. While 2D and 3D printing enables 

control over sensor design in multiple dimensions, customizability of a sensor toward different 

individual use cases is still limited because each sensor requires a new design and manufacturing 

step. Thus, there is a need for methodologies that produce modular sensor components that can be 

assembled into a larger system that fits the needs of an individual user. Herein, we demonstrate 

3D printed, elastomeric, ionogels comprising covalent adaptable networks (CANs) for modular 

sensor assemblies. Reversible Diels-Alder connections incorporated into the network can occur at 

the interface between two 3D printed objects in physical contact with each other. As a result, 

modular components can be combined and assembled on-demand into customized sensors. This 

concept was demonstrated by 3D printing ionogel building blocks comprising reversible Diels-

Alder connections. Thermal curing of these modular blocks triggered the dynamic remodeling of 

the polymer networks that caused them to become fused together. Three different configurations 

(linear, cyclic, and cubic arrays) were demonstrated to afford piezoelectric sensors from the same 

set of 3D printed building blocks. This study highlights the benefits of modular approaches that 

enable customization of 3D printed parts without the need for modifying the original design.   

4.2 INTRODUCTION 

Flexible electronic devices have gained significant interest as sensors for soft robotics,1-6 artificial 

skins,7-12 and biomedical monitors.13-16 At a minimum, the operational device must be conductive, 
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elastomeric, and maintain functionality after storage under ambient conditions. Traditional sensor 

materials such as carbon nanotubes,17-19 liquid metals,8,20,21 or organic field effect transistors 

(OFET)22-25 show great promise, however, when placed inside a soft matrix such as silicone, these 

conductive elements often limit the amount of deformation the material can withstand. The trade-

offs between electronic performance, device shape, and mechanical flexibility also place 

limitations on the implementation and versatility of these sensors. Furthermore, the form factor 

required by the end-user can be specific to a particular scenario (or use case), but each one may 

require a new manufacturing process. The ability for an end-user to build a sensor from a set of 

simple building blocks presents an opportunity for greater versatility, design flexibility, and rapid 

implementation of these sensors.   

Ionic liquids (ILs) are organic salts that are liquid at ambient temperatures, and these 

functional solvents are attractive as components of flexible strain sensors.1-3,5-7,9-15,26-29 ILs can 

swell polymer networks to form ionic liquid gels (ionogels),11,30,31 which can have many 

similarities to water-swollen hydrogels.7,8,10,16 The advantages of IL gels include their intrinsic 

ionic conductivity and their negligible vapor pressure that limits solvent evaporation. The chemical 

structures of ILs are highly tunable, and they can be made to be stable at elevated temperatures, 

which affords ionic sensors with a wide operational temperature range.32-33 While the composition 

of the ionic liquid can have a significant effect upon the conductive performance of the material,11 

the polymer network can be optimized to enhance the mechanical properties. For example, Wang 

et al.33 demonstrated that ionogels comprised of acrylamide and acrylic acid in 1-ethyl-3-

methylimidazolium ethyl sulfate afforded tough ionogels (Young’s modulus of 46.5 MPa). Zhao 

et al.34 demonstrated a fluorescent double network ionogel strain sensor which possessed self-

healing properties due to dynamic imine bonds and hydrogen bonds. More recently, Chen et al.35 
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demonstrated an ultra-tough ionic liquid gel with a Young’s modulus of 325 MPa and strain at 

break of 1120%, in addition to modest self-healing due to dynamic transition metal crosslinks. In 

all the examples discussed, the sensors were generated through traditional casting methods, which 

limits the range of potential form factors that can be easily fabricated.  

3D printing has been gaining significant interest due to the ability to produce a complex 

part or product on demand.36-41 In particular, vat photopolymerization 3D printing allows for facile 

fabrication of devices with complex geometries which would otherwise be inaccessible. Wang et 

al.42 demonstrated an ionogel comprised of 1-vinyl-3-butylimidazolium tetrafluoroborate and 

acrylate-terminated hyperbranched polymer swelled with 1-butyl-3-methylimidazolium 

tetrafluoroborate. The resin produced strain sensors with high stretchability, sensitivity, and a wide 

operating temperature range. Hao et al.9 developed an ultra-stretchable ionic skin (strain at break 

>10,000%) capable of sensing over a temperature range of −40 to 150 °C. The material comprised 

of poly (zwitterionic ionic liquid)-co-poly (acrylic acid) in 1-ethyl-3-methyl- imidazolium ethyl 

sulfate could be SLA 3D printed into sensors used for monitoring human hand motion. Jurinovs et 

al.17 formulated an SLA 3D printable biobased IL gel by mixing 1-ethyl-3-methylimidazolium 

acetate with single walled carbon nanotubes (SWCNTs) in acrylated rapeseed oil. The combination 

of IL and SWCNT provided excellent conductivity and allowed the material to function as 

electrodes in soft robotics and flexible sensors. Recently, Narupai et al.36 demonstrated an 

elastomeric, SLA printable ionogel containing 1-butyl-3-vinylimidazolium 

bis(trifluoromethanesulfonyl)imide and polyethylene glycol (PEG). The gels displayed good 

conductivity, high elastic recovery, and strong adhesive properties. While 3D printing is 

advantageous because new design iterations can be made easily using computer-aided design 

(CAD) software, a modular system based on building blocks that can be arbitrarily assembled post-
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3D printing would allow for the facile combination of individual components without the need to 

alter the original design.43,44 Morin et al.45 demonstrated the concept using “Click-e-bricks", which 

are elastomeric bricks fabricated through molding that can be connected by peg/recess click 

connections. The modular structures were pneumatically actuated, and by varying the shape of the 

bricks they were able to achieve different geometries and shape transformations. The designs are 

applicable to a range of materials (e.g., PDMS, Ecoflex) and provide access to structures which 

would be difficult to create in one molding step. Gomez et al.46 developed a thiol-acrylate resin 

which could be photopolymerized into self-healing elastomeric gels. SLA printing allowed the 

researchers to produce individual parts which could be combined using heat to produce modular 

elastomeric actuators. Extending this modular approach to sensors would not only enable 

personalized devices to be fabricated, but also would be advantageous under conditions where it 

may not be possible to know what form factor is required for the sensor.   

Herein, we demonstrate 3D printed, elastomeric ionogels comprising covalent adaptable 

networks (CANs) for modular piezoelectric sensor assemblies. CANs are covalently crosslinked 

polymer networks (i.e., thermosets) which contain reversible covalent bonds that enable the 

network to rearrange in response to an external stimulus such as mechanical force, light, or heat.47-

52 We developed a resin for vat photopolymerization which afforded polymer networks comprising 

reversible Diels-Alder connections. The resins were formulated in ionic liquid solvents, and thus, 

the resulting networks were ionogels. The 3D printed components were elastomeric with failure 

strains ranging from 600% to 1200%, low hysteresis over multiple deformation cycles, and high 

sensitivity (gauge factor = 3.59). The thermal reversibility of the dynamic bonds enabled 3D 

printed components in physical contact to fuse together via remodeling of the polymer networks. 
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Thus, the 3D printed parts could be assembled into any arbitrary design and perform as 

piezoelectric sensors.   

4.3 RESULTS & DISCUSSION 

4.3.1 Preparing Resins for SLA Printing of Ionic liquid CANs 

Butyl-vinyl imidazolium bis(trifluoromethanesulfonyl)imide ([BVIM][TFSI]) is an ionic liquid 

that can be co-polymerized with dimethacrylate cross-linkers to form polymer networks (Figure 

4.1).12,27,36 The vinyl substituent on the imidazolium is reactive to photo-initiated free radical 

polymerization, while the length of the alkyl substituent influences the resin viscosity of the 

uncured resin and the mechanical properties of the resulting network. We chose butyl as the alkyl 

chain based on the viscosity of the resin, as well as the viscoelasticity of the resulting polymer 

network (in general, as the length of the alkyl chain increases, Young’s modulus decreases and the 

elongation at break increases).27 Networks solely comprising of the polymerizable ILs are 

brittle,27,36 but the presence of oligo- and poly-ethylene glycol (PEG) is known to reduce 

brittleness.18,36 To introduce reversible Diels-Alder linkages into the polymer network, PEG cross-

linker DA-PEG 1 was synthesized (Scheme S1). The telechelic polymer has reversible Diels-Alder 

adducts at each end, and the polymer is terminated by methacrylate functionalities to facilitate its 

incorporation into the polymer network. DA-PEG-1 was synthesized from PEG (Mn = 8000 g/ 

mol), which was transformed into a bis-maleimide terminated polymer. Separately, furfuryl 

methacrylate was synthesized by reacting furfuryl alcohol with methacrylic anhydride. The Diels-

Alder reaction between furfuryl methacrylate and the bis-maleimide terminated polymer was 

performed neat at 70 °C overnight to yield DA-PEG-1.   

 Resins for vat photopolymerization were formulated comprising cross-linker DA-PEG-1, 

[BVIM][TFSI], photoinitiator, and photoabsorber. The amount of DA-PEG-1 included in the 
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resins varied from 10, 15, to 20 w/w % to modulate the viscoelastic properties of the polymer 

network. The resin formulations were labelled according to the w/w % of polymer present (10-

BVIM, 15-BVIM, and 20-BVIM). For example, a resin containing 10 w/w % DA-PEG-1 

dissolved in [BVIM][TFSI] was labeled 10-BVIM, while 20-BVIM corresponds to 20 w/w % DA-

PEG-1 in [BVIM][TFSI]. To further improve the structural integrity of the gels at elevated 

temperatures, we formulated a resin with a 1:1 ratio of the non-dynamic crosslinker PEG 

bis(urethane) methacrylate (PEG-BUM)36,53 in addition to the dynamic crosslinker DA-PEG-1 in 

[BVIM][TFSI] (we refer to this resin as 7.5-7.5-BVIM). Phenyl bis(2,4,6-trimethylbenzoyl) 

phosphine oxide (BAPO) was included (0.75 w/w %) as a photoinitiator in all of the formulations. 

Sudan I was included (0.025 w/w %) as a photoabsorber to improve the resolution during the 

printing process. Two important parameters to consider for SLA printing are the resin viscosity 

and rate of photocuring. It is important that the viscosity of the resin remains below 10 Pas to 

allow the resin to flow properly during printing. The resin must also cure rapidly during printing 

to adhere to the build plate, while at the same time not polymerizing too quickly which may result 

in poorly resolved features. This can be controlled with the quantity of photoabsorber used in 

formulating the resin. The viscosity of the ionic liquid resins presented here were approximately 1 

Pas, well within the range required for printing.36 The rheological properties of the resins are 

provided in the supporting information (Figure C12).  

Ionogels were 3D printed on a Formlabs Form 2 printer. Stereolithographic apparatus 

(SLA) 3D printing is a form of vat photopolymerization wherein a tray with a transparent base is 

filled with a photo-curable resin, and a 405 nm laser photopatterns cross-sectional areas of a 3D 

structure in a layer-wise fashion. Tensile specimens were printed to characterize mechanical 

properties, and modular building blocks were also printed to demonstrate the modularity of the 
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system. All of the samples were subjected to a 1 h post cure in which both sides of the structure 

were irradiated with 405 nm light for 30 min each. Gel fraction experiments revealed that printed 

and cured specimens have a gel content of approximately 64.8% (Table S2-S5). The 

unpolymerized ionic liquid remaining in the networks is important because it contributes to the 

ionic conductivity and viscoelasticity of the materials, which enables the printed objects to 

function as strain sensors.  

4.3.2 Mechanical Properties of the Dynamic Ion Gels 

Figure 4.2 shows the mechanical characterization data for the printed ionogels. Uniaxial tensile 

experiments were performed using ISO 527-2 5B specimens on a TestResources universal testing 

machine. The mass fraction of cross-linker DA-PEG-1 in the resin has substantial effects on the 

viscoelastic properties of the ionogels. The data in Figure 4.2a shows that with increasing mass 

fraction of DA-PEG-1, the Young’s modulus decreases and the ionogels show lower nominal 

tensile strain prior to failure. The Young’s moduli for 10-BVIM, 15-BVIM, and 20-BVIM were 

739.3 ± 217.9 kPa, 119.1 ± 18.7 kPa, and 67.3 ± 16.2 kPa, respectively, and the corresponding 

strains at break were 1184.9 ± 121.5%, 860.6 ± 21.1%, and 693.5 ± 33.2% (Table S6). The 

decrease in elongation at break is consistent with a higher degree of chemical cross-linking in the 

polymer network. The decrease in Young’s modulus is likely due to the plasticizing effect of PEG, 

which has been shown to improve the chain mobility of polymerized ionic liquid networks.36,54,55 

For 7.5-7.5-BVIM gels, the Young’s modulus was 235.7 ± 25.3 kPa and the strain at break was 

898.0 ± 30.2% (Figure 4.2a). The increased Young’s modulus relative to 15-BVIM is due to the 

presence of permanent crosslinks, while the similar strain at break is because both networks 

possess the same w/w % of crosslinker.   
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We next investigated the ability of these networks to remodel at the interface between two 

different substrates. Tensile specimens were printed, cut in half, and mended either mechanically 

(pushed together) or thermally. Interestingly, the Young’s modulus is comparable between the 

mechanically reattached and thermally treated samples. As expected, both of these values are lower 

relative to the original sample before cutting due to the loss of the permanent cross-links within 

the network. Tensile specimens of 7.5-7.5-BVIM which had been cut and mended thermally 

exhibited a larger strain at break (1086.3 ± 180.7%) compared to samples which were cut and 

mechanically reattached (773.6 ± 34.4%) (Figure 4.2b). This difference can be attributed to a 

greater number of Diels-Alder cross-links re-forming across the damaged interface. In comparison, 

we observed a similar trend for mechanically mended 15-BVIM samples, which exhibited a strain 

at break of 240.0 ± 27.7% versus the thermally mended 15-BVIM samples which improved to 

654.9 ± 22.5%.   

A crucial element of any material intended for sensing is its ability to conduct electricity. 

Electrical impedance spectroscopy (EIS) measurements carried out on an Autolab 302N 

potentiostat galvanostat (Figure 4.2c) demonstrated the material is conductive both as a resin and 

as a printed gel. Conductivity in the cured material is decreased due to immobilization of the IL. 

4.3.3 Stress Relaxation Measurements 

Stress relaxation experiments were performed to determine the relaxation time across a range of 

temperatures from 75 °C to 105 °C (Figure 4.3a). A 5% strain was applied to the network, and the 

relaxation times were determined by using the normalized modulus of the sample at 1/e of its initial 

value. This data was plotted versus 1000/T to determine an activation energy for the Diels-Alder 

adducts of 84 ± 5 kJ/mol (Figure 4.3b). This value is similar to those reported in the literature that 

had a range of 98 - 115 kJ/ mol.56 The position of the functional groups on furan and maleimide 
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derivatives, as well as the solvent, are known to strongly influence the activation energy of the 

reverse Diels-Alder reaction and can lead to the range of values observed.   

4.3.4 Demonstration of Modular Ion Gel Sensors 

To explore the suitability of the resin formulations for producing modular piezoelectric sensors, 

blocks in the shape of a cube, bent arm, and cross, were printed and arranged into a linear, cyclic, 

or cubic configurations (Figure 4.4a, b). Blocks composed of 10-BVIM, 15-BVIM, or 20-BVIM 

were placed in contact with one another and heated at 60 °C overnight to initiate the reversible 

Diels-Alder reaction at the interface between the blocks. The modular pieces were successfully 

combined into one continuous structure, however, there was a significant loss in the resolution of 

the printed shape. In contrast, the 7.5-7.5-BVIM ionogels successfully maintained their shape 

fidelity as a consequence of the non-reversible cross-links present in the network. Heating these 

samples at 85 °C for 4.5 h was sufficient to fuse the polymer networks at the interface between 

two modular building blocks without diminishing the resolution of the printed features (Figure 

4.4b, c).   

4.3.5 Cyclic Uniaxial Tensile Measurements 

We investigated the hysteresis in these materials over multiple deformation cycles.13-16 Cyclic 

uniaxial tensile experiments show the hysteresis of 7.5-7.5-BVIM gels under different strain rates 

ranging from 5 to 100 mm/min at 50% strain (Figure 4.5a). The results showed that sensors 

stretched at slower strain rates experienced lower amounts of hysteresis and lower stress values 

because the network had more time to relax between cycles. When the material was stretched at 

higher strain rates, more force was required, and a larger hysteresis was observed. In all cases, the 

greatest amount of hysteresis was observed between the first and second cycles and decreased 
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significantly after the second cycle. Similarly, when the sensors were stretched at a constant strain 

rate of 50 mm/min at strains ranging from 5-100%, lower amounts of strain resulted in smaller 

hysteresis and lower stress (Figure 4.5b, Figure C16). As the % strain increased, the stress 

experienced by the network increased along with a slight increase in hysteresis.   

4.3.6 Conductivity and Gauge Factor Measurements 

In order to examine the performance of the modular sensors, conductivity measurements 

were performed with a Keithley 2400 source measure unit (SMU). Blocks of 7.5-7.5-BVIM were 

first fused into a loop-shaped structure. Electrodes were attached to opposite ends of the loop and 

connected to the SMU (Figure C15). Stretching the loop provokes a decrease in the measured 

current. The decrease in current is a result of an increase in length and a decrease in the cross-

sectional area of the structure as described by the equation:  

𝑉 𝐼 = 𝜌(𝐿 𝐴⁄⁄ )                                                           (4.5)  

which relates resistance (R), resistivity (ρ), length (L) and cross-sectional area (A) of the sample. 

Since the applied voltage and resistivity are constant, the current drops in response to the 

deformation. Once the applied strain is removed, the current increases (Figure 4.5c). To evaluate 

the performance of a piezoelectric device under compression, printed blocks were arranged into a 

box and thermally cured into a continuous network structure. The box was connected to the SMU 

using electrodes and copper plates (Figure C15). As expected, compression led to an increase in 

current due to the decrease in the shortest path between the electrodes. The strain-dependent 

sensitivity of the sensors is evaluated as the gauge factor (GF), which is the ratio of change in 

electrical resistance to applied mechanical strain The GF was 2.08 under 5-50% strain (Figure 

C27), which increased to 3.59 under 50-200% strain (Figure 4.5d). Larger strains cause a larger 
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deformation to the network, which interrupts conductive pathways by increasing the separation 

between anions and cations, leading to higher resistance.34 

4.3.7 Adhesive Strength 

All of the ionogels also exhibited an adhesive character, which was characterized using lap-shear 

adhesion tests. The adhesive strength of the ionogels were evaluated for glass, aluminum, 

cardboard, and Teflon substrates (Figure 4.5e). The gels adhered best to glass (5.45 MPa) and 

maintained their adhesive strength after being detached and reapplied (5.37 MPa). The strong 

adhesive properties of these materials are attributed to the broad range of noncovalent interactions 

(hydrogen bonding, electrostatic, ion-dipole, and van der Waals interactions) between the ion gels 

and the substrate.9,18,57,58 The adhesion to different substrate types could be advantageous for these 

sensors to remain in place once they are installed.   

4.4 MATERIALS & METHODS 

4.4.1 General Reagent Information 

All purchased reagents were used as received without further purification unless otherwise 

specified. 1-vinylimidazole (>98.0%), 1-bromobutane (>99.0%), 1-bromoethane (>98.0), 2-

isocyanoethyl methacrylate (>98.0%, stabilized with BHT), dibutyltin dilaurate (>95.0%), 

triethylamine (>99.0%), furan (stabilized with BHT, >99.0+%), maleic anhydride (>99.0%), 

Propargyl amine (>97.0%), 1,1,1,3,3,3-hexamethyldisilazane (>96.0%), CuBr (>98.0%), 

N,N,N',N'',N''-Pentamethyldiethylenetriamine (PMDETA, >99.0%), and 4-methoxyphenol 

(MEHQ, >99.0%) were purchased from TCI America. Lithium 

bis(trifluoromethanesulfonyl)imide salt (99.95%), 4-dimethylaminopyridine (>99.0%), p-

toluenesulfonyl chloride (>98.0%), N,N-dimethylformamide (anhydrous, 99.8%), toluene 
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(anhydrous, 99.8%), sodium azide (>99.5%), furfuryl alcohol (98%), methacrylic anhydride 

(contains 2,000 ppm topanol A as inhibitor, ≥94%), methanol (>99.9%), (+)-sodium L-ascorbate 

(>99.0%), aluminum oxide (activated, neutral, Brockmann I) and ethyl acetate (>99.7%) were 

purchased from Sigma Aldrich. PEG-8000, diethyl ether (anhydrous, stabilized with BHT, 

>99.0%), acetonitrile, tetrahydrofuran (>99.8%), and dichloromethane (>99.9%) were purchased 

from Fisher Scientific. Dry tetrahydrofuran and dichloromethane were obtained from a Pure 

Process Technology purification system.  

4.4.2 General Analytical Information 

1H NMR spectra were recorded on a Bruker 300 or 500 MHz instrument. Rheology measurements 

were performed on a TA Discovery HR-2 Hybrid Rheometer. Mechanical stress/strain 

measurements were performed on a Test Resources Universal Testing Machine. 3D printed 

structures were printed using a Formlabs Form 2 SLA printer. Mass Spec measurements were 

performed on a Bruker Esquire LC - Ion Trap Mass Spectrometer. DSC measurements were 

performed on a TA Discovery DSC 2500 instrument. Dynamical Mechanical Thermal Analysis 

(DMTA) was recorded on a TA Instruments DMA 850. Electrical impedance spectroscopy (EIS) 

measurements carried out on an Autolab 302N potentiostat galvanostat. Conductivity 

measurements were performed with a Keithley 2400 source measure unit (SMU).  Cyclic tensile 

experiments were conducted on an Instron 5585H load frame with a 50 N load cell. 

Thermogravimetric analysis was conducted on a TA Q5000 thermogravimetric analyzer. 
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4.4.3 Synthesis of exo-3,6-epoxy-1,2,3,6-tetrahydrophtalic anhydride (maleic anhydride 

Diels-Alder adduct) 

A Teflon stir bar, 10 g of maleic anhydride (0.102 mol), 9.86 mL of furan (0.136 mol), and 30 mL 

of ethyl acetate were added to a 250 mL round-bottom flask. The reaction mixture was left to stir 

at room temperature for 24 h under N2. The product was collected via vacuum filtration and dried 

at room temperature under high vacuum using a Schlenk manifold (Yield: 11.79 g, 69.60%). 1H 

NMR (300 MHz, DMSO-d6): δ 6.60 (d, 2H), 5.36 (dd, 2H), 3.33 (d, 2H). 

4.4.4 Synthesis of alkyne functionalized maleimide Diels-Alder adduct (alkyne maleimide) 

A Teflon stir bar and 11.80 g of exo-3,6-epoxy-1,2,3,6-tetrahydrophtalic anhydride (0.071 mol) 

was dissolved in 150 mL of methanol and 150 mL of THF in a single-neck 500 mL round-bottom 

flask under N2 and subsequently cooled to 0 °C. 4.55 mL of propargylamine (0.071 mol), 25 mL 

of methanol, and 25 mL of THF were added to a separate 100 mL single-neck round-bottom flask. 

A 100 mL addition funnel was attached to the 500 mL round-bottom flask and the contents of the 

100 mL round-bottom flask were poured into the addition funnel. The contents of the addition 

funnel were added dropwise to the 500 mL round-bottom flask and left to stir for an additional 30 

minutes at 0 °C upon completion. 17.76 mL of hexamethyldisilizane (0.085 mol) was added to 

the round-bottom flask and the reaction mixture was left to stir at 65 °C for 3 days under N2. The 

reaction mixture is then cooled to room temperature and the remaining liquid is removed with a 

rotary evaporator from the orange product. The product is redissolved in minimal DCM and 

washed twice with a saturated sodium bicarbonate solution, twice with 2 M hydrochloric acid. The 

product is then dried using magnesium sulfate and vacuum filtered to remove solid impurities. 

Product was put on rotary evaporator at 30 °C to obtain off-white residue. The product is then 

recrystallized in acetone, collected via vacuum filtration, and dried at room temperature under high 
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vacuum using a Schlenk manifold (Yield 5.19 g, 36.0%). 1H NMR (300 MHz, CDCl3): δ 6.52 (d, 

2H), 5.30 (dd, 2H), 4.23 (s, 2H), 2.90 (s, 2H), 2.19 (s, 1H). 

4.4.5 Synthesis of furfuryl methacrylate 

A Teflon stir bar, 1.41 g of 4-dimethylaminopyridine (0.0116 mol), 43.38 mL of triethylamine 

(0.347 mol), 20 mL of furfuryl alcohol (0.231 mol), and 20 mL of ethyl acetate were added to a 

500 mL single-neck round-bottom flask and left to stir for 5 minutes under N2. 36.19 mL of 

methacrylic anhydride (0.243 mol) and 30 mL of ethyl acetate were added to a separate 100 mL 

single-neck round-bottom flask. A 100 mL addition funnel was attached to the 500 mL round-

bottom flask and the contents of the 100 mL round-bottom flask were poured into the addition 

funnel. The contents of the addition funnel were added dropwise to the 500 mL round-bottom 

flask. Upon completion, the reaction mixture was left to stir at 55 °C for 24 hours under N2. Any 

precipitated salts were removed via vacuum filtration and the remaining reaction mixture was 

diluted with ethyl acetate. The reaction mixture was washed twice with deionized water, twice 

with 1 M hydrochloric acid, twice with a saturated sodium bicarbonate solution and twice with a 

saturated brine solution. The product is then dried using magnesium sulfate and vacuum filtered 

to remove solid impurities. The product was then run through a neutral alumina column with a 

10:1 mixture of hexanes: ethyl acetate as the eluent. The first analyte was collected and put on the 

rotary evaporator at 35 °C to obtain the product. Minimal MEHQ is added to the product to prevent 

crosslinking. 1H NMR (300 MHz CDCl3): δ 7.43 (d, 1H), 6.42 (dd, 1H), 6.36 (d, 1H), 6.13 (s, 1H), 

5.57 (s, 1H), 5.14 (s, 2H), 1.95 (s, 3H). 
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4.4.6 Synthesis of PEG-tosylate 

A Teflon stir bar and 10 g of PEG-8000 (0.00125 mol) was dissolved in 100 mL of anhydrous 

DCM in a single-neck 250 mL round-bottom flask under N2 and cooled to 0 °C. Maintaining 

positive N2 flow, 2.38 g of tosyl chloride (0.0125 mol) and 0.100 g of 4-dimethylaminopyridine 

(0.00075 mol) were added portion-wise to the round-bottom flask, followed by 1.74 mL of 

triethylamine (0.0125 mol) added dropwise with stirring at 0 °C. The reaction mixture was stirred 

for an additional hour at 0 °C and then left to stir at room temperature for 24 hours under nitrogen. 

The reaction mixture is then washed twice with deionized water, twice with saturated sodium 

bicarbonate solution and twice with a saturated brine solution. The product is then dried using 

magnesium sulfate and vacuum filtered to remove solid impurities and then precipitated twice in 

diethyl ether. The product was collected via vacuum filtration and dried at room temperature under 

high vacuum using a Schlenk manifold (Yield: 6.74 g, 64.6%). 1H NMR (500 MHz CDCl3): δ 7.82 

(d, 4H), 7.36 (d, 4H), 4.19 (t, 4H), 2.48 (s, 6H), protons from PEG appear at 3.67 ppm.  

4.4.7 Synthesis of PEG-azide 

A Teflon stir bar and 5.98 g of PEG-tosylate (0.00072 mol) was dissolved in 100 mL of DMF in 

a single-neck 250 mL round-bottom flask under N2. Maintaining positive N2 flow, 0.470 g of 

sodium azide (0.0072 mol) was added to the round-bottom flask. The reaction mixture is then left 

to stir at 80 °C for 2 days under N2. DMF is then removed using a rotary evaporator. The product 

is then redissolved in minimal DCM and washed twice with deionized water and then twice with 

a saturated brine solution. The product is then dried using magnesium sulfate and vacuum filtered 

to remove solid impurities. The product is then precipitated twice in diethyl ether, collected via 

vacuum filtration, and dried at room temperature under high vacuum using a Schlenk manifold 
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(Yield: 4.41 g, 76.1%). 1H NMR (500 MHz CDCl3):  δ 3.36 (t, 4H), protons from PEG appear at 

3.62 ppm. 

4.4.8 Synthesis of protected PEG-maleimide 

A Teflon stir bar and 0.17 g of copper (I) bromide (0.00123 mol) were added to a 250 mL single-

neck round-bottom flask and pump purged with N2. 36 mL of methanol, 4 mL of water, 0.257 mL 

of N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (0.00123 mol), and 0.6 of sodium ascorbate ( 

0.00303 mol) were added to the round-bottom flask and allowed to stir under N2 for 24 hours. 10 

g of PEG-azide (0.00123 mol) and 2.5 g of alkyne maleimide (0.0123 mol) were added to 

the round-bottom flask and allowed to stir under N2 for 24 hours. The reaction mixture was then 

filtered through neutral alumina and put on the rotary evaporator initially at 35 °C to remove DCM, 

then 50 °C to remove methanol and water. The product is then precipitated twice in diethyl ether, 

collected via vacuum filtration, and dried at room temperature under high vacuum using a Schlenk 

manifold (Yield: 7.8 g, 74.7%). 1H NMR (500 MHz CDCl3): δ 7.65 (s, 2H), 6.51 (d, 4H), 5.28 (dd, 

4H), 4.78 (s, 4H), 4.48 (t, 4H), 2.88 (d, 4H), protons from PEG appear at 3.63 ppm. 

4.4.9 Deprotection of PEG-maleimide 

A Teflon stir bar, 1.7 g of PEG-maleimide (0.000200 mol), and 50 mL of toluene were added to a 

100 mL single-neck round-bottom flask. The flask was left to stir and refluxed for 24 hours at 140 

°C under N2. The product mixture was placed on the rotary evaporator at 55 °C to remove toluene 

and then redissolved in DCM. The product is then precipitated twice in diethyl ether, collected via 

vacuum filtration, and dried at room temperature under high vacuum using a Schlenk manifold 

(Yield: 1.49 g, 88.9%). 1H NMR (500 MHz CDCl3): δ 7.71 (s, 2H), 6.73 (s, 4H), 4.82 (s, 4H), 4.50 

(t, 4H), protons from PEG appear at 3.64 ppm.  
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4.4.10 Synthesis of DA-PEG-1 (methacrylated PEG-maleimide) 

A Teflon stir bar and 4.78 g of deprotected PEG-maleimide (0.000578 mol) were added to a 100 

mL single-neck round-bottom flask under N2 and heated to 70 °C. Once the polymer was fully 

melted, 1.77 mL of furfuryl methacrylate (0.0115 mol) was added to the round-bottom flask. The 

reaction was left to stir at 70 °C for 24 hours under N2. The product was dissolved in minimal 

DCM then precipitated twice in diethyl ether, collected via vacuum filtration, and dried at room 

temperature under high vacuum using a Schlenk manifold (Yield: 4.40 g, 88.5%). 1H NMR (500 

MHz, CDCl3): δ 7.64 (s, 2H), 6.54 (d, 2H), 6.43 (dd, 2H), 6.12 (dd, 2H), 5.55 (s, 2H), 5.25 (s, 2H), 

4.89 (s, 4H), 4.58 (d, 4H), 4.46 (t, 4H), 3.38 (s, 2H), 3.00 (d, 1H), 2.92 (d, 1H), 1.91 (s, 6H). 

4.4.11 Synthesis of PEG-bis(urethane) methacrylate (PEG-BUM) 

A Teflon stir bar and 60 g of PEG-8000 (0.0075 mol) were dried under vacuum for 12 hours in a 

single-neck 1 L round-bottom flask. The flask was then backfilled with dry nitrogen. Maintaining 

positive N2 flow, 550 mL of anhydrous DCM was added to the round-bottom flask and stirred at 

30 °C until PEG is fully dissolved. Add 0.89 mL (0.0015 mL) dibutyltin dilaurate to the PEG 

solution. Attach a 50 mL addition funnel to the 1 L round-bottom flask. In a separate 100 mL 

round-bottom flask, add 50 mL of anhydrous DCM along with 5.3 mL (0.0375 mol) of 2-

isocyanatoethyl methacrylate and swirl to mix. Pour the isocyanate/DCM mixture into the 50 mL 

addition funnel. Adjust the flow rate of the addition funnel so that the isocyanate is added slowly 

(about 1 drop per second) to the reaction mixture. This can take up to 2 hours. Following the 

complete addition of isocyanate, remove the addition funnel and reattach the vacuum adapter to 

the round-bottom flask. Stir reaction mixture at 30 °C for 2 days under nitrogen. The reaction 

mixture is then concentrated on a rotary evaporator at 30 °C until viscous. The product is 
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precipitated twice in diethyl ether. The product was collected by vacuum filtration and dried at 

room temperature under high vacuum using a Schlenk manifold (Yield: 19.48 g, 93.7%). 1H NMR 

(500 MHz, CDCl3): δ 6.04 (s, 2H), 5.52 (t, 2H), 5.18 (t, 1H) 1.87 (s, 6H), protons from PEG appear 

at 4.14 ppm and 3.57 ppm. 13C NMR (300 MHz, CDCl3): δ 70.59. IR (ATR-FTIR, νmax, cm-1): 

2880, 1720, 1468, 1340, 1280, 1092, 960, 840.  

4.4.12 Synthesis of 1-vinyl-3-butyl imidazolium bromide ([BVIM]Br) 

200 mL (2.2 mol) of 1-vinyl imidazole and 285 mL (2.65 mol) of 1-bromobutane were stirred 

magnetically at 45 °C for 24 hours. The viscous solution was allowed to cool before washing 3-4 

times with excessive diethyl ether until the liquid solidifies. The product was collected by vacuum 

filtration and dried at room temperature under high vacuum using a Schlenk manifold. The product 

appears as a white solid (Yield: 456.23 g, 90.1%). 1H NMR (500 MHz, DMSO-D6): δ 9.61 (s, 

1H), 8.24 (t, 1H), 7.97 (t, 1H), 7.33 (m, 1H), 6.00, 5.43 (d of d, 2H), 4.22 (t, 2H), 1.81 (q, 2H), 

1.30 (m, 2H), 0.91 (t, 3H). 13C NMR (300 MHz, CDCl3): δ 135.22, 128.74, 123.17, 119.17, 108.57, 

48.81, 30.98, 18.68, 13.19. IR (ATR-FTIR, νmax, cm-1): 3092, 3040, 2956, 1652, 1568, 1540, 1456, 

1160, 984, 928, 880, 804, 740, 724, 660, 636, 604. 

4.4.13 Synthesis of 1-vinyl-3-butyl imidazolium bis(trifluoromethane) sulfonamide 

([BVIM]TFSI) 

96.34 g (0.42 mol) of [BVIM]Br and 122.6 g (0.427 mol) of Lithium bis(trifluoromethanesulfonyl) 

imide salt were dissolved in 160 mL of DI water and stirred at room temperature for 48 hours. The 

mixture was then poured into a separatory funnel and the ionic liquid layer was allowed to separate. 

The ionic liquid was separated from the water layer, then passed through a column of neutral 

alumina. The product appears as a clear liquid. (Yield: 152.12 g, 84%). 1H NMR (500 MHz, 
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DMSO-D6): δ 9.46 (s, 1H), 8.18 (t, 1H), 7.91 (t, 1H), 7.28 (m, 1H), 5.96, 5.42 (d of d, 2H), 4.19 

(t, 2H), 1.80 (q, 2H), 1.27 (m, 2H), 0.91 (t, 3H). 13C NMR (300 MHz, CDCl3): δ 135.28, 128.85, 

123.21, 119.16, 108.58, 48.97, 31.03, 18.77, 13.15. IR (ATR-FTIR, νmax, cm-1): 3156, 2972, 1660, 

1552, 1348, 1180, 1132, 1052, 956, 920, 740, 612, 568, 508. 

4.4.14 Ion Gel Resin Preparation 

Ion Gel Resin Preparation:   

Example of a typical procedure to prepare 20 g of 7.5-7.5-BVIM resin for 3D printing:   

7.5 wt% (1.5 g) of PEG-BUM and 7.5 wt% (1.5 g) of DA-PEG-1 is added to an amber vial. 0.75 

wt% (0.15 g) of BAPO was added, followed by 0.025 wt% (0.005 g) of Sudan 1. 16.85 mL of 

[BVIM]TFSI (~85 wt%) is then added and the mixture is vortexed for 10-15 mins before being 

stored at 4 °C overnight. Solution is vortexed again if the PEG is not fully dissolved. The amount 

of each component used to make the fusible ion gels are summarized in Table C1. 

4.4.15 General process for 3D Printing Ion Gel Objects Using a Stereolithographic Apparatus 

(SLA) 3D Printer 

The desired resin was poured into the resin tray and the print was initiated on a Formlabs Form 2 

SLA printer in open mode. The z-axis step size was 0.100 mm. CAD files used for building blocks 

were downloaded from Thingiverse.com (credit to mathgrrl and Rob65). Upon print completion, 

the structure was removed from the build plate carefully using a metal scraper and residual resin 

was removed by gently rolling the structure in kimwipes until minimal resin remained. If the shape 

of the structure permits, the printed structures may be centrifuged at 1000 RPM for one minute to 

help remove residual resin. The structure was then cured using 405 nm light for 30 mins on one 

side, flipped, then cured for an additional 30 mins on the other side. 
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4.4.16 Creating Modular 3D Printed Ion Gel Sensors 

3D printed blocks were stuck together in the desired configuration and placed in a parafilm covered 

glass petri dish. Samples were then heated in a vacuum oven. 10-BVIM, 15-BVIM, and 20-BVIM 

samples were heated overnight at 60 °C under ambient pressure. 7.5-7.5-BVIM samples were 

heated at 85 °C for 4 hours under ambient pressure. Fused structures were then removed from the 

oven and allowed to reach room temperature. 

4.4.17 Rheology 

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

Advanced Peltier Plate system. Experiments were performed using an 8 mm flat stainless steel 

upper plate. Resin samples were loaded via glass pipette 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. Viscosity vs Shear Rate experiments were performed to measure the viscosity 

of the ion gel resins. The viscosity of resins must remain below 10 Pa*s for resin to flow properly 

during SLA printing. All resins reported in this manuscript had viscosities below this threshold. 

Resins were found to increase in viscosity with increasing amount of PEG co-polymer present. 

4.4.18 Tensile Tests 

A TestResources Universal Test System 1.1 kN electromechanical actuator single column load 

frame with a 43 N high accuracy S10 type load cell was used to evaluate the mechanical properties 

of 3D printed ion gels. For dimensions of all tensile specimens, ISO 527-2 5B specimen 

specifications were used. The samples were attached to vice grips with diamond grit jaw and 

subjected to increasing strain at a constant rate of 5 mm/min until mechanical failure. Samples 

designated “mechanically mended” were cut with a razor at the center of the gauge region and 
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stuck together mechanically by pushing the two ends of the pieces together. The samples were 

self-adhered prior to loading. Samples designated “thermally mended” were cut with a razor at the 

center of the gauge region and heated together at 85 °C for 4 h prior to loading. 

4.4.19 Dynamic Mechanical Thermal Analysis 

Dynamical Mechanical Thermal Analysis (DMTA) was recorded on a TA Instruments DMA 850 

equipped with a liquid nitrogen purge cooler. Specimens with dimensions of 20 mm x 3 mm x 0.6 

mm were tested using a tensile dual screw film clamp. The experiment was carried out over a 

temperature range of –50 °C to 120 °C at a ramp rate of 2 °C/ min, with an amplitude of 10 µm 

and a frequency of 1 Hz. A glass transition temperature (Tg) of 15 °C was determined from the 

peak in tan (δ). 

4.4.20 Electrical Impedance Spectroscopy 

Ionic conductivities were determined by electrochemical impedance spectroscopy (EIS) in an 

Autolab 302N potentiostat galvanostat at various temperatures (20-100 °C) using a temperature 

control Microcell HC station. Samples were placed between stainless steel electrodes (surface area 

= 0.5 cm2). The plots were obtained using 10 mV amplitude in the 100 kHz to 1 Hz range. 

4.4.21 Stress Relaxation Measurements 

Relaxation modulus and activation energy was determined by stress relaxation experiments 

performed in an ARES rheometer (Rheometrics) using a film tension fixture and 5 % of strain at 

temperatures ranging from 75 °C to 105 °C. The samples used for these measurements had a width 

between 2.5 to 3 mm and thickness between 0.75 to 1.05 mm. Temperature dependent relaxation 

times are described by the Arrhenious equation:  

τ(T) =  eEa 𝑅𝑇⁄                                                               (4.6) 
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The activation energy of the dynamic bond was determined from the slope of the natural logarithm 

of τ plotted against 1000/T. 

4.4.22 Thermogravimetric Analysis 

Thermogravimetric analysis was conducted on a TA Q5000 thermogravimetric analyzer. Samples 

were examined over a temperature range of 30-500 °C at a rate of 10 °C/ min under N2 atmosphere. 

The first derivative (blue) shows the decomposition temperatures of the sample, while the weight 

loss thermogram (red) demonstrates the amount of mass lost from the sample. Material 

decomposition began at 300 °C (10% mass lost), followed by complete decomposition at 417 °C, 

exhibiting good thermal stability. The initial mass loss is likely due to unpolymerized ionic liquid 

remaining in the gels.  

4.4.23 Source Measuring Unit Conductivity Experiments 

Conductivity measurements were performed with a Keithley 2400 source measure unit (SMU). 

Electrodes were attached to the sensors by wrapping wires around the object or placing copper 

plating in contact with the sample and wiring. Results from the compression of the cubic sensor 

are displayed in Figure C15. 

4.4.24 Cyclic Uniaxial Tensile Tests 

Cyclic tensile experiments were conducted on an Instron 5585H load frame with a 50 N load cell. 

Constant strain of 50% was applied at strain rates ranging from 5 to 100 mm/ min. Additionally, a 

constant strain rate of 50 mm/ min was applied over strains ranging from 5% to 200%.   

4.4.25 Gauge Factor Determination 

The gauge factor of a material is the ratio of change in electrical resistance to applied mechanical 

strain:  

𝐺𝐹 =  
∆𝑅

𝑅0
⁄

𝜀
                                                            (4.7) 
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Gauge factor measurements for the ion gel sensors were conducted on a 5585H load frame with a 

50 N load cell while connected to a Keithley 2400 SMU. Samples were subjected to tensile strain 

ranging from 5-200% at a strain rate of 50 mm/ min. The change in resistance was plotted 

against % strain to determine the gauge factor.    

4.4.26 Adhesion Tests 

To determine the adhesive strength of the ion gels to a variety of substrates, square patches (2.5 

cm x 2.5 cm) were sandwiched between two offset pieces of the relevant material. Substrates used 

were glass, aluminum, cardboard, and Teflon. The setup was attached to the grips of a 

TestResources Universal Test System with 1 kN load cell and pulled until the sample was 

detached.   

4.5 CONCLUSION 

A photopolymerizable ionic liquid resin was developed for 3D printing ionogel CANs that can be 

fused together to create piezoelectric sensors. During the 3D printing process, the resin was 

transformed into dynamic ionogel networks, wherein Diels-Alder adducts were utilized to create 

reversible cross-links. The printed structures demonstrate high print quality, as well as desirable 

mechanical properties such as good elasticity (1184% strain at break) and strength (739 kPa), 

which can be tuned by altering the number of dynamic crosslinks in the material. These dynamic 

covalent bonds imbued a mechanism for self-repair in the material and were also active at the 

substrate surface, such that two different 3D printed networks could be fused into a single 

continuous network. Within these ionogels, the unpolymerized ionic liquid is mobile within the 

network. Thus, the printed and fused ionogels were conductive and performed as piezoelectric 

sensors. As a representative demonstration, three different modular building blocks were 3D 

printed. Using these building blocks, an end-user can assemble a piezoelectric sensor with any 
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arbitrary design, as necessary.  This strategy, wherein 3D printed parts can be assembled into a 

larger functional system, showcases a decentralized manufacturing approach for future on-demand 

production of active devices.   
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Figure 4.1 Overview of resin components and representation of dynamic polymer network. A) 

Components of ionic liquid gel resin. Not shown: BAPO (photoinitiator) and Sudan 1 

(photoabsorber). The photoinitiator initiates radical polymerization during SLA printing and the 

photoabsorber improves the resolution of printed objects by limiting light penetration. B) 

Representation of dynamic bonds within polymerized polymer network. Reversable Diels-Alder 

substituents in the crosslinks of the material allow for modification of the network post 

polymerization. Permanent crosslinks provide improved shape retention under heating.   
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Figure 4.2 Characterization of ionic liquid gels. A) Tensile strength of gels with varying amounts 

of copolymer. B) Tensile experiments of formulation 7.5-7.5-BVIM after printing, after being cut 

and mechanically mended, and after being fused using heat. C) Electrical Impedance Spectroscopy 

(EIS) data of formulation 7.5-7.5-BVIM as a resin (red) and after printing (blue) over a range of 

temperatures (20-100 °C).   
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Figure 4.3 a) Stress relaxation of 7.5-7.5-BVIM gels at varying temperatures. Relaxation times 

(τ) are determined when the normalized modulus reaches 1/e of the initial value. b) Activation 

energy (Ea) of Diels-Alder bonds in the network was determined from the slope of the natural 

logarithm of τ plotted against 1000/T (Ea
 = 84 ± 5 kJ/mol). 

 
 

Figure 4.4 Demonstration of the modularity of dynamic ionic liquid gels. a) CAD file of building 

blocks used to create modular sensors. b) Individually printed blocks of 7.5-7.5-BVIM can be 

combined into modular strain sensors of different shapes without any loss of resolution. Scale bars 

represent 5 mm. c) Fused structures can support a 500 g weight without sustaining damage. Scale 
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bar for linear and box structures represents 5 mm. Scale bar for loop represents 20 

mm. 

 

Figure 4.5 Dynamic properties of modular sensors. a) Cyclic uniaxial tensile experiments 

performed at strain rates of 5, 25, and 100 mm/ min at 50% strain; two cycles for each strain rate 

are shown and additional cycles are included in the supporting information. b) Cyclic uniaxial 
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tensile experiments performed at 5%, 25%, and 100% strain at a strain rate of 50 mm/ min; two 

cycles for each % strain are shown and additional cycles are included in the supporting 

information. c) Electrical response of sensors attached to a source measuring unit. Current passing 

through the device decreases as the device is placed under tension, as predicted by modified Ohm’s 

Law. d) A plot showing the cyclic loading and unloading to different strains to determine the gauge 

factor for strains ranging from 50-200%. e) Adhesive strength of 7.5-7.5-BVIM gels in contact 

with a variety of substrates. f) Square adhesive ion gel patch supporting a 100 g weight on glass 

slides. 
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APPENDIX A 

 
3D Printing of Ionic Liquid Polymer Network for Stretchable Conductive Sensors 

 

Scheme A1 Synthetic route to PEG-bisurethane methacrylate. 

 

Figure A1 1H NMR spectrum of PEG-BUM in CDCl3. 
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Scheme A2 Synthetic route to 1-vinyl-3-butyl imidazolium bromide.  

 

Figure A2 1H NMR of [BVIM]Br in DMSO-d6. 
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Scheme A3 Synthetic route to 1-vinyl-3-butyl imidazolium bis(trifluoromethane)sulfonamide.  

 

Figure A3 1H NMR of [BVIM]TFSI in DMSO-d6. 

 

 

 

 



 

 

126 

 
Figure A4 Printed structures using a series of photoinitiators including ivocerin, BAPO, and LAP.  

 
Figure A5 Compressive tests of printed cylinders using various amounts of BAPO. 
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Figure A6 3D printed structures using various amounts of BAPO. 
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Figure A7 Stereomicroscopic images of 3D printed structures using various amounts of BAPO. 
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Figure A8 Compressive tests of printed cylinders using various amount of Sudan-I. 

 

 
Figure A9 Compressive tests of printed cylinders using various amounts of PEG-BUM. 
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Determine %Mass Loss 

To determine the amount of unpolymerized ionic liquid in printed structures with and without post-

print curing step, cylindrical samples were printed on a Form 2 SLA printer. After printing, the 

samples with post-print curing step were cured for 1 h with 405 nm light under a flow of nitrogen, 

while the samples without post-print curing step were directly extracted as is. Each sample was 

submerged in 50 mL of methanol for one week, with the solvent being replaced three times over 

that period. After one week, the samples were placed in a vacuum oven at 50 °C overnight. To 

determine the amount of unpolymerized materials, the mass of the fully dried sample is subtracted 

from the original mass of the puck. The mass lost is due to uncured monomers and polymerizable 

ionic liquid being extracted out by methanol. The average results are displayed in the table below. 

The data reveals a portion of the ionic liquid remains unpolymerized after printing, leaving the 

networks swollen. The unpolymerized ionic liquid allows these gels to remain conductive. 

 
Table A1. % Mass loss of 3D printed structure with and without post-print curing step. 

 

Samples 

With post-

print 

curing step 

Avg. initial 

mass (g) 

Avg. final 

mass (g) 

Avg. % 

mass loss 

Avg. % 

mass loss 

7wt% PEG-BUM Yes 0.6403 0.4123 35.60 

34 11 wt% PEG-BUM Yes 0.6388 0.4378 31.37 

15 wt% PEG-BUM Yes 0.6261 0.4024 35.81 

7 wt% PEG-BUM No 0.6269 0.1572 74.99 

73 11 wt% PEG-BUM No 0.6353 0.1865 70.65 

15 wt% PEG-BUM No 0.6211 0.1745 71.91 

 



 

 

131 

 
Figure A10 Tensile stress versus strain curves of printed dogbones using various amounts of PEG-

BUM with and without post-print curing step. 

 

 

 
Figure A11 Self-adhesion experiments with different healing conditions.  
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Figure A12 Self-adhesion experiments with different healing times under ambient conditions. 

 

 

 
 

Figure A13 Self-adhesion experiments with different numbers of reattachments under ambient 

condition. 
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APPENDIX B 

Mechanomorphic Responses in 3D Printed Ionic Liquid Polymer Networks 

 

Scheme B1 Synthetic route to PEG-BUM.  

 

Figure B1 1H NMR spectrum of PEG-BUM in CDCl3.  
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Scheme B2 Synthetic route to [BVIM]Br.  

 

Figure B2 1H NMR spectrum of [BVIM]Br in DMSO-d6.   
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Scheme B3 Synthetic route to [BVIM]TFSI.  

 

Figure B3 1H NMR spectrum of [BVIM]TFSI in DMSO-d6.  

 

Table B1 Formulations for Ion Gel Resins (20 g scale).  

Resin 

Formulation  

PEG-BUM [g]  BAPO [g]  Sudan 1 [g]  [BVIM]TFSI 

[mL]  

[EVIM]TFSI 

[mL] 

10B 2 0.15  0.005  17.85  0 

15B  3  0.15  0.005  16.85  0 

20B 4  0.15  0.005  15.85  0 

10E  

15E 

20E 

2 

3 

4  

0.15  

0.15 

0.15 

0.005 

0.005 

0.005 

0 

0 

0  

17.85 

16.85 

15.85 
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Figure B4 a) Photocuring rate of resins with varying w/w% PEG-BUM. The irradiation began 

after 60 seconds. b) Viscosity vs shear rate of resins with varying w/w% PEG-BUM. 

 

Table B2 Summary of Mechanical Properties.  
 

Materials E10 E15 E20 B10 B15 B20 

Strength 

(kPa) 
8700 ± 1000 6870 ± 800 3940 ± 440 3760 ±  190 2370 ± 360 1630 ± 24 

Strain 

(mm/mm) 
5.5 ± 0.4 7.8 ± 0.5 7.5 ±0.06 9.2 ± 0.5 7.7 ± 1.1 5.8 ±0.25 

Modulus 

(kPa) 
77230 ± 2510 32680 ± 1930 10410 ± 580 9830 ± 540 2930 ± 180 720 ± 140 
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Gel Fraction:  

To determine the amount of unpolymerized ionic liquid in a fully cured structure, cylindrical pucks 

(d = 10 mm, h = 5 mm) of each resin formulation (10B, 15B, 20B) were printed on a Form 2 SLA 

printer. After printing, each sample was cured for one hour with 405 nm light under a flow of 

nitrogen. Each puck was soaked in 50 mL of methanol for one week, with the solvent being 

replaced three times over that period. After one week, the samples were removed and placed in a 

vacuum oven at 50 °C overnight. To determine the amount of polymerized material remaining, the 

mass of the fully dried sample is subtracted from the original mass of the puck. The mass lost is 

due to unpolymerized ionic liquid being washed out by methanol. The average results are displayed 

in the table below. The data reveals that under all conditions, a portion of the ionic liquid remains 

unpolymerized after printing, leaving the networks swollen.  

 

Table B3 Summary of Gel Fraction Data.  
 

Materials Ionic liquid 
% Weight 

loss 

%Gel 

fraction 

10% PEG-

BUM 

[EVIM]TFSI 

25 75 

15% PEG-

BUM 
24 76 

20% PEG-

BUM 
24 76 

10% PEG-

BUM 

[BVIM]TFSI 

49 51 

15% PEG-

BUM 
41 59 

20% PEG-

BUM 
36 64 
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Figure B5  Degree of bending in multi-material tensile specimens is strongly influenced by the 

amount of strain applied.  

 

 
Figure B6 Images of octet-truss lattice and wheel-to-box structures. The layers containing 

different resin compositions are labelled. 
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Figure B7 Images demonstrating the anisotropic shape transformation of the wheel-to-box 

structure. The degree of shape transformation is influenced by the amount of strain applied. 

 

 
Figure B8 Images of shape recovery of 10E/20B tensile specimens. 
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Figure B9 Images of shape recovery of 15E/15B tensile specimens. 

 

 
Figure B10 Images of shape recovery of 10B/20B tensile specimens. 

 
Figure B11 Graphical representation of shape recovery rate of multi-material tensile specimens. 
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APPENDIX C 

3D Printed Modular Strain Sensors Based on Imidazolium Ionic Liquids 

 
Scheme C1 Overview of synthetic route to DA-PEG-1.  
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Scheme C2 Synthetic route to exo-3,6-epoxy-1,2,3,6-tetrahydrophtalic anhydride.  

 

 
Figure C1 1H NMR spectrum of exo-3,6-epoxy-1,2,3,6-tetrahydrophtalic anhydride in DMSO-d6. 
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Scheme C3 Synthetic route to alkyne maleimide. 

 

 
Figure C2 1H NMR spectrum of 3a,4,7,7a-Tetrahydro-2-(2-propyn-1-yl)-4,7-epoxy-1H-

isoindole-1,3(2H)-dione in CDCl3.  
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Scheme C4 Synthetic route to furfuryl methacrylate.  

 
Figure C3 1H NMR spectrum of furfuryl methacrylate in CDCl3. 
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Scheme C5 Synthetic route to PEG-tosylate.  

 
Figure C4 1H NMR spectrum of PEG-tosylate in CDCl3- 
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Scheme C6 Synthetic route to PEG-azide.  

 
Figure C5 1H NMR spectrum of PEG-azide in CDCl3. 
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Scheme C7 Synthetic route to PEG-maleimide.  

 
Figure C6 1H NMR spectrum of PEG-maleimide in CDCl3. 
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Scheme C8 Synthetic route to deprotect PEG-maleimide.  

 
Figure C7 1H NMR spectrum of deprotected PEG-maleimide in CDCl3. 
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Scheme C9 Synthetic route to DA-PEG-1.  

  

Figure C8 1H NMR spectrum of DA-PEG-1 in CDCl3. 

 

 

 

 

 

 

 

 

 



 

 

150 

 
Scheme C10 Synthetic route to PEG-BUM.  

  

  

Figure C9 1H NMR spectrum of PEG-BUM in CDCl3. 
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Scheme C11 Synthetic route to [BVIM]Br.  

 
  

Figure C10  1H NMR spectrum of [BVIM]Br in DMSO-d6.   
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Scheme C12 Synthetic route to [BVIM]TFSI.  

 
Figure C11 1H NMR spectrum of [BVIM]TFSI in DMSO-d6. 

 

Table C1 Formulations for Fusible Ion Gels (20 g scale).  

Resin 

Formulation  

PEG-BUM 

[g]  

DA-PEG-1 

[g]  

 BAPO  

 [g]  

Sudan 1  

[g]  

[BVIM]TFSI 

[mL]  

10-BVIM  0  2.0  0.15  0.005  17.85  

15-BVIM  0  3.0  0.15  0.005  16.85  

20-BVIM  0  4.0  0.15  0.005  15.85  

7.5-7.5-BVIM  1.5  1.5  0.15  0.005  16.85  
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Figure C12 Viscosity vs Shear rate of ionic liquid gel resins.  

 
Figure C13 Dynamic Mechanical Analysis (DMA) thermogram of 7.5-7.5-BVIM sensors, 

demonstrating the Tg (15 °C) of the gels. Results over a temperature range of –50 °C to 120 °C are 

shown. 
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Gel Fraction:  

To determine the amount of unpolymerized ionic liquid in a fully cured structure, cylindrical pucks 

(d = 10 mm, h = 5 mm) of each resin formulation (10-BVIM, 15-BVIM, 20-BVIM) were printed 

on a Form 2 SLA printer. After printing, each sample was cured for 1 h with 405 nm light under a 

flow of nitrogen. Each puck was soaked in 50 mL of methanol for one week, with the solvent being 

replaced three times over that period. After one week, the samples were removed and placed in a 

vacuum oven at 50 °C overnight. To determine the amount of polymerized material remaining, the 

mass of the fully dried sample is subtracted from the original mass of the puck. The mass lost is 

due to unpolymerized ionic liquid being washed out by methanol. The average results are displayed 

in the table below. The data reveals that under all conditions, a portion of the ionic liquid remains 

unpolymerized after printing, leaving the networks swollen. 

Table C2 Gel fraction data of 10-BVIM.  

Name  Initial Mass (g)  Final Mass (g)  % mass lost  Gel Fraction  

10-BVIM (1)  0.5878  0.3742  36.33%  63.66%  

10-BVIM (2)  0.5816  0.3590  37.26%  62.74%  

10-BVIM (3)  0.5722  0.3462  39.49%  60.50%  

Averages  0.5805 ± 0.0078  0.3598 ± 0.0140  37.69 ± 1.6239  62.30 ± 1.6252  

  

Table C3 Gel fraction data of 15-BVIM.  

Name  Initial Mass (g)  Final Mass (g)  % mass lost  Gel Fraction  

15-BVIM (1)  0.5718  0.3413  40.31%  59.68%  

15-BVIM (2)  0.5844  0.3659  37.39%  62.61%  

15-BVIM (3)  0.5791  0.3627  37.37%  62.63%  

Averages  0.5784 ± 0.0063  0.3566 ± 0.0133  38.35 ± 1.6916  61.64 ± 1.6974  

  

Table C4 Gel fraction data of 20-BVIM.  

Name  Initial Mass (g)  Final Mass (g)  % mass lost  Gel Fraction  

20-BVIM (1)  0.5668  0.3583  36.78%  63.21%  

20-BVIM (2)  0.5606  0.3569  36.33%  63.66%  

20-BVIM (3)  0.5751  0.3642  36.67%  63.32%  

Averages  0.5675 ± 0.0072  0.3598 ± 0.0038  36.59 ± 0.2345  63.39 ± 0.2345  
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Table C5 Gel fraction data of 7.5-7.5-BVIM.  

Name  Initial Mass (g)  Final Mass (g)  % mass lost  Gel Fraction  

7.5-7.5-BVIM (1)  0.5814  0.3765  35.24%  64.75%  

7.5-7.5-BVIM (2)  0.5781  0.3724  35.58%  64.41%  

7.5-7.5-BVIM (3)  0.5774  0.3767  34.76%  65.24%  

Averages  0.5789  ± 0.0021  0.3752 ± 0.0024  35.19% ± 0.4119  64.8% ± 0.4172  

 

Table C6 Summary of Mechanical Characterization Data.  

Materials 10-BVIM 15-BVIM 7.5-7.5-BVIM 20-BVIM 

Nominal Stress at 

Break, σb 

(kPa) 

1090.51 ± 122.51  468.02 ± 43.31  485.79 ± 24.34  253.51 ± 3.18  

Nominal Strain at 

Break, εtb 

(%) 

1184.91 ± 121.47  860.59 ± 21.12  897.96 ± 30.20  693.52 ± 33.24  

Young’s Modulus, Et 

(kPa) 
739.30 ± 217.89  119.09 ± 18.68  235.67 ± 25.31  67.32 ± 16.17  

  

 

 
Figure C14 TGA thermogram of 7.5-7.5-BVIM. In red is the mass loss (%) of sample during 

heating. In blue is the derivative of mass loss (%/ °C) of samples during heating.  
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Figure C15 SMU graph demonstrating change in conductivity of cubic sensor in response to 

compression. Also shown is the connection of the sensors to the SMU.  
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Figure C16 Cyclic tensile stress-strain fatigue test a) 2 cycles b) 10 cycles. Also shown are cyclic 

tensile stress-strain curves at different strain rates c) 2 cycles d) 10 cycles.   
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Figure C17. Cyclic tensile stress-strain fatigue test at rate of 5 mm/ min at 50% strain.  
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Figure C18. Cyclic tensile stress-strain fatigue test at rate of 12.5 mm/ min at 50% strain.  
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Figure C19. Cyclic tensile stress-strain fatigue test at rate of 25 mm/ min at 50% strain.  
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Figure C20. Cyclic tensile stress-strain fatigue test at rate of 50 mm/ min at 50% strain.  
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Figure C21. Cyclic tensile stress-strain fatigue test at rate of 100 mm/ min at 50% strain.  
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Figure C22. Cyclic tensile stress-strain fatigue test at 5% strain at a rate of 50 mm/ min.  
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Figure C23. Cyclic tensile stress-strain fatigue test at 25% strain at a rate of 50 mm/ min.  
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Figure C24. Cyclic tensile stress-strain fatigue test at 50% strain at a rate of 50 mm/ min.  
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Figure C25. Cyclic tensile stress-strain fatigue test at 100% strain at a rate of 50 mm/ min.  
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Figure C26. Cyclic tensile stress-strain fatigue test at 200% strain at a rate of 50 mm/ min.  
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Figure C27 Top Left & Bottom Left: Change in resistance at different strain amounts, ranging 

from 5-50% strain and 50-200% strain. Top Right & Bottom Right: Change in resistance vs % 

strain. The slope of the line is the gauge factor.    
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Figure C28 Stress vs strain graph demonstrating adhesion of ion gel sensors to various substrates.   

 

Table C7 Summary of adhesion data.  

Substrate  Stress at Break (MPa)  Strain at Break (%)  

Glass  5.45 ± 0.14  10.9 ± 0.56  

Reattached Glass  5.37 ± 0.8  10.34 ± 0.21  

Aluminum  4.42 ± 0.6  5.62 ± 0.32  

Cardboard  2.02 ± 0.35  3.65 ± 1.05  

Teflon  3.04 ± 0.42  5.36 ± 0.98  
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Figure C29 Images demonstrating sensor adhesion to glass, aluminum, cardboard, and Teflon.  
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Figure C30 Image demonstrating adhesive patch (2.5 cm x 2.5 cm) supporting a 500g weight.  

 

 
Figure C31. 15-BVIM gels, which contain solely dynamic crosslinks, experienced loss of fidelity 

during heating at 60 °C.  
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