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Abstract 

Electronics devices have integrated into various aspects of contemporary life, spanning 

entertainment, office productivity, industrial applications, and healthcare. The rise of commercially 

accessible wearable technology has catalyzed the advancements of soft electronics that better 

match the human body compared to conventional rigid electronics. Over the past decade, various 

strategies to render electronics soft and stretchable have been developed, among which, 

ionotronics have gained increasing attention. Ionotronics are devices that conduct current via ions 

and electrons. Their physical, mechanical, and electrical resemblances to tissues enable better 

electrical communication at the interface of human and machine and holds great potential for use 

as wearable and implantable devices. 

Despite the promises, it remains a major challenge to fabricate structurally precise, 

mechanically robust, and electrically high-performance hydrogel ionotronics that are comparable 

to current state-of-the-art electronic products. The inability to fabricate and integrate multiple ionic 

components further hinders the invention of new ionic functions and limits the variety of 

ionotronics. Although 3D printing stands as a promising solution, current developments in 3D-

printable hydrogel ionotronic materials encounter difficulties in achieving a balance between ink 

printability, structural mechanical robustness, and ionotronic performance. To this end, this thesis 

focuses on the design of 3D-printable and tough hydrogel ionotronic materials and the fabrication 

of various multi-component hydrogel ionotronic devices. 

The thesis first presents a conductive printable tough adhesive polyacrylic acid/chitosan 

hydrogel. The material system features a triggered mechanical enhancement mechanism to 

transform a 3D-printable hydrogel ink into a stretchable and tough structure. By leveraging 

oppositely charged long-chain polymers as the hydrogel backbones, the material is intrinsically 

printable. Upon exposure to water or body fluid, strong electrostatic interactions drive polymer 

network contraction and strengthening, resulting in marked mechanical enhancement in toughness, 

stiffness, tensile strength, and stretchability. The highly charged polyelectrolytes render the ionic 

conductivity and further support application as strain sensors. 

Despite simultaneously achieving high printability and toughness, the proposed PAAc/Chit 

ionotronic material still faces limitations, including compromised electrical conductivity, 
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monotonous electrical functionality, and significant size changes after phase transition. These 

drawbacks impede the broader application of this material in ionotronic devices. To address these 

challenges, a more versatile 3D printing method compatible with fabrication of multi-component 

ionotronics for expanded ionic device functionalities is proposed. The 3D ionic microgel printing 

strategy features double-network microgels containing different ionic species embedded in a 

secondary polymer network. The use of ionic microgels enables a combination of intrinsic 

printability, tough mechanics, and high electrical performance. This method allows one to fabricate 

ionic devices of various configurations with high geometrical definition and strong adhesion 

between dissimilar units. With the printing method and material system, an array of high-

performance ionotronics, including ionic diodes, ionic bipolar transistors, ionic rectifiers, and ionic 

touchpads were demonstrated. 
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Résumé 

Les appareils électroniques ont été intégrés dans divers aspects de la vie contemporaine. 

L'essor de la technologie portable commercialement accessible a catalysé les progrès de 

l'électronique souple qui s'adapte mieux au corps humain que l'électronique rigide conventionnelle. 

Diverses stratégies ont été mises au point pour rendre l'électronique souple et extensible, parmi 

lesquelles l'ionotronique a fait l'objet d'une attention croissante. Les ionotroniques sont des 

dispositifs qui conduisent le courant par l'intermédiaire d'ions et d'électrons. Leur ressemblance 

physique, mécanique et électrique avec les tissus permet d'améliorer la communication électrique 

à l'interface entre l'homme et la machine et offre un grand potentiel d'utilisation en tant que 

dispositifs portables et implantables. 

Malgré ces promesses, la fabrication d'ionotroniques à base d'hydrogel structurellement 

précises, mécaniquement robustes et électriquement performantes, comparables aux produits 

électroniques, reste un défi majeur. L'impossibilité de fabriquer et d'intégrer de multiples 

composants ioniques entrave en outre l'invention de nouvelles fonctions ioniques et limite la 

variété des ionotroniques. Bien que l'impression 3D soit une solution prometteuse, les 

développements actuels des matériaux ionotroniques hydrogel imprimables en 3D rencontrent des 

difficultés pour atteindre un équilibre entre l'imprimabilité de l'encre, la robustesse mécanique de 

la structure et la performance ionotronique. À cette fin, cette thèse se concentre sur la conception 

de matériaux ionotroniques hydrogel imprimables en 3D et résistants et sur la fabrication de divers 

dispositifs ionotroniques hydrogel multicomposants. 

Cette thèse présente tout d'abord un hydrogel conducteur imprimable et résistant à base 

d'acide polyacrylique et de chitosane. Le système de matériau comporte un mécanisme 

d'amélioration mécanique déclenché pour transformer une encre hydrogel imprimable en 3D en 

une structure extensible et résistante. En s'appuyant sur des polymères à longue chaîne chargés de 

manière opposée comme squelette de l'hydrogel, le matériau est intrinsèquement imprimable. Lors 

de l'exposition à l'eau ou à un fluide corporel, de fortes interactions électrostatiques entraînent la 

contraction et le renforcement du réseau de polymères, ce qui se traduit par une amélioration 

mécanique marquée de la ténacité, de la rigidité, de la résistance à la traction et de l'extensibilité. 

Les polyélectrolytes hautement chargés assurent la conductivité ionique et renforcent l'application 

en tant que capteurs de déformation. 
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Bien que le matériau ionotronique PAAc/Chit proposé présente simultanément une 

imprimabilité et une ténacité élevées, il reste confronté à des limitations, notamment une 

conductivité électrique compromise, une fonctionnalité électrique monotone et des changements 

de taille après la transition de phase. Ces inconvénients empêchent une application plus large de 

ce matériau dans les dispositifs ionotroniques. Pour relever ces défis, une méthode d'impression 

3D plus polyvalente, compatible avec la fabrication de dispositifs ionotroniques à composants 

multiples, est proposée pour élargir les fonctionnalités des dispositifs ioniques. La stratégie 

d'impression 3D de microgels ioniques comprend des microgels à double réseau contenant 

différentes espèces ioniques intégrées dans un réseau polymère secondaire. L'utilisation de 

microgels ioniques permet de combiner l'imprimabilité intrinsèque, une mécanique robuste et des 

performances électriques élevées. Cette méthode permet de fabriquer des dispositifs ioniques de 

différentes configurations avec une haute définition géométrique et une forte adhésion entre des 

unités dissemblables. Grâce à la méthode d'impression et au système de matériaux, une série de 

dispositifs ioniques de haute performance, y compris des diodes ioniques, des transistors bipolaires 

ioniques, des redresseurs ioniques et des pavés tactiles ioniques, ont été démontrés. 
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CHAPTER 1  

Introduction 

This chapter serves as a general introduction to the thesis. The chapter begins with a thesis 

organization section to explain the overall format and provide an overview of the chapter 

arrangement, including a brief summary for each chapter. It is followed by a thesis motivation 

section to provide backgrounds and a challenge section to state the main obstacles to be tackled in 

hydrogel ionotronics. The chapter continues with a comprehensive literature review section to 

summarize previous relevant studies and provide fundamental theories. Next, the rationale for 

conducting this research is stated and detailed objectives for subsequent studies toward addressing 

the research problems are presented. 

 

1.1 Thesis Organization 

This thesis is written in traditional monograph style, including 6 chapters – Introduction, Materials 

and Methods, 3D printing of polyelectrolyte complex hydrogels, 3D ionic microgel printing of 

ionic devices, Discussions, and Concluding remarks – overviewed as follows. 

Chapter 1 serves as a broad introduction to the thesis. It starts with explaining the 

background of developing hydrogel ionotronics and is followed by articulating the contextual 

challenges in the design and fabrication of high-performance hydrogel ionotronics. With the 

research obstacles and related problems established, a thorough background survey of existing 

theories and techniques developed in the literature is provided. The literature review is divided 

into four major subsections. The first subsection provides background information on the advances 

in ionotronics, mainly focusing on hydrogels. The second subsection specifically discusses 

multiple desired material properties for hydrogel ionotronics, including conductivity, self-healing, 

and environment stability. Next, fabrication methods for hydrogel ionotronics are introduced with 

a highlight in 3D printing technologies. The last part of the literature review surveys the existing 

hydrogel ionotronic devices, including strain and temperature sensors, triboelectric nanogenerators, 
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and bioelectronic interfaces. Finally, the rationale for conducting the research is clarified and the 

detailed aims and approaches toward addressing the research challenges are explained. 

Chapter 2 focuses on the numerical and experimental methods used throughout the entire 

thesis. This chapter is divided into six sections, describing the synthesis of materials, 

characterizations, and fabrication of devices. In the first section, materials synthesis procedures, 

including the polyacrylic acid/chitosan (PAAc/Chit) polyelectrolyte complex hydrogels, the 

Agar/PAAm double-network (DN) hydrogels and microgel inks, and 3D printing of the materials 

are detailed. The next section focuses on the physical and structural characterizations conducted 

on the materials, comprising swelling tests, degradation, and microscopic imaging. It is followed 

by a mechanical characterization section to explain the approaches used in investigating the 

rheological properties, tensile properties, fracture toughness, and adhesion performances. The 

fourth section details the experimental techniques pertaining to electrical functions, specifying 

measurements in electrical conductivity, electromechanical coupling, and electrochemical 

performances. In the next section, relevant details in the fabrication and characterization of the 

ionotronic devices constructed in this thesis are presented, namely, ionic bipolar junction transistor, 

ionic full-wave rectifier, and ionic touchpad. Finally, methodologies pertinent to statistical analysis 

throughout this thesis are described. 

Chapter 3 and Chapter 4 comprise the main body of the thesis presenting key results and 

findings of two subsequent studies towards solving the research challenges. In Chapter 3, a 3D-

printable, tough, and adhesive PAAc/Chit hydrogel is presented featuring a unique phase 

transitioning mechanism for printable inks to experience mechanical enhancement in ubiquitous 

and mild environments. The developed material system targets the research problem to 

simultaneously achieve printability and mechanical robustness. The results and analysis related to 

the 3D printing quality, mechanical performances, phase transition mechanisms, electrical 

behavior, and demonstrations of applications are presented. Despite the advances, the proposed 

PAAc/Chit material system still has limitations, for instance, compromised electrical conductivity, 

limited electrical functionality, and drastic size changes. These drawbacks hamper the further 

application of this material in fabricating ionotronic devices. Therefore, Chapter 4 introduces the 

development of 3D Ionic Microgel Printing (3D IMP), a versatile multi-material 3D printing 

method for hydrogel ionotronics. This 3D printing strategy incorporates a combination of ionic 

species–contained microgels and DN crosslinking technology. By leveraging the intrinsic 
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printability of the ionic microgels, the microgel-reinforced toughening mechanism, and the 

modularity of the microgels to host ionic species and support diverse ionic functions, the 3D IMP 

technique emerges as a promising approach to address the challenges in the fabrication of multi-

component ionotronics. Results and analysis pertaining to the material design, 3D printing, 

electrical investigations, mechanical performances, and the fabrication of various ionotronic 

devices are presented. 

Chapter 5 provides a comprehensive discussion on the findings of the reported technologies. 

The chapter is divided into four sections. The first three sections discuss the three key ingredients 

of the presented research, namely, 3D printing, mechanical integrity and degradation, and electrical 

characteristics. Each topic is elaborated with the highlights, implications, comparisons to the 

literature, limitations, and potential improvements. With the identified merits and drawbacks, a 

section devoted to future directions follows. Perspectives and proposals on the development of 

next generation high-performance ionotronics are put forward. 

The last chapter is dedicated to final conclusions and remarks. The outcomes of this thesis 

are summarized corresponding to the proposed objectives, and its contributions to the advancement 

of knowledge in the field of ionotronics are emphasized.  

1.2 Thesis Motivation 

Electronics devices have become an integral part of every facet of modern life, ranging from 

entertainment to office productivity, industrial applications, and healthcare. Over the past decade, 

the trend in commercially available wearable technology and a shift toward digital precision 

medicine have driven the development of a new class of electronics. Wearable and implantable 

technology can promote convenient and long-term continuous communications between the 

physiological environment and electronics. Take healthcare as an example, a better machine-to-

human interface would assist in faster, safer, more accurate, and more comprehensive health 

monitoring. It would further contribute to benefits in diagnosis, therapeutics, rehabilitation, and 

foster a deeper understanding in the physiology of the human body.  

Conventional electronics achieve various functions via the integration of diverse electronic 

elements. Electrical conductors are indispensable elements responsible for transmitting electrical 

signals and delivering power. Typically composed of metals, these conductors play a vital role in 
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various electronic devices. On the other hand, electrical p-n junctions, commonly made of 

semiconducting materials, are another types of crucial elementary building block for a myriad of 

electronic components, including diodes, transistors, light-emitting diodes, solar cells, and 

integrated circuits1. Whereas conventional electrical materials are intrinsically inorganic, rigid, and 

electronic, most human tissues are organic, soft, and ionic. The distinct nature of the physical, 

mechanical, and electrical properties in those two systems presents a significant hurdle in 

achieving physical integration. Consequently, bridging this gap stands out as a fundamental 

challenge in the pursuit of effective communication between electronic devices and biological 

systems. The necessity for machines to be soft, stretchable, and ionic to seamlessly integrate with 

the human body has become increasingly evident. 

Tremendous research efforts have been made to render electronics flexible and stretchable, 

matching the mechanics of soft biological tissues. Early approaches achieved this by engineering 

the structure (e.g., serpentine and horseshoe shaped metal conductors) and exploiting the 

mechanics of traditional materials (e.g., flexible thin silicon wafer)2–4. Other methods utilized 

strategies to bind stretchable substrates with rigid electronic components and connect with 

stretchable conductors5–7. Despite the preserved high performances offered by conventional 

materials, these methods often yielded unsatisfactory stretchability in dynamic environments along 

with concerns related to stress concentrations and mechanical durability. To circumvent such issues, 

other emerging methods are being explored, focusing on material chemistry to develop fully 

stretchable devices. To achieve this, numerous intrinsically stretchable polymeric electronic 

materials have been created8–11. However, sophisticated design and complex processing were 

inevitable in all the aforementioned strategies3,12,13. Such approaches were often time-consuming 

and tethered to stringent processes and expensive fabrication environments. 

Whereas conventional electronics struggle to address the abovementioned challenges, their 

ionic counterparts – ionotronics – stand as a promising alternative. Ionotronics can fulfill a variety 

of electrical functions that are the same as electronics but via different charge carriers. While 

electronic conductors convey electrical signals via electrons, ionic conductors do so via positive 

and negative ions14–19. Analogous to a depletion region formed between electron-rich and hole-

rich units of electrical p-n junctions, ionic junctions rectify ionic current with an ion-depletion 

region at their interface of oppositely charged ionic units. With ions as the main charge carriers, 

ionotronics resemble the human body. The same electricity conduction mechanism promotes 
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electrical communication and facilitates their integration, which remains challenging for 

electronics due to the charge carrier mismatches. Among the various materials that comprise 

ionotronics, hydrogels are one of the most popular classes. Hydrogels comprise hydrophilic 

polymer chains that swell in water. Polymer matrices serve as vessels to hold water, while water 

acts as medium for ions to transport. The intrinsic organic, soft, wet, and ion-rich features render 

hydrogels affinity to biological tissues in terms of physical composition, mechanical 

characteristics, and charge carriers. Thanks to the extensive development of this engineering 

material, multiple salient features and properties have been endowed to hydrogels that can also 

benefit iontronics, such as giant stretchability20, toughness21, fatigue resistance22, self-healing23,24, 

ambient stability25, and freeze tolerance26. With the advances in hydrogels, diverse functions has 

been demonstrated in hydrogel ionotronics, such as current rectification27,28, computing29,30, 

energy generation and harvesting31–35, sensing25,36, neural modulation37, and adhesion38. 

The mainstream fabrication method for hydrogel ionotronics is batch synthesis and manual 

assembly. These methods cannot produce hydrogels with intricate, small-scale, and precise 

structural features, nor can they assemble dissimilar hydrogels or hydrogel with other materials 

with high precision. These drawbacks fundamentally constrain the geometrical fidelity and design 

flexibility, and thus limit the electrical functions of the resulting ionotronic devices. The 

advancements in these properties are critical for high-performance hydrogel ionotronics with 

multiple ionic units39. 3D printing has emerged as a promising additive manufacturing strategy to 

control the architectural features of various structural and functional materials, including hydrogels. 

The current paradigm for 3D printing of hydrogels is depositing the inks of hydrogel precursors 

into desirable 3D shapes, predominantly through techniques such as direct ink writing (DIW)40, 

embedded printing41, or vat-photopolymerization42, and then curing the inks post- or during 

printing43. The small feature size, high precision, and intricate architecture offered by 3D printing 

can readily address the aforementioned challenges in the fabrication of hydrogel ionotronics. 

Among all the 3D printing techniques, DIW is the most popular one used for hydrogel ionotronics 

due to its accessibility, facile operation, and multi-material printing capability.  
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1.3 Challenges 

Implementing 3D printing to hydrogel ionotronics could provide a solution for high-performance 

ionotronics, but two main challenges remain. First, a recognized issue with DIW of hydrogel 

ionotronics is the tuning of different 3D-printable inks, which often demands time-consuming and 

delicate refinement of the rheology and printing conditions of the respective inks to ensure printing 

quality44,45. Considerations of the mechanical properties pertaining to the stretchability, strength, 

and toughness as well as other electrical functionalities of the post-printed devices further 

complicate the ionotronic material design process. The often-contradictory design criteria for ink 

printability and toughness of most existing hydrogels bring significant hurdles for the widespread 

and rapid implementation of DIW in hydrogel ionotronics. 

Second, developing hydrogel ionotronics with new conceptual functions expects the 

involvement of various hydrogel materials with dissimilar physical, chemical, and electrical 

properties. 3D printing of such heterogeneous ionotronic devices requires the development of 

compatible multi-material strategies, where multiple ionic units are constructed with a variety of 

hydrogel inks. The inter-material contamination caused by ink mixing and diffusion during or after 

fabrication will adversely affect the performance of 3D-printed devices or even prematurely 

demolish device functions. Achieving reliable adhesion between dissimilar units for a cohesive 

device also remains a challenge46. Debonding of units would impair or affect the device 

performance during use and undermine the stretchability and toughness of the whole device.  

1.4 Literature Survey 

1.4.1 Hydrogel ionotronics 

Inspired by living matters, ionotronics are devices with hybrid circuits that conduct current via a 

combination of both ions and electrons14. In ionotronics, ions are the major charge carrier that 

fulfill device functions, while electrons are involved in connection to external circuits for input 

and output of power and signals. Early ionotronics took the form of electrolyte solutions or ionic 

liquids encapsulated in vessels with channels and reservoirs. However, the liquid nature of these 

ionic conductors poses issues such as leakage and strong dependence on the vessels, which 
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hindered their further development18. Therefore, hydrogels, as solid ionic conductors, have risen 

to become the main form of ionotronics. 

Hydrogels are a promising candidate for ionotronics due to their combination of desirable 

mechanical, chemical, and electrical properties. Hydrogels compose of polymer networks and a 

large amount of water. In hydrogels, water hold ions and support their transportation, while the 

polymer networks maintain their solid shapes14. Hydrogels have been synthesized with tailored 

mechanical properties to match a range of biological materials and soft tissues47. The high 

biocompatibility of hydrogels can attenuate the foreign body response and make them suitable 

candidates for biomedical applications such as drug delivery, tissue engineering, and regenerative 

medicine48,49. Recent research has also highlighted various aspects of hydrogels, including high 

fracture toughness20, adhesion energy50, and ionic conductivity51. These properties can further 

facilitate hydrogels applications in wearable electronics19, bioelectronics52, and soft robotics53. 

1.4.2 Properties desired for hydrogel ionotronics 

Conductivity. Ionic conductivity is enabled by the motion of ions54. The foundation of stretchable 

ionotronics is established by stretchable ionic conductors. Other ionic functions are enabled by the 

inclusion of additional ionic species. Hydrogels achieve ionic conductivity mainly by diffusion of 

ions driven by electric fields, concentration gradients, or temperature18. In hydrogels, the mesh 

size of the polymer networks (~10 nm) is much larger than that of ions; ions carrying charges can 

drift under an applied electric field with water as the supporting medium to achieve ionic 

conduction. Introducing mobile ions by dissolving salts in neutrally charged polymer networks is 

one of the pioneering methods to endow ionic conductivity. For example, the resistivity of 

polyacrylamide (PAAm) hydrogels can be decreased to 0.02 Ωm, 0.03 Ωm, and 0.05 Ωm with the 

addition of 1.37M, 2.74M, 5.48M of NaCl respectively, compared to 18.2 MΩm of resistivity for 

deionized water51. Another method is the inclusion of charged polymers – polyelectrolytes – into 

hydrogel networks19. Polyelectrolytes are a type of polymer with charge-carrying groups in their 

repeated units and associated mobile counterions. Typical polyelectrolytes used in ionotronics 

include PAAc, poly (sodium 4-styrene sulfonate) (PSS), poly (diallyldimethylammonium chloride) 

(PDAC), poly(3-(methacryloylamino)propyl-trimethylammonium chloride) (PMPTC), and 

poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS). Due to the charged polymer 
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backbone, hydrogels with polyelectrolytes only allow the transport of mobile ions with opposite 

charge, leading to selective conductivity. 

Whereas pure hydrogel ionic conductors have limited conductivities of < 10 S m-1, the 

inclusion of other conductive fillers can enhance their conductivity. Some electrically conductive 

fillers that have been added to hydrogels include conductive polymers such as polypyrrole (PPy)55 

and polyaniline (PANI)56, as well as inorganic inclusions such as metal nanowire57, 

micro/nanoparticles57,58, carbon nanotubes59–61, carbon black62, reduced graphene oxide63–65, and 

graphite66. In addition, there also exist polymers that render mixed ionic-electronic conductive 

strategies67 – the well-studied poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) being one of them67–69. 

Self-healing. Self-healing capability enables hydrogel ionotronics to recover both 

mechanical and electrical performances repeatedly after mechanical damage59,70–72. Damage in 

hydrogel ionotronics can arise from notching, tearing, stretching, and puncturing. The damages 

may not lead to complete rupture of the device but risk compromising the electrical function and 

durability23. Therefore, self-healing of material components after mild damage is a desirable 

feature for hydrogel ionotronics to prolong device lifespan. 

Current self-healing strategies in hydrogel ionotronics can be categorized into external 

stimuli-induced and autonomous71. External stimuli-induced self-healing is accomplished either 

by incorporating self-healing agents into the material and releasing them at damage sites or by 

initiating the reformation of polymer networks through heat73. However, limitations such as 

consumption of self-healing agents and inconvenience in applying heat bring hurdles to their 

practical application. To this end, increasing attention has been drawn to the development of 

autonomous self-healing hydrogels74. Autonomous self-healing takes advantages of the 

spontaneous interactions of moieties in the hydrogel polymer networks, where bonds can be 

reformed after broken75,76. Some interactions rely on dynamic chemical bonds such as disulfide 

bond77,78, acylhydrazone bond79, phenylboronate ester bond80, diol-borate eater bond59,65,81, Diels-

Alder reaction82, and Schiff’s base reaction83,84. Other mechanisms are based on dynamic 

noncovalent bonds including hydrogen bonding in polyvinyl alcohol (PVA)85, chitosan-based86, 

and hyaluronic acid-based hydrogels87, ion interactions (metal-coordination) in PAA hydrogels88, 

host-guest interactions89,90, and hydrophobic interactions91. 

https://www.sciencedirect.com/topics/physics-and-astronomy/esters
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Environment stability. Environment stability for hydrogels mainly involves the 

capabilities of anti-freezing and water-retention. Resilience to temperature and humidity changes 

is especially important for hydrogel ionotronics when used as wearable devices. Under ambient 

conditions, hydrogels spontaneously lose water by evaporation. Reduced water content will stiffen 

the resulting hydrogel and eventually yield a brittle material that is prone to rupture under dynamic 

deformations. Ion mobility will also be attenuated due to the loss of transportation medium and 

denser polymer network. Strategies to prevent evaporation and decrease the freezing point of 

hydrogels can be categorized into two streams: inclusion of hygroscopic matter and encapsulation 

of elastomer layers. 

The most used hygroscopic matters in hydrogels are cellulose92, sugar93, and salts25,94,95 – 

including lithium chloride and sodium chloride – which have proven to hold water molecules in 

hydrogels due to their strong bond strength between dissolved cation/anion and the water molecule 

pairs. Organic solvents are another type of hygroscopic material that could prevent water loss and 

endow anti-freezing capability to hydrogels, including glycerol96, ethylene glycol25, and sorbitol97. 

However, drawbacks – including health hazards, reduced ionic conductivity, and deteriorated 

toughness are major concerns to these inclusions74.  

Encapsulation of hydrogel ionotronics with elastomer layers is another simple and effective 

method to achieve water retention while minimally affecting the electrical and mechanical 

functions of the devices. In this case, strong adhesions at the elastomer-elastomer and hydrogel-

elastomer interfaces are necessary. Strategies include oxygen plasma treating of the elastomer 

surfaces98 – introducing silane for siloxane bonds99 – and benzophenone-treated elastomer for 

covalent bonding with hydrogels100,101.  

1.4.3 Fabrication of hydrogel ionotronics 

Hydrogel ionotronics typically consist of multiple components. The device fabrication processes 

involve the synthesis of each material component, integration of the components, and 

encapsulation of the whole device. In this section, we will be mainly discussing two of the existing 

methods for fabricating hydrogel ionotronics: molding and assembly and 3D printing. 

Molding and assembly. Molding and assembly is the most used method in fabrication of 

hydrogel ionotronics due to its simplicity and intuitive process, adopted from traditional hydrogel 
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synthesis. Components of a device, usually including conductive hydrogels, dielectric elastomers, 

and encapsulation layers, are first molded from their precursors. Upon solidification, each material 

is harvested from the molds and cut to designed shapes and sizes. Finally, layers of materials are 

laminated manually in designed sequence and special arrangement with or without adhesion 

treatments to construct the hydrogel ionotronics. 

Despite the intuitive fabrication process, drawbacks related to this method stand to be one 

of the most significant impediments to the further development of hydrogel ionotronics. The major 

issue is that, since molding and assembly method relies on manual assembly of each component, 

shapes and spatial position varies across each individual device, therefore, it suffers from low 

repeatability in terms of device performance. In fact, the functionalities of such devices could only 

remain in the proof-of-concept stage. In addition, features in nanometer and micrometer scale 

cannot be achieved, which is a significant obstacle in reducing component size, increasing the 

number of units packed in one device, and further improving device performances and 

multifunctionality39. Additionally, the unstandardized process is not able to support large-scale 

production of hydrogel ionotronics for commercialization. 

3D printing. 3D printing is an additive manufacturing approach to embody precise 3D 

architectures according to digital designs102. 3D printing of hydrogels arose from the application 

of 3D bioprinting for tissue engineering and has gradually spread to other fields of hydrogels. To 

accommodate for broader applications, one of the focuses is to develop 3D-printed strong and 

tough hydrogels, as summarized in Table 1.1. 3D printing has drawn increasing attention as a 

fabrication method for hydrogel ionotronics due to its advantages in producing intricate 3D 

patterning, fast prototyping for design iterations, and upscale potential39.  

Two general methods are typically used for 3D printing of hydrogel ionotronics: light- and 

extrusion-based103, as shown in Figure 1.1. Light-based 3D printing, including stereolithography 

(SLA), digital light projection (DLP), liquid-crystal display (LCD), and two-photon 

polymerization (TPP), involves shining a focused laser beam or a projected light pattern onto a 

photopolymerizable resin, which trigger the photo-initiator inside the resin for polymerization and 

crosslinking of the hydrogel polymer networks. The laser beam is computer-controlled and can 

create a thin layer of hydrogel with accurate patterns. As the platform elevates, a layer-by-layer 
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structured 3D hydrogel is formed. Printing quality depends on the laser wavelength, intensity, 

voxel size, scanning speed, as well as composition and concentrations of the chemical components. 

 

Figure 1.1. 3D printing techniques for hydrogels. (a) Light-based printing methods include SLA printing, 

(b) DLP printing, (c) LCD printing, and (d) TPP printing. (e) Extrusion-based printing methods include 

inkjet printing and (f) DIW printing. Reproduced with permission103. Copyright 2021, Wiley-VCH. 

Extrusion-based 3D printing, including inkjet printing and direct ink writing (DIW), 

utilizes a robotic system to control the movement of an extrusion nozzle as drops or filaments of 

ink are extruded. DIW is the most popular extrusion-based 3D printing method to fabricate 

hydrogel ionotronics because of the wide selection of materials and tunability of most hydrogel 

precursors to meet the requirement of DIW. Continuous flow of inks can be facilitated with shear 

thinning behavior, where viscosity decreases with shear rate. A properly designed ink material also 

necessitates suitable yield stress to allow yielding when extruded out from the nozzle under 

external pressure while preventing yielding before or after extrusion to hold the printed structures. 
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In addition, to stabilize the post-printed structures and render properties such as high stretchability, 

strength, and toughness, a post-processing step such as UV crosslinking, heating, or ionic 

crosslinking is often required. This demands such triggerable mechanical enhancements to be 

encoded in the hydrogel inks during material design. As a burgeoning field, current research in 

3D-printed hydrogel ionotronics has been focusing on balancing the printability and device 

functionality such as stretchability, adhesion, and ionic conductivity. This stems from the fact that 

DIW requires inks with proper rheological properties to generate successful prints with high 

resolution and shape fidelity, while the addition of electrical or mechanical functional components 

normally alters the rheological properties of the ink. Thus, optimization of the ink to produce 

printable, stretchable, and conductive materials is necessary. 

Table 1.1. Summary of materials, printing methods, printing resolution, and mechanical 

properties of 3D-printed hydrogels. 

Material Method 
Resolution 

(µm) 

Elastic 

modulus 

(kPa) 

Max 

strain 

(%) 

Tensile 

strength 

(kPa) 

Toughness 

(kJ m-3) 

Fracture 

toughness 

(J m-2) 
Ref. 

PAAm/Al

g 
DIW 300 66 300 170 260 - 104 

PAAm/Ag

ar/Alg 
DIW - 810 691 781 3860 - 105 

PAAm-

Zr4+ 
DIW 330 10000 150 2000 2000 - 106 

PAAc-

Zr4+ 
DLP 100 570 955 1350 - - 107 

P(AAc-

co-AAM) 
DIW 500 520 353 1520 - - 108 

PAMPS/P

AAm  
DIW 500 440 923 1400 3024 - 109 

PAMPS/P

AAm 

microgel 

DIW 500 480 5000 1000 660 - 110 

PAMPS/P

AAm 

microgel 

DIW 210 300 1600 1200 - 15000 111 

PAMPS/P

AAm 

microgel 

DIW - - 280 470 - 3000 112 
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PEG/Alg/

nanoclay 
DIW 500 - 500 250 - 1500 113 

PVA/Chit DIW 200 14000 302 1271 22100 9920 114 

PMPTC/P

SS 
DIW 180 2600 530 1200 - - 115 

PMPTC/P

SS 
DIW 500 10200 700 3400 - 9500 116 

PMPTC/P

SS/CNT 
DIW 280 4470 475 1690 - - 117 

 

1.4.4 Applications of hydrogel ionotronics 

The applications of hydrogel ionotronics have demonstrated various functions. Stretchable ionic 

conductors have been incorporated in diverse emerging ionotronic devices, encompassing artificial 

skins118, axons119, muscles51, eel120, luminescent fiber121, thermometer122, neural interfaces123,124, 

ionic eye125,126, and triboelectric nanogenerators (TENG)127,128. In this thesis, we highlight the 

development and functionalities of several emerging applications for hydrogel ionotronics 

including biophysical sensors, TENG, and bioelectronic interfaces. 

Biophysical sensors. Hydrogel biophysical sensors, typically in the form of wearable 

devices, detect physical changes of the body such as strains, pressures, and temperatures that have 

certain biomedical implications19. These physical stimuli are then transformed into electrical 

signals in forms of changes in current, voltage, resistance, and capacitance that can be measured 

and recorded by instruments. Hydrogel biophysical sensors have gained increasing interest to 

mimic the function of human skin. The development of artificial skins can find uses in biomedical 

applications including health monitoring, rehabilitation, and prosthesis. In this section, we will 

focus on resistive and capacitive strain and pressure sensors and hydrogel temperature sensors. 

Strain and pressure sensors generate electrical signals upon mechanical deformation. 

Hydrogel resistive strain sensors function by coupling mechanical deformation-induced 

geometrical changes with the electrical resistance change. For resistive strain sensors, the gauge 

factor (GF) is defined as GF = (ΔR/R0)/ε, where ΔR is the change in resistance, R0 is the resistance 

without deformation, and ε is the applied strain129. Ideally, the ionic conductivity of hydrogels 

remains unchanged during mechanical deformation, therefore, when hydrogels are stretched to λ 

times its original length, their resistance increase to λ2 times their original resistance14. 



14 

 

Compared to resistive strain sensors, capacitive sensors have the advantages of high 

linearity (even at large strain – up to 500%), low hysteresis, good mechanical durability, and 

robustness in material selection85,88. Capacitive strain sensors have been primarily used in pressure, 

tactile, elongation, and shear sensing. Hydrogel capacitive strain sensors consist of a dielectric 

layer sandwiched between two conductive hydrogel layers, with two electrodes contacting the 

hydrogel layers, connecting the device with external circuits118. At the electrode/hydrogel interface, 

an electrical double layer (EDL) forms, which behaves as a capacitor (CEDL) with a capacitance far 

larger than that of the capacitor formed between a dielectric layer and a conductive hydrogel 

(CD)118. The total capacitance of the capacitive strain sensor can then be modeled as two EDL 

capacitors and one dielectric capacitor in series, represented as: 1/C = 2/CEDL+1/CD. Deformations 

can cause changes in both the dielectric layer thickness (𝑑 ) and facing area (𝐴 ) of the two 

conductive hydrogel layers; as the capacitance of dielectric capacitor can be equated as: CD = ϵA/d, 

capacitance can then be coupled with deformation118. Under the assumption of constant dielectric 

constant (ϵ) of the dielectric material during deformation, capacitance scales as C = C0λ under 

uniaxial stretch λ and as C = C0λ
4 under biaxial stretch. 

Local temperatures of tissue microenvironments are important parameters to reflect 

physiological activities130,131. Accurate measurement of temperature on the surface of biological 

tissues as functions of both time and location and decoupled with deformations can be used to 

monitor health conditions, as well as to diagnose diseases and disorders including infections, 

traumatic injury, chronic inflammation, immunological irregularities, and transplant rejection 

processes132,133. Hydrogel temperature sensors of wide sensing range, high discernible resolution, 

and fast response are desirable19. Using PANI nanofibers, temperature sensing by resistance 

change was demonstrated. The hydrogel temperature sensor could response to sudden temperature 

variation with a sensing resolution of 2.7℃. The mechanism is based on varying carrier hopping 

rates among inter-fiber junctions at different temperatures134,135. Alternatively, a temperature 

sensor based on NaCl-PAAm conductive hydrogel has been demonstrated with high sensitivity 

(1.19 mV/℃). It utilized the self-generated voltage signal of EDL at the hydrogel-electrode 

interface in response to temperature change136. However, the aqueous nature of hydrogels makes 

such devices prone to accelerate evaporation at elevated temperature or freeze at subzero 

temperatures. Consequently, the temperature sensing range is significantly restricted. 
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Triboelectric nanogenerator. A TENG converts mechanical energy into electricity based 

on a conjugation of contact electrification and electrostatic induction137. With the advantages of 

simple structures, vast material choice, and multiple operating modes, TENG has been 

demonstrated to not only harvest energy for versatile applications, but also function as self-

powered sensors to detect mechanical motions138. Hydrogel ionotronics TENG are flexible, 

stretchable, and transparent, suitable for both wearable and implantable biomedical applications. 

They have shown capacities in serving as energy source for therapeutics such as cardiac 

pacemakers139,140, wound healing141, osteoblast differentiation142,143, and neural stimulation144–147, 

as well as self-powered sensors for health monitoring and rehabilitation such as pulse148–151, 

respiration148,152, voice153,154, and joint movement monitoring155,156. 

Hydrogel ionotronic TENG typically employs a sandwich-like architecture, with a piece of 

ionically conductive hydrogel sealed between two elastomer films, and two electrical conducting 

components attached to the hydrogel for electrical connection. Polydimethylsiloxane (PDMS) and 

VHB are the most used elastomer material, while PAAm with LiCl ions is the most popular 

conductive hydrogels157. Four types of working modes can be implemented: contact-separation 

mode, sliding mode, freestanding mode, and single-electrode mode – among which single-

electrode and contact-separation mode are the most common ones157. Regardless of the mode, the 

working principle can be described briefly as follows158: when two dielectric materials with 

different electronegativity contact, charge will transfer between them according to their electron 

affinities (e.g., PDMS is triboelectrically negative, while skin is triboelectrically positive, so 

charge transfer from skin to PDMS, causing the PDMS layer to be negatively charged). Upon 

separation, the static charges on the surface of the elastomer layer will induce ion movement in the 

conductive hydrogel layer to locally balance the charge at the elastomer/hydrogel interface, which 

will further polarize the EDL at the hydrogel/electrode interface. To locally balance the EDL, 

electrons will flow in the electrode through external circuits until charges in elastomer layer are 

screened. Similar processes will occur with opposite charge directions when the dielectric material 

(skin) reapproaches the elastomer, thus, repetitive mechanical movement will lead to alternating 

current generation for device powering or self-powered sensing. 

Bioelectronic interface. Bioelectronics directly interface with human body for electrical 

communication between biological environment and electronics, including electrical stimulation 

and bioelectricity sensing52,159,160. A successful bioelectronic interface requires seamless 
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integration between target biological tissues and electrodes. Conformal mechanical contacts are 

the foundation for reliable electrical communications. The low moduli of hydrogel ionotronics 

ensure their mechanical integration with tissues, while the capability to form strong adhesions 

makes them more advantageous in long-term applications124,161,162. 

Surface hydrogel coatings and interfacing hydrogel adhesives manifest the two forms of 

hydrogel ionotronics as bioelectronic interfaces163. Surface hydrogel coatings are mainly 

implemented under the scenario of coupling bioelectronics with surrounding biological fluids, 

while interface hydrogel adhesives bond bioelectronics with biological tissues. Regardless of the 

form, to achieve spatially precise electrical communication between each electrode and specific 

regions of the tissue, electrical signals need to be conducted directly from the electrode through 

the hydrogel layer and to the target tissue. In this case, conductivity of hydrogel interfaces stands 

to be a crucial factor to be considered for the structural design of the hydrogel layer. When hydrogel 

interfaces have conductivity similar to local tissues (~0.5 S m-1 at 1 kHz), a simple uniform layer 

of conductive hydrogel can serve as the interface, due to the spatially resolved ionic conduction, 

where electrical signals can be transmitted along the thickness direction of the hydrogel with low 

interference from neighboring electrodes163. Recent studies have taken advantages of this salient 

feature in ionic conductivity to implement hydrogel bioelectronic interfaces in multiple biomedical 

setups, including electrical stimulation devices such as cardiac pacemakers124 and neural cuff 

electrodes164, and biopotential sensors such as multielectrode array124, epicardial potential 

mapping electrodes165, and electrocorticography electrodes166. On the other hand, low conductivity 

is not always desired, while island-structured hydrogel layers are required for hydrogel interfaces 

with high conductivity to be implemented with electrical stimulation devices. 

1.5 Thesis Objectives 

Wearable and implantable devices call for better integration with the human body. 3D printing of 

hydrogel ionotronics, presenting a promising strategy for constructing soft and stretchable devices, 

could effectively address this demand. Existing approaches for developing 3D-printable ionotronic 

materials face challenges in balancing ink printability, printed structural mechanical robustness, 

and ionotronic performances. The lack of compatibility in fabricating ionotronic devices with 

multiple functional ionic elements further impedes their advancement. This thesis aims to address 

the aforementioned challenges by focusing on approaches in materials design and fabrication 
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techniques. To this end, the goal of this thesis is to develop novel hydrogel material systems and 

innovative 3D printing methods for ionotronics by leveraging the physical and mechanical 

properties of different forms of hydrogels, various mechanical toughening mechanisms, and ionic 

functionalities of diverse ionic species. The specific aims of this thesis are listed as follows. 

Specific aim 1: Developing a polyelectrolyte complex hydrogel that is 3D-printable and 

can undergo extreme mechanical enhancement by phase transition. 

In the first aim, emphasis would be placed on achieving simultaneous hydrogel printability and 

mechanical robustness. A family of PAAc/Chit hydrogel with different polymer concentrations and 

polymer ratios was to be synthesized. The phase transitioning behavior in response to different 

conditions (kinetics, environment pH, coupling reagent) would be studied, and evaluations were 

to be conducted encompassing the physical (volume ratio) and mechanical performances 

(stretchability, elastic modulus, tensile strength, fracture toughness, and adhesion). Adhesion 

performances to biological and non-biological substrates were to be investigated. The assessment 

of 3D printing performances would be carried out regarding printing time window, ink rheological 

characteristics, and shape fidelity. To be used as ionotronic materials, the ionic conductivities and 

electromechanical coupling were to be measured and demonstrations of wearable strain sensor, 

tissue mimetics, patterned adhesion, and four-dimensional (4D) printing were to be presented. The 

outcomes of this aim would yield an optimized PAAc/hydrogel formulation and synthesis 

procedure and to suggest its adequacy for application in ionotronics. 

Specific aim 2: Developing the 3D IMP strategy that is capable of fabricating stretchable 

and tough hydrogels with complex structures and diverse ionic functions. 

The second aim of this thesis would center on resolving the research challenge related to limited 

ionic functionalities while ensuring the ink printability and structural mechanical robustness. 

Agarose microgels, incorporating three different ionic species (NaCl, polyanion, polycation), 

along with precursors of a second AAm network, would be synthesized and printed. Evaluation of 

3D printing quality for each type of ink was to be conducted, considering rheological behavior, 

shape fidelity, and printing resolutions. The electrical performance was to be assessed based on an 

ionic junction comprising two ionic components. Cyclic voltammetry and electrochemical 

impedance microscopy would be conducted on ionic junctions under various conditions 

(polyelectrolyte concentration, polyelectrolyte species, heterogeneity, desalination, and size) to 
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appraise the electrical performances and investigate the electrochemical mechanisms. Subsequent 

characterizations would focus on the mechanical robustness (stretchability, fracture toughness, 

inter-component adhesion) and degradation behavior of such devices. The outcomes of this aim 

include a family of optimized DN PAAm/Agar microgel materials, a 3D IMP strategy with 

validated printing, structural, and electrical performance, as well as a fundamental understanding 

of the electrochemical process underlying hydrogel ionic junctions. 

Specific aim 3: Validating the efficacy and applicability of the 3D IMP method in 

constructing integrated ionotronic devices with multiple ionic components. 

In the last aim, the material system and fabrication technique established in aim 2 would be 

validated by an array of ionotronic devices. 3D IMP would be implemented to construct ionic-

active components in all devices, incorporating all three ionic species. First, an ionic bipolar-

junction transistor in p-n-p configuration was planned to be fabricated with p- and n-type microgels. 

The evaluations would include performances such as threshold voltage, current modulation 

behaviors under sweeping or step inputs, and on-off ratio. Subsequently, with the same microgel 

inks, an ionic full-wave rectifier was to be printed. The assessment would encompass current 

rectification performances under different input waveforms (sinusoidal or square wave) and 

various signal frequencies (0.01, 0.1, 1 Hz). Finally, to confirm the efficacy of printing of ionic 

conductors (microgels comprise NaCl), an ionic touchpad was to be constructed. Printed ionic 

conductors were intended to function as the current collector for each triboelectric nanogenerator 

sensing pixel. Voltage signals corresponding to single- and multi-point touches were planned to be 

assessed. Completion of this aim was expected to yield three ionotronic devices, accompanied by 

insights into the applicability of the 3D IMP strategy to fabricate multi-component ionotronics. 
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CHAPTER 2  

Materials and Methods 

This chapter describes the numerical and experimental methods as well as materials used 

throughout the thesis. The content in this chapter is categorized into six sections. First, detailed 

procedures in material synthesis including the hydrogels and printable inks, along with 3D printing 

methods are elaborated. The following sections describe the material characterizations conducted 

in this thesis, specifying physical and structural, mechanical, as well as electrical characterizations. 

Finally, pertinent details regarding the fabrication and characterization of the ionotronic devices 

are presented, followed by explanations of the statistical analysis used. 

 

2.1 Material Synthesis and Fabrication 

Two types of hydrogels were synthesized for the study of the material components, fabrication 

method, and realization of various hydrogel ionotronic devices. First, the PAAc/Chit hydrogels 

were synthesized to investigate the use of polyelectrolyte complex and phase-transitioning strategy 

in 3D printing of tough and ionically conductive materials. Then, DN agarose/polyacrylamide 

(Agar/PAAm) hydrogels with positively or negatively charged polyelectrolytes were prepared by 

either mold casting or 3D printing method to establish the 3D IMP method in fabricating ionotronic 

devices. The materials used and the synthesis steps are detailed in this section. 

2.1.1 PAAc/Chit polyelectrolyte complex hydrogels 

Synthesis of PAAc/Chit hydrogels. PAAc (Mw ~1250000, 306215) was purchased from Sigma-

Aldrich. The PAAc solutions were prepared by dissolving PAAc powders in deionized (DI) water 

at concentrations of 15%, 11.25%, 7.5%, and 3.75% (w/v). To obtain uniform solutions were mixed 

with a vortex mixer (VWR) for 10 minutes, a rotary mixer (Fisher Scientific) for 24 hours, and 

heated at 40℃ in an oven for 12 hours. Chit (DDA: 95%, medium and high molecular weight, 

water soluble) was purchased from Xi’an Lyphar Biotech (Shanxi, China). Similarly, the Chit 

solutions were prepared by dissolving Chit powders in DI water at concentrations of 20%, 15%, 
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10%, and 5% (w/v) by vortex for 10 minutes and rotary mixers for 24 hours. The chemical 

structures of the two constituents, PAAc and Chit, are shown in Figure 2.1. 

 

Figure 2.1. Chemical structures and digital images of the key constituents for the PAAc/Chit polyelectrolyte 

complex hydrogels. (a) PAAc and (b) Chit. 

The phase transitioning PAAc/Chit polyelectrolyte complex hydrogels contain PAAc and 

Chit at weight ratio of 3:1. The PAAc/Chit hydrogels with total polymer contents of 12% (w/v) 

were obtained by mixing 11.25% (w/v) PAAc solution with 15% (w/v) Chit solution at 4:1 volume 

ratio. As a result, the final concentration of PAAc was 9% (w/v) and Chit was 3% (w/v). 

Specifically, the PAAc and Chit solutions were loaded into two separate syringes, centrifuged 

(Eppendorf, Centrifuge 5810R) at 2000 rpm for 15 minutes, and quickly syringe-mixed for 1 

minute to yield a uniform solution. The solution was then poured into a glass mold covered with 

polytetrafluoroethylene (PTFE) tape (McMaster Carr, 6305A22). Carbodiimide coupling reagents 

were optionally introduced into the material system during 3D printing, adhesion tests, electrical 

characterizations, and demonstration of applications. N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich, 03450) and N-Hydroxysuccinimide 

(NHS, Sigma-Aldrich, 56480) were both dissolved in chitosan solutions at concentration of 10 mg 

mL-1 before mixing with PAAc. For the total polymer concentration study, PAAc/Chit hydrogels 

of 16%, 8%, and 4% (w/v) were obtained by mixing 15%, 7.5%, 3.75% (w/v) PAAc solutions with 

20%, 10%, 5% (w/v) Chit solutions at volume ratio of 4:1, respectively. For the study of polymer 

ratio, a similar procedure was implemented, except PAAc and Chit solutions were prepared at 

different concentrations and mixed at different volume ratios. Specifically, to obtain PAAc/Chit 

hydrogels with PAAc to Chit weight ratio of 6:1, 9:2, 9:4, and 3:2, 18% (w/v) PAAc solutions and 

3%, 4%, 8%, 12% (w/v) Chit solutions were mixed at 1:1 volume ratio, respectively, before 

pouring into the mold. The detailed ingredients for each formulation are listed in Table 2.1. 
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To trigger phase transition, as-prepared PAAc/Chit hydrogels were carefully removed from 

the molds and immersed in baths of 1 L DI water for 48 hours. The baths were subjected to 

mechanical stirring at 60 rpm. For mechanism study, as-prepared hydrogels were immersed in 

baths of different pH levels (1, 2, 3, 5, 7, 9, 11, 13). The baths were prepared by adding specific 

amount of either hydrochloric acid (HCl, Fisher Scientific, FLSA481) or sodium hydroxide 

(NaOH, ACP Chemicals Inc., S3698) to DI water, and the reservoir pH were validated with a pH 

meter (Mettler Toledo, FiveEasy). For phase transition kinetics study, hydrogels were removed 

from DI water baths at predetermined time intervals (1, 3, 6, 12, 24, 48 hours). 

Table 2.1. Formula of the PAAc/Chit hydrogels. 

 
 

3D printing of PAAc/Chit polyelectrolyte hydrogels. The PAAc/Chit hydrogel with 9% 

(w/v) PAAc and 3% (w/v) Chit was chosen to be used in most printing tasks and referred to as 

PAAc9/Chit3. Freshly mixed PAAc and Chit solution was first loaded into cartridges. To remove 

trapped air, the cartridges were sealed and centrifuged at 2000 rpm for 1 min. All printing was 

performed on a commercial 3D bioprinter (BioX2, Cellink) under pneumatic control. 3D models 

were generated using Solidworks (Dassault Systems) and exported as .stl files. G-codes were 

generated by Heartware slicer (Cellink) with 603 μm layer height, 3 perimeters, 3 top and bottom 

layers, 100% infill, and concentric infill patterns. 20G blunt needle nozzles (603 μm inner diameter, 

12.7 mm needle length, Cellink) and glass petri dishes (Cellink) were used for all printing tasks. 

The printing parameters were set at pressure of 80 kPa for PAAc9/Chit3 and 40 kPa for 



22 

 

PAAc6/Chit1, and 7 mm s-1 writing speed. Printed structures were stabilized at room temperature 

and 50% relative humidity for 24 hours and then immersed in 200 mL of DI water for 48 hours to 

phase transition. For patterned adhesion, printing of morphing structures, and fluidic channel 

demonstrations, polyacrylamide/alginate (PAAm/Alg) hydrogels or fresh porcine skins were used. 

They function as substrates during printing and provide pH-changing environment for printed 

structures to go through phase transition. 

2.1.2 Agar/PAAm DN hydrogels 

Synthesis of cast DN Agar/PAAm hydrogels and devices. The two-step synthesis protocol was 

adopted here. First, single-network (SN) agarose hydrogels with polyelectrolytes were synthesized. 

Biopolymer polyelectrolytes chondroitin sulfate sodium (CS, purity ≥ 98%) and quaternary 

chitosan ammonium (QC, DDA: 99%) powders were purchased from Xi’an Lyphar Biotech 

(Shanxi, China). Polyelectrolyte solutions were prepared by dissolving CS and QC powders in DI 

water at 20 % and 10 % (w/w) concentration, respectively. The solutions were mixed by a vortex 

mixer (VWR) for 10 minutes and a rotary mixer (Fisher Scientific) for 24 hours before use. For 

every 1 g p-type precursor, 20 mg agarose powder (low melting point, BioShop, AGA101) and 

450 mg 20% (w/w) CS solution were added to 0.53 mL DI water. The mixture was heated at 90℃ 

under 500 rpm stirring for 30 minutes until uniform. For the n-type precursor, agarose powder was 

dissolved in DI water at 4% (w/w) at 90℃ under 500 rpm stirring, while the 10% (w/w) QC 

solution was heated at 70℃ for 30 minutes. Hot agarose and QC solutions were quickly syringe-

mixed at 1:1 weight ratio until uniform. The prepared p-type and n-type hot mixtures were poured 

into glass molds and cooled at room temperature for 12 hours until complete gelation. 

In the second step, 20% (w/v) acrylamide (AAm, Sigma-Aldrich, A9099) and 1% (w/v) 

poly(ethylene glycol) diacrylate (PEGDA Mn 250, Sigma-Aldrich, 475629) were first dissolved 

and stirred for 24 hours before use. 18.9% (w/v) 2-Hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone (I2959, Sigma-Aldrich, 410896) was dissolved in ethanol and covered with 

aluminum foil 1 hour before use. To prepare the gelling solution, 600 μL 1% PEGDA solution and 

500 μL 18.9% I2959 solution were added to 15 mL 20% degassed AAm solution to obtain a gelling 

solution containing 18.6% (w/v) AAm, 0.0373% (w/v) PEGDA, and 0.588% (w/v) I2959. The SN 

agarose hydrogels were then immersed in the gelling solution for at least 24 hours in a dark 
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environment for the components of the second polymer network to diffuse in. To form the second 

hydrogel network, each p-type and n-type hydrogel was clamped in a glass mold and subject to 

UV irradiation (OAI Instruments, 33 mWcm-2, 365 nm) in an ice bath for 1 hour until complete 

gelation. Ionic junction devices were fabricated with the same procedure as bulk DN hydrogels, 

except two oppositely charged hydrogels were clamped together with 10% compression in a glass 

mold and subjected to 30 minutes UV irradiation each side. 

Table 2.2. Formula of the Agar/PAAm hydrogels. 

 
 

For polyelectrolyte concentration study, 15%/7% and 3%/3% (w/w) CS/QC ionic junctions 

were prepared by similar methods, except different amounts of 20% (w/w) CS solution and 10% 

(w/w) QC solution were added to the mixture in the first step. For polyelectrolyte species study, 

201.5 µL 30% (w/w) PSS solution (Mw~70000, 30 wt.%, Sigma-Aldrich, 527483) and 240.4 µL 

20% (w/w) PDAC solution (Mw 400000–500000, 20 wt.%, Sigma-Aldrich, 409030) were added 

to every 1 g of precursor, respectively, before heating. The resulting SN hydrogels contained 7% 

(w/w) PSS and 5% (w/w) PDAC, respectively. For in-vitro degradation study, non-degradable DN 

hydrogels were synthesized by substituting PEGDA with 150 µL 2% (w/v) N,N′-

methylenebis(acrylamide) (MBAA, Sigma-Aldrich, M7279) in the second step. Table 2.2 listed 

the detailed constituents for each formulation. For electrical performance study, desalinated 

samples were made by immersing each piece of SN hydrogel (1.8 mL) in DI water (1 L) for 7 

hours before the second step. Washed samples were made by soaking each piece of DN hydrogel 

(1.8 mL) in 10 mL 30% (v/v) ethanol twice and 10 mL DI water thrice. The chemical structures of 

the key components in the material system are demonstrated in Figure 2.2. 
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Figure 2.2. Chemical structures of the key ingredients for forming the ionic microgels. (a) Constituents for 

the DN hydrogel polymer matrix include polyacrylamide (PAAm) and (b) agarose (agar). (c) Biopolymer 

polyelectrolytes include negatively charged chondroitin sulfate sodium (CS) and (d) positively charged 

quaternary chitosan (QC). (e) Synthesized polyelectrolytes include negatively charged poly(sodium 4-

styrenesulfonate) (PSS) and (f) positively charged poly(diallyldimethylammonium chloride) (PDAC). 

Preparation of ionic microgels. The batch emulsion method was adopted to fabricate ionic 

microgels. P-type and n-type SN hydrogel precursors were prepared as described above. The 

synthesis process was illustrated in Figure 2.3, the hot aqueous mixture was drop-by-drop added 

to mineral oil solutions (light, BioShop, MIN333) containing 2% (w/w) Span80 (Sigma-Aldrich, 

S6760) that is heated at 90℃ under constant stirring. The water-in-oil emulsion was stirred at 1200 

rpm while cooled to room temperature for complete gelation of agarose. The resulting microgels 

were centrifuged at 4000 rpm for 3 minutes (Eppendorf, Centrifuge 5810R), and the supernatant 

was discarded. To remove the mineral oil, 30 mL 30% (v/v) ethanol was added to 5 mL microgels, 

followed by vortex mixing for 1 minute. The mixture was centrifuged, and supernatant discarded. 

The process was repeated twice with ethanol (30%) and thrice with DI water. Clean p-type, n-type 

microgels were screened through cell strainer (pluriSelect, 300 μm) by vacuum filtration and 

resuspended in water for storage. To incorporate the second polymer network in the ink, SN 

microgels were resuspended in a gelling solution containing 18.6% (w/v) AAm, 0.0373% (w/v) 

PEGDA, and 0.588% (w/v) I2959 for 24 hours before use. For microgels containing sodium 
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chloride (NaCl, ACP Chemicals Inc., S2830), 2% (w/w) agarose microgels without 

polyelectrolytes were suspended in the same gelling solution but with 3M NaCl added. 

 

Figure 2.3. Synthesis of the agarose microgels by batch emulsion method. 

3D ionic microgel printing. The preparation procedure for the microgel to become 

printable inks was illustrated in Figure 2.4, the microgel suspension was vacuum filtrated (particle 

retention: 5-10 μm, Fisherbrand) to yield jammed microgel ink. The jammed microgel ink was 

then loaded into cartridges. To remove trapped air, the cartridges were sealed and centrifuged at 

2000 rpm for 1 min. The printing was performed on a commercial bioprinter (BioX2, Cellink) 

under pneumatic control. 3D models were generated using Solidworks (Dassault Systems) and 

exported as .stl files. G-code was generated by either the built-in slicer (HeartWare, Cellink) or 

PrusaSlicer (Prusa) with 410 μm layer height, 3 perimeters, 3 top and bottom layers, 100% infill, 

and concentric infill patterns. 22G conical nozzles (410 μm inner diameter, 32 mm nozzle length, 

Cellink) and glass petri dishes were used for all printing tasks. The printing parameters were set at 

pressure of 20 kPa for p-type ink, 8 kPa for n-type ink, and 15 kPa for NaCl ink, and all printing 

tasks were performed at 7 mm s-1 writing speed. Printed structures were crosslinked by exposure 

to UV irradiation (33 mWcm-2, 365nm, OAI Instruments) under nitrogen (N2) flow and 50% 

relative humidity for 30 minutes. For printing fidelity study, food colorings (Nasco, K00454) were 

added to p-type (red) and n-type (blue) inks after jamming before printing. For printing resolution 



26 

 

study, line widths were measured against varying ink-write speed and printing pressure for 

different inks. Line widths were determined using ImageJ. 

 

Figure 2.4. Preparation of the microgels inks for printing. The microgel suspension was vacuum filtrated 

and centrifuged to yield jammed microgel inks ready for printing. 

2.2 Physical and Structural Characterizations 

2.2.1 Swelling test 

As-prepared PAAc/Chit hydrogels were cut into 50 mm × 20 mm × 1.5 mm strips. Each sample 

was immersed in 1 L DI water for 24 hours. Hydrogels after transition were then removed from 

the baths, and their length, width, and thickness were measured using a digital caliper. The volume 

of the hydrogels was calculated as the product of length, width, and thickness, while the volume 

ratio was determined as the post-treated volume over the initial volume x 100%. 

2.2.2 Degradation 

In vitro hydrolytic degradation study of the ionic junction was conducted using Dulbecco's 

phosphate-buffered saline (DPBS, Sigma-Aldrich, 56064C) with or without enzymes. Ionic 

junctions were punched from a large piece of printed ionic junction into cylindrical disks (D = 6.35 

mm, T = 3 mm). Each sample was submerged in 15 mL DPBS at 37 °C under 10 rpm shaking with 

medium replaced daily. At each time interval, samples were removed from the medium, thoroughly 

washed with deionized water, and lyophilized. Dry weight was determined as the mass percentage 

ratio of lyophilized samples at each time interval to the original lyophilized sample. The enzymatic 

degradation medium was prepared right before use by adding 5 mg collagenase (≥20,000 U/mg, 
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MP Biomedicals, 02100831-CF) and 5 mg lysozyme (type I, >125 U/mg, MP Biomedicals, 

02195109-CF) in every 100 mL DPBS. In addition, 0.01% (w/v) sodium azide (Sigma-Aldrich, 

71289-5G) was added into the medium to prevent the growth of microorganisms. 

To study the electrical performances against degradation time, degradation was performed 

with similar methods, except each rectangular strip of printed ionic junction (L = 20 mm, W = 15 

mm, T = 1.5 mm) was submerged in 50 mL of DI water and punched into cylindrical disks (D = 

5.56 mm) for electrical measurements. The degradation circuit was printed with QC microgel ink 

and crosslinked under UV lamp. Each circuit was submerged in DPBS (70 mL) at 37 °C under 10 

rpm shaking with medium replaced daily. 

2.2.3 Microscope 

All microscope images were obtained using Olympus CKX41 optical microscope. The size 

distribution of microgels were obtained by measuring the diameter of 780 microgels for each 

species via ImageJ. 

2.3 Mechanical Characterizations 

2.3.1 Rheological properties 

All rheological characterizations were conducted on a torsional rheometer (TA Instruments, 

Discovery HR-2 rheometer) with a steel parallel plate (upper plate diameter: 20 mm) and 1000 µm 

gap at temperature of 25 °C. The Trios software (TA Instruments) was used to control the rheometer 

and for acquisition and analyzation of data. For each test, freshly prepared material was injected 

in the middle of the two parallel plates and completely filled the gap. After removing excess 

material, a solvent trap (TA Instruments) was used to avoid dehydration during measurements. 

Strain rate dependent viscosity measurements were performed with logarithmic sweep of 

shear frequency (0.01 – 100 Hz) at 0.5% shear strain. The storage (G’) and loss (G’’) moduli and 

complex viscosity (η) were recorded. To characterize the shear yielding behavior, amplitude 

sweeps were conducted with logarithmic sweep of either shear strain (0.01%–500%) or shear stress 

(0.5 – 3000 Pa) at 1 Hz shear frequency. G’, G’’, and shear strain (γ), and shear stress were recorded. 

The shear yielding point for each sample was identified as the shear strain and stress at which G’ 

and G’’ equal. To determine the ability of materials to self-recover from liquid state to solid state, 
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3 consecutive cycles of alternating low (0.5%, 120s) and high (100%, 120s) shear strain at 1 Hz 

shear frequency were applied. For study of the crosslinking kinetics and printing time window for 

the PAAc/Chit hydrogels after the addition of EDC/NHS, isothermal time sweeps were performed 

at 0.5% shear strain and 1 Hz shear frequency, while the G’ was recorded.  

2.3.2 Tensile properties 

Tensile testing was performed to determine the basic stress-strain behavior of materials and to 

extract mechanical properties such as elastic modulus, tensile strength, and stretchability. In this 

section, tensile testing was conducted on the PAAc/Chit polyelectrolyte complex hydrogels. 

To prepare, samples were shaped into rectangular strips. PAAc/Chit hydrogels were cut 

into strips of length 30 mm, width 5 mm, and thickness 0.3 mm, and glued (Krazy Glue) to rigid 

polyethylene terephthalate (PET) clamps on both ends. 

To measure the tensile properties, samples were pulled unidirectionally by a mechanical 

testing machine (Instron, model 5965, 10 N load cell, 2530-10N) at a displacement rate of 30 mm 

min−1 while force and displacement were recorded. The nominal stress was obtained by dividing 

the force by the original cross-sectional area. The nominal strain was obtained by dividing the 

change in length by the original length. The stretch (λ) was obtained by dividing the actual length 

by the original length. 

2.3.3 Fracture toughness 

Two methods are used to determine the fracture toughness of hydrogels. The pure shear test was 

used for determining the fracture toughness of DN Agar/PAAm ionic junction devices, while the 

trousers tear test was chosen to characterize the fracture toughness of the PAAc/Chit 

polyelectrolyte complex hydrogels. 

Pure shear test. The fracture energy of assembled DN Agar/PAAm ionic junctions were 

measured with pure shear tests. Each sample was composed of two oppositely charged DN 

hydrogels sandwiched along the thickness direction, with width 60 mm, and total thickness 3 mm. 

Polymethyl methacrylate (PMMA) clamps were glued (Krazy Glue) to the samples. The distance 

between the two clamps was the sample length (L = 5 mm). A pair of notched and unnotched 

samples was used to obtain one data point. For notched samples, a notch of length 20 mm was 
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introduced by a razor blade in the middle of the gauge section of the specimen. Samples were 

pulled unidirectionally by an Instron machine (model 5965, 1 kN load cell, 2580-1KN) at a strain 

rate of 2 min−1 while force (F) and displacement (δ) were recorded. The nominal stress (S) was 

obtained by dividing the force by the original cross-sectional area (A0). The stretch (λ) was obtained 

by dividing the actual length (L) by the original length (L0). Critical stretch (λC) was determined 

as the stretch at maximum stress for notched samples, denoting the event of crack running. Fracture 

energy (Г) was calculated using the engineering stress–stretch (S – λ) curve from unnotched 

samples as: 𝛤 = 𝐻 ∫ 𝑆𝑑𝜆
𝜆𝐶
1

. 

Trousers tear test. The fracture energy of the PAAc/Chit hydrogels were characterized 

using trouser tear test. Samples were cut into strips of length 20 mm, width 10 mm, and thickness 

(T) 0.3 mm. A notch of length 5 mm was introduced along length direction by a razor blade in the 

middle of the width direction. Rigid PET sheets were glued to each half of the notch (width 

direction) on opposite sides (thickness direction) of the sample. Samples were pulled 

unidirectionally by an Instron machine (model 5965, 10 N load cell, 2530-10N) at a displacement 

rate of 0.5 mm s−1 while force (F) and displacement (δ) were recorded. Since backings are attached 

to the arms of the hydrogels, the external energy input from the tensile testing machine was 

assumed to be all dissipated at the crack tip. As such, the force/width plateau denoted the 

equilibrium state and was used to calculate the fracture toughness. Fracture energy (Г) was 

calculated by dividing two times the average force at plateau (Favg) by the thickness of the 

specimen as: 𝛤 = 2𝐹𝑎𝑣𝑔/𝑇. 

2.3.4 Adhesion energy measurement 

Two methods are used to determine the adhesion energy. T-peeling test was used to determine the 

adhesion energy between different units of the ionic junctions. It is also used to obtain the adhesion 

performance of PAAc/Chit hydrogels to porcine skin and other hydrogels. The modified lap shear 

test was implemented to determine the adhesion energy of the PAAc/Chit polyelectrolyte complex 

hydrogels with porcine heart. 

T-peeling test. Two pieces of oppositely charged DN hydrogels strips of length 80 mm, 

width (W) 15 mm, and thickness 1.5 mm were adhered with one end open, forming a bilayer with 

an edge crack of 5 mm. Similarly, the as-prepared PAAc/Chit hydrogels were shaped into strips of 
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length 50 mm, width (W) 20 mm, and thickness 1.5 mm. Fresh porcine skins were purchased from 

local market, cut into strips, and fat tissues were removed. The as-prepared PAAc/Chit hydrogels 

were brought into contact with adherends (PAAm/Alg hydrogel or porcine skin) of same shape 

and stabilized for 24 hours to form adhesion. Rigid PET sheets were glued (Krazy Glue) to the 

back of the adherends to limit elongation and ensure all work done by the machine was dissipated 

by the crack tip. Free ends of the gels were pulled unidirectionally by an Instron machine (model 

5965, 10 N load cell, 2530-10N) at a constant rate of 100 mm min−1 while force (F) and 

displacement (δ) were recorded. The adhesion energy (Гadh) was calculated by dividing two times 

the average force at plateau (Favg) by the thickness of the specimen as: 𝛤𝑎𝑑ℎ = 2𝐹𝑎𝑣𝑔/𝑊. 

Modified lap shear test. The PAAc/Chit polyelectrolyte mixtures with 10 mg mL-1 

EDC/NHS  were shaped into strips of length (L) 20 mm, width (W) 10 mm, and thickness 1 mm. 

Fresh porcine heart was purchased from the local market and cut into strips of same sizes. Rigid 

PET sheets were glued to the back of the samples. To form adhesion, as-prepared PAAc/Chit 

hydrogels were brought into contact with the tissues with an edge initial crack (C) of 5 mm. Free 

ends were pulled unidirectionally with an Instron machine (model 5965, 10 N load cell, 2530-10N) 

at a constant rate of 0.5 mm s−1 while force (F) and displacement (δ) were recorded. The adhesion 

energy (Гadh) was calculated as the area under the force displacement curves until critical 

displacement (δC) that corresponds to the maximum force and divided by the adhesion area: 𝛤𝑎𝑑ℎ =

∫ 𝐹𝑑δ
δ𝐶
0

(𝐿−𝐶)𝑊
. 

2.4 Electrical Characterizations 

In this thesis, three types of electrical characterizations were conducted on the hydrogels, including 

electrical conductivity of the ionic material, electromechanical coupling, and electrochemical 

characterizations. 

2.4.1 Electrical conductivity 

Two methods were used to measure the electrical conductivities of the ionic hydrogels. In either 

method, electrical conductivity (σ) was calculated from the measured electrical resistance (R) and 
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the geometrical size of the sample including length (L) and cross-sectional area (A), according to 

the following formula: 𝜎 =
𝐿

𝑅(𝐴)
. 

By default, the resistances of hydrogels were measured as the real part of the electrical 

impedance using an LCR meter at 1 kHz alternating-current (ac) frequency. The as-prepared 

PAAc/Chit hydrogels were cut into rectangular strips of length (L) of 30 mm, width (W) of 20 mm, 

and thickness (T) of 1.5 mm, while the phase-transitioned (PT) ones had length (L) 15 mm, width 

(W) 10 mm, and thickness (T) 1 mm. Agar/PAAm ionic conductors were printed with ionic 

microgels into strips of length (L) 20 mm, width (W) 5 mm, and thickness (T) 1.5 mm. The cross-

sectional area of the samples was calculated as A = WT. Samples were attached with carbon paper 

electrodes (Sigracet 22 BB, SGL Carbon, Germany) on both sides and connected to the LCR meter 

with alligator clips.  

Electrical resistances of the Agar/PAAm p-type and n-type gels were obtained as the bulk 

resistance (RB) from fittings of the ac-impedance spectroscopy data. Samples were punched in 

cylindrical slabs of diameter (D) 5.56 mm and length (L) 3 mm. The cross-sectional area of the 

samples was calculated as A = 0.25D2. Samples were sandwiched between two carbon electrodes 

and encapsulated in PDMS spacers and connected to a potentiostat (VersaSTAT 3, AMETEK Inc.). 

2.4.2 Electromechanical characterizations 

Electrical resistance measurements were performed during tensile testing to characterize the 

electromechanical coupling of the polymeric electronic materials. Ionic conductors were printed 

into strips of length (L) 20 mm, width 5 mm, and thickness 1.5 mm, and connected with carbon 

paper electrodes (Sigracet 22 BB, SGL Carbon, Germany) on both sides. The specimens were 

stretched using an Instron machine (model 5965, 10 N load cell, 2530-10N) at a displacement rate 

of 50 mm min−1, while a LCR meter (U1733C, Keysight Technologies) measured the electrical 

resistance (R) at 1 kHz ac frequency and 1 Hz sampling rate. The stretch (λ) was obtained by 

dividing the actual length (L) by the original length (L0). The linearity was obtained as the R2 value 

of the fitted curve. The GF was calculated as the ratio of the change in output electrical resistance 

(∆R/R0) to the change in input, either stretch value (∆λ) or bending angle of fingers (∆a), as the 

following: 𝐺𝐹 =
∆𝑅/𝑅0

∆𝜆
  or  𝐺𝐹 =

∆𝑅/𝑅0

∆𝑎
.  
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2.4.3 Electrochemical characterizations 

Unless stated otherwise, DN hydrogels with various polyelectrolytes were punched from a cast or 

printed bulk gel into cylindrical disks of diameter (D) 5.56 mm and height (L) 1.5 mm, where 

cross-sectional area (A) was calculated as A = 0.25D2. Samples were fabricated by assembling gels 

in PDMS (Sylgard 184, Dow Corning) spacers and sandwiching them between two carbon paper 

electrodes (Sigracet 22 BB, SGL Carbon, Germany). Linear sweep voltammetry was performed 

using a potentiostat (VersaSTAT 4, AMETEK Inc.) with two-electrode setup, where the working 

electrode was connected to the positive terminal of the devices while the counter and reference 

electrode were connected to the negative terminal. Each sample was subjected to -6V reverse bias 

for 2 min for steady state distribution of counterions followed by a voltage sweep from -6V to 6V 

at 50 mVs-1 sweep scan rate while current (I) through the ionic junctions were measured. Current 

densities (J) were obtained by dividing the current with cross-sectional area (A) of the ionic 

junction as J = I/A. Rectification ratios were calculated as the current density ratio at +5 V to that 

of -5 V. AC-impedance spectra were measured using VersaSTAT 3 potentiostat (AMETEK Inc.) 

under two-electrode setup over a frequency range of 1 MHz to 0.1 Hz and an ac amplitude of 40 

mV. ZView2 software (Scribner Associates) was used to fit the impedance data. All fitting 

processes resulted in chi-squared values less than 0.01. 

2.5 Devices Fabrication and Characterizations 

2.5.1 Ionic bipolar junction transistors 

The ionic transistors were fabricated with p-type and n-type PAAm/Agar hydrogels. Two pieces 

of square-shaped p-type gels (5 mm x 5 mm x 1 mm) were 3D-printed with microgel inks, 2 mm 

apart, on top of a piece of rectangular-shaped n-type gel (12 mm x 5 mm x 1 mm). After curing 

under UV irradiation in N2 environment for 30 minutes, the device was assembled with a PLA 

spacer and three carbon paper electrodes. Linear sweep voltammetry and cyclic voltammetry were 

performed using a potentiostat (Interface 1010E, GAMRY). The threshold voltages were 

determined by applying VEC = 6 V and sweeping the VEB from -1 V to 5 V at 50 mVs-1 scan rate. 

On/off performance was characterized by applying constant VCE = -1 V and alternating VEB 

between 5 V and 0 V. The performance of the ionic transistor was assessed by measuring the IC, 

applying constant VEB of -1 V to 6 V, and either sweeping VCE from -6 V to 0 V at 50 mVs-1, or 
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imposing stepwise alternating voltage of -5 V and -1 V at 0.01 Hz. Root-mean-square (RMS) of 

IC at on state to off state from six successive cycles were calculated as the on/off ratio. 

2.5.2 Ionic full-wave rectifier. 

The ionic full-wave rectifier was printed on glass substrates with patterned carbon paper electrodes. 

The glass substrates were treated with 5-min air plasma before printing. Four ionic diodes in a 

particular configuration were printed on freshly treated substrates to construct the full-wave 

rectifier. The structure was designed on SolidWorks (Dassault Systems) and G-code was generated 

by PrusaSlicer (Prusa). To characterize the rectifier, we generated alternating input and measured 

output signal using a set of data acquisition systems (NI 9263, NI9215, National Instruments) 

controlled by LabVIEW (National Instruments). 

 

Figure 2.5. Structure of the ionic touchpad. (a) Schematic illustration of the ionic touchpad in exploded 

view. (b) Digital images of the structure and assembly process of the ionic touchpad. (i) Ionic hydrogels 

printed on a thin PDMS layer. (ii) Conductive copper tapes adhered to a thin PDMS layer. (iii) A PDMS 

spacer adhered to the PDMS substrate with electrodes. (iv) Assembly of the ionic hydrogels sub-assembly 

to the copper electrode sub-assembly to finish the build of the ionic touchpad. Scale bar 2 cm. 

2.5.3 Ionic touchpad 

The ionic touchpad was first fabricated by 3D printing of ionic microgels containing NaCl on 

PDMS (Sylgard 184, Dow Corning) substrates. Adhesion between the granular hydrogel and the 

elastomer was achieved following a previous protocol100,101,128. The elastomer substrates were first 

cleaned with ethanol and dried under N2 flow. Then, the substrates were treated with 5-min air 

plasma, submerged in benzophenone (10 wt.% in ethanol) for 5 minutes, rinsed with ethanol, and 

dried under N2 flow. A matrix of 4-by-4 cylindrical ionic hydrogels (D = 5 mm, H = 0.8 mm) were 

3D-printed on freshly treated substrates with 1 cm center distances, followed by UV crosslinking 
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in N2 environment for 30 minutes. Next, we treated another thin piece of PDMS (0.4 mm) with 5-

min air plasma then patterned copper tapes on it. Lastly, the ionic conductor sub-assembly, a PDMS 

spacer, and the electrode sub-assembly were assembled. The structure and assembly process were 

illustrated in Figure 2.5. Each individual sensor was connected to a 100 MΩ resistor, and the 

voltages across the resistors were measured as the output signals. Signals were captured by a data 

acquisition (DAQ) system (NI 9205, National Instruments) at 1 kHz under differential mode, and 

the DAQ was interfaced via LabVIEW (National Instruments). Figure 2.6 presents the connection 

diagram of the touchpad to the DAQ system. Signals from each pixel were first normalized with 

the mean of its corresponding peaks obtained during calibration. Then, filtered voltage signals 

were plotted on 3D bar plots as visual representations. 

 

Figure 2.6. Schematic representation of the readout circuit for the ionic touchpad. Each pixel was connected 

to a resistor and the voltage across it was measured as the output signal. The signals are collected by a DAQ 

system that measures voltages in differential mode. 

2.6 Statistical Analysis 

All data are preprocessed by eliminating the maximum and minimum samples as outliers if any. 

Data are normalized with the corresponding mean value obtained during pre-measurement 

calibration. All quantitative analysis results were obtained from at least three valid samples. Data 

was expressed as the mean ± standard error of the mean. Unpaired Student’s t-test was used to 

calculate the p values. Different asterisks (*: p < 0.05, **: p < 0.01 and ***: p < 0.001) were 

considered statistically significant. GraphPad Prism software was used for statistical analysis.  
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CHAPTER 3  

3D Printing of Polyelectrolyte Complex Hydrogels 

Extrusion 3D printing of hydrogels demands inks with proper viscosity and shear-thinning 

behaviors, while for ionotronic devices, attributes like high stretchability, strength, and toughness 

are crucial for reliability and durability. When printing hydrogel-based ionotronic devices, one 

often faces the trade-off between the printability of hydrogel precursors and the mechanical 

properties of the resulting devices. To address this trade-off, this chapter introduces 3D-printable 

and ionically conductive PAAc/Chit polyelectrolyte complex hydrogels, featuring a unique phase-

transitioning mechanism for mechanical enhancement post-printing. The bioinspired material 

system design is first presented, and the phase transitioning effect is revealed. The toughening 

mechanism is deciphered through a comprehensive characterization and analysis of mechanical 

performances, considering factors such as polymer ratio, total polymer concentration, kinetics, 

triggering pH, and coupling reagents. Adhesion performances to diverse substrates, including 

hydrogels and biological tissues are discussed, accompanied by an examination of adhesion 

mechanisms. The subsequent section covers the characterization of electrical properties, including 

conductivities and electrochemical coupling effects. The study then delves into 3D printing quality, 

addressing the printing time window and printability for hydrogels with various concentrations, 

along with exploring diverse phase transition scenarios during printing. The chapter concludes 

with demonstrations of the potential applications of the PAAc/Chit hydrogels for strain sensors, 

tissue mimetics, patterned adhesion, and morphing structures. 

 

3.1 Design of the PAA/Chit polyelectrolyte complex hydrogel 

In nature, sandcastle worms (Phragmatopoma californica) build intricate underwater hives using 

a unique hydrogel comprising of condensed and oppositely charged polyelectrolytic 

components167. As illustrated in Figure 3.1a, the natural two-part hydrogel contains oppositely 

charged proteins, with polycations Pc1,2,4,5 enriched in lysine, histidine, glycine, and tyrosine 

residues, and polyanion Pc3 consists of phosphoserine168. They can be secreted and solidified upon 
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exposure to sea water of higher pH169,170. Inspired by the natural protein-based hydrogel produced 

by sandcastle worms, a printable tough adhesive hydrogel was designed based on electrostatically 

condensed, oppositely charged polyelectrolyte complex coacervates. Ultra-high molecular weight 

(≥ 1250 kDa) PAAc polymer and water-soluble Chit polymer were used as the polymer backbone 

of the hydrogel. These two polymers are selected due to the charges they carry on their polymer 

chains (negatively charged PAAc, positively charged Chit), their responsiveness to pH change, and 

their well-studied properties. The pristine coacervates possess high ionic strength and behave as 

an injectable and printable fluid to be printed into defined structures. By ion exchange with the 

surrounding, it can undergo triggered condensation and phase transition into a tough matrix. The 

presence of hydrogen bonds at the interface and robust matrices enhances adhesion to a variety of 

substrates. (Figure 3.1b). 

 

Figure 3.1. Schematic illustration of the bioinspired design of PAAc/chit polyelectrolyte complex 

hydrogels. (a) Sandcastle worms produce polycation and polyanion that can form polyelectrolyte complex. 

The polyelectrolyte complex is able to adhere to sand grains and build desirable structures when contacting 

sea water. (b) The material design of the PAAc/Chit polyelectrolyte complex hydrogel follows a similar 

mechanism. Biopolymer PAAc (polyanion) and Chit (polycation) form polyelectrolyte complex that is 

injectable and printable. The polyelectrolyte complex can go through phase transition after ion exchange 

and exhibit substantial mechanical enhancement effect. Adhesion to various substrates is achieved by the 

abundant hydrogen bonds. 

The designed material system possesses three main advantages. First, the mixture of the 

oppositely charged polymer solutions yield a highly viscous but shear-thinning hydrogel, rendering 

it intrinsically printable, without the inclusion of rheological modifiers. The PT PAAc/Chit 

hydrogels feature a condensed polymer network. As depicted in Figure 3.2, the apparent 

macroscopic observations include the volumetric shrinkage and transparent-to-opaque appearance. 

By design, the ion exchange process provokes electrostatic interactions, hydrogen bonding, and 
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topological entanglements between the polymer chains, resulting in drastically enhanced 

mechanical properties for the printed structures. Therefore, introducing a triggered mechanical 

enhancement mechanism offers a practical solution to concurrently achieve hydrogel printability 

and matrix toughness. 

The use of both macromolecule crosslinkers (PAAc and Chit) bypasses the use of often 

cytotoxic monomer and crosslinker necessary to form stretchable networks106,111,171,172. A myriad 

of supramolecular interactions enriched by pH-induced phase transition provide strong physical 

bonds which dissipate energy under deformation. When interacted with biological tissues, or other 

hydrogels, strong interfacial physical and covalent bonds form. Together with the tough hydrogel 

matrix, robust interfacial adhesion can be achieved. 

 

Figure 3.2. Digital image of the PAAc/Chit hydrogel which undergoes phase transition after submerging in 

DI water. Scale bar, 1 cm. 

Another attribute of this system is ionic conductivity due to the mobile counterions of the 

polyelectrolytes PAAc and Chit. The polyelectrolytes in aqueous state dissociate into charged 

ionized groups in the polymer backbone and counterions in the water of the bulk hydrogel. The 

mobile counterions carry charges and their transportation in water that is contained in the polymer 

network conduct electricity. The intrinsic ionic conductivity, the decoupled printability and 

mechanical performances, and the excellent adhesion promises the PAAc/Chit hydrogel to be used 

as a suitable material in printable ionotronics. 

3.2 Phase Transition and Mechanical Properties 

3.2.1 Mechanical enhancement 
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The PT PAAc/Chit hydrogel presented markedly enhanced mechanical properties. To quantify and 

compare the mechanical performances of the hydrogels pre- and post- phase transition, pure shear 

tests were conducted.  

As shown in Figure 3.3a, unnotched samples were stretched uniaxially on a tensile testing 

machine, with sample width much greater than the length. Both materials could elongate to more 

than two times their original length, evincing the abundance of hydrogen bonds in the material 

system. From the representative stress-strain characteristics presented in Figure 3.3b, while the as-

prepared hydrogels could only be stretched to 4 times their original length until rupture, the PT 

hydrogels exhibited a stretch limit of 9. The condensed polymer network after phase transition 

resulted in material stiffening and strengthening. Consequently, significant improvements were 

observed in the calculated mechanical performances. This is evinced by a 50-fold increase (from 

4.6 to 230 kPa) in elastic modulus, and 16-fold increase (from 12 to 206 Pa) in tensile strength, 

compared to the as-prepared PAAc/Chit hydrogels (Figure 3.3c-d). 

 

Figure 3.3. Mechanical enhancement of the PAAc/Chit hydrogel. (a) Digital images of the PAAc/Chit 

hydrogels in pristine or PT state, with a notched sample showing crack blunting behavior. Scale bar, 1 cm. 

(b) Representative stress-stretch curve of the unnotched samples, (c) corresponding elastic modulus, (d) 

tensile strength, (e) and fracture toughness obtained from pure shear tests. Scatter plots are presented from 
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representative data. Data are expressed as the mean ± SD from n = 3 samples. Statistical significance is 

analyzed from Student’s t-test (**: P<0.01, ***: P<0.001). 

To characterize the fracture toughness and visualize the crack growth mode, an edge notch 

in the middle of the probing region is introduced to the samples. The PT PAAc/Chit hydrogel 

displayed remarkable crack resistance. During stretching, the crack blunted dramatically instead 

of running across the sample. This could effectively deconcentrate the stress at the crack tip, 

allowing the intact region of the sample to continue dissipate energy despite the crack, resulting in 

high toughness. With the obtained critical stretch value, the fracture toughness was calculated and 

presented in Figure 3.3e. The fracture toughness elevated from 53 to 2679 J m-2, demonstrating a 

51-fold enhancement. The energy dissipation effect was also proven during uniaxial tensile 

loading-unloading tests within small strains (Figure 3.4). While the pristine hydrogel showed 

negligible hysteresis, the PT counterpart displayed clearly diverged loading and unloading stress-

strain paths, indicating hysteresis loss. 

 

Figure 3.4. Mechanical performances of PAAc/Chit hydrogels during loading-unloading tests. 

Representative stress-strain curve for pristine and PT PAAc/Chit hydrogels during tensile loading-

unloading tests within small strain. 

3.2.2 Polymer ratio 

The phase transition behavior depends on the interplay of PAAc and Chit in the polyelectrolyte 

complex. PAA hydrogel is highly hydrophilic and hygroscopic, as it can absorb a large amount of 

water and swell. Chit can be dissolved in acidic solutions but forms a hydrogel when pH is elevated. 

However, neither PAAc nor Chit SN hydrogel possess high toughness. It was discovered that 

within a certain range of polymer ratios, the PAAc and Chit mixture could undergo drastic 

condensation and phase transition into tough hydrogels when immersed underwater or in saline 
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solution, and when in contact with biological tissue surfaces. However, other polymer ratios would 

result in imbalanced charges and yield significant swelling and brittle matrix with poor mechanical 

properties. 

To investigate the effect of polymer ratio to the physical and mechanical properties of the 

PAAc/Chit hydrogels, the ratio of PAAc–Chit was varied while keeping the PAAc concentration 

constant. Fracture toughness and volume ratio were measured as quantitative criteria. Different 

weight ratios of PAAc and Chit were mixed thoroughly to yield an array of PAAc/Chit hydrogels. 

The hydrogels were immersed in DI water for complete transition, either contraction or swelling. 

Volume ratio was defined as the volume of the PT hydrogels to that of the as-prepared ones. The 

fracture toughness was measured by trouser tear tests (Figure 3.5a). 

Representative force/thickness–displacement curves obtained from trouser tear test are 

presented in Figure 3.5b. Tearing of the PAAc/Chit hydrogels resulted in an initial increase in the 

measured force, followed by a plateau region, and eventually a catastrophic drop. The fracture 

energy results were shown in Figure 3.5c. When the Chit concentration is low, the hydrogel was 

brittle and transparent, because of extensive swelling in DI water and the absence of a phase 

transition. As the Chit: PAAc ratio increased, the fracture toughness drastically increased from 58 

J m-2 and reached a plateau value of around 2000 J m-2. The two-order-of-magnitude toughness 

amplification was accompanied by the extensive volumetric shrinkage of the hydrogel upon the 

increase of Chit content. Both phenomena could be attributed to the phase transition behavior, 

which condensates the polymers and promotes the ionic crosslinks within the hydrogels. From 

both tests, the critical Chit: PAAc ratio was identified to be 0.222, at which fracture toughness 

surpassed 100 J m-2 (criteria for tough hydrogel) and volume ratio dropped below 1 (from swelling 

to contraction). The PAAc9/Chit3 with 0.333 Chit: PAAc ratio was selected as the default hydrogel 

formulation for the rest of this study. 
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Figure 3.5. Effect of Chit: PAAc ratio on the phase transition and mechanical properties of the PAAc/Chit 

hydrogels. (a) Schematic illustration of the polymer ratio study. (b) Representative force/thickness–

displacement curves from trouser tear tests and (c) the corresponding fracture toughness and volume ratio 

of the hydrogels with different Chit:PAAc polymer ratios after phase transition. Scatter plots are presented 

from representative data. Data are expressed as the mean ± SD from n = 3 samples. 

3.2.3 Polymer content 

With the selected polymer ratio Chit: PAAc of 0.333, the effect of total polymer content of the 

PAAc/Chit hydrogels was studied next. The hydrogels were prepared at total polymer 

concentrations of 4%, 8%, 12%, and 16% (w/v) and submerged in DI water for phase transition. 

Similarly, volume ratio of post-to-pre phase transition and fracture toughness was measured as 

evaluation criteria. 

During trouser tear tests, as the two arms of the hydrogels were pulled apart, all hydrogels 

demonstrated crack blunting behavior, as shown in the representative photo in Figure 3.6a. This 

phenomenon underlined the significance of the optimized polymer ratio to the tough and crack 

resistance characteristics of the PAAc/Chit hydrogels. A force/width plateau was obtained for 

hydrogels of all polymer contents (Figure 3.6b). As total polymer concentration increased from 4% 

to 16%, the fracture toughness demonstrated a five-time increment from 440 to 2270 J m-2. In the 

meantime, the volume ratio of the hydrogels increased marginally from 0.3 to 0.5 (Figure 3.6c). 

The results suggested that as the polymer concentration increased, denser polymer networks were 

formed. More physical entanglements, electrostatic interactions, and hydrogen bonds contributed 

to the energy dissipation, constructing a tougher material system. However, at the same time, the 

extent to which the polymers condensed were slightly impeded, resulting in higher macroscopic 

volume ratios. 
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Figure 3.6. Effect of the total polymer content on the mechanical properties of PAAc/Chit hydrogels. (a) 

Digital image of the PAAc9/Chit3 hydrogel, (b) representative force/thickness–displacement curves from 

trouser tear tests, and (c) the corresponding fracture toughness and volume ratio of the hydrogels with 

different total polymer contents. Scatter plots are presented from representative data. Data are expressed as 

the mean ± SD from n = 3 samples. 

3.2.4 Kinetics 

To gain deeper understanding in the phase transition mechanism, kinetics studies were conducted 

by investigating how the mechanical and physical properties evolve with the time submerging in 

DI water. By hypothesis, the kinetics of phase transition involves both the diffusion of ions out of 

the hydrogel and the formation of new physical bonds between polymer chains.  

Figure 3.7a illustrates the procedure of this study. The hydrogels were submerged in baths 

of DI water for predefined time periods and their volume ratio and fracture toughness were 

measured at each timestamp. The representative force/width–displacement curves were presented 

in Figure 3.7b, and the calculated volume ratio and fracture toughness were shown in Figure 3.7c. 

As the PAAc9/Chit3 hydrogels were immersed in water for prolonged time, higher extent of ion 

exchanges between the hydrogel with the environment occurred, reaching higher degrees of phase 

transition, and forming denser polymer networks. Consequently, the hydrogel volume ratio 

gradually decreased while the fracture toughness elevated until reaching plateaus after around 24 

hours of immersion. The speed for both changes were high at first and slowed down at the vicinity 

of the plateau. This result further supported the theory that ion exchanges induced polymer 

condensation and caused macroscopic phase transition. It also served as calibration for future 

experimental operations. 
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Figure 3.7. Kinetics of the phase transition of the PAAc/Chit hydrogels. (a) Schematic illustration of the 

kinetics study. (b) Representative force/thickness–displacement curves from trouser tear tests and (c) the 

corresponding fracture toughness and volume ratio of the hydrogels after immersing in DI water for 

predefined time stamps. Scatter plots are presented from representative data. Data are expressed as the mean 

± SD from n = 3 samples. 

3.2.5 Reservoir pH 

To reveal the phase transition mechanism and explore its robustness, the PAAc9/Chit3 hydrogels 

were immersed in reservoirs of different pH values for 24 hours. Their volume ratio, fracture 

toughness, and tensile characteristics were evaluated. 

Figure 3.8a–c presented the representative force/width–displacement curves during trouser 

tear tests for the PAAc9/Chit3 hydrogels after phase transition in baths of different pH. The 

PAAc9/Chit3 hydrogel exhibited excellent robustness to the environment pH, showing relatively 

stable fracture toughness of around 2200 J m-2 at the pH range of 3–9. A further raise of the pH 

level compromised the ionic interaction between the PAAc and Chit polymers and thus led to a 

weakened polymer network and attenuated the fracture toughness. A similar trend was observed 

in the volume changes. Hydrogels contracted to 0.4 times their initial volume after submerging to 

moderate pH environments, while demonstrated diminished degree of polymer network 

condensation and hence higher volume ratio (Figure 3.8c). 
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Figure 3.8. Effect of reservoir pH on the phase transition and mechanical properties of the PAAc/Chit 

hydrogels. (a) Schematic illustration of the reservoir pH study. (b) Representative force/thickness–

displacement curves from trouser tear tests and (c) the corresponding fracture toughness and volume ratio 

of the hydrogels after immersing in reservoir of different pH values. (d) Representative stress-stretch curves 

with (e) enlargement at low strain region and (f) corresponding elastic modulus and tensile strength obtained 

from uniaxial tensile tests for the hydrogels after immersing in reservoir of different pH values. Scatter 

plots are presented from representative data. Data are expressed as the mean ± SD from n = 3 samples. 

The effect of reservoir pH was further validated with uniaxial tensile tests. The 

representative stress-strain curves were plotted in Figure 3.8d with enlargement in the low strain 

region in Figure 3.8e. PAAc9/Chit3 hydrogels after phase transition in pH of 3–9 could be stretched 

more than 5 times their initial length until rupture. In contrast, those immersed in baths of pH of 

1, 2, 11, and 13 displayed substantially lower stretchability (stretch number < 2). Elastic moduli 

and tensile strengths agreed well with the previous findings. Compared to pH of 3–9, the elastic 

moduli and tensile strengths of hydrogels that were immersed in extremely low and extremely high 

pH baths demonstrated two-orders-of-magnitude decreases, from ~600 to ~10 kPa and from ~400 

to ~4 kPa, respectively. Despite the compromises, the pH at which phase transition and mechanical 

enhancement occurred still spanned a large range, denoting the environmental robustness of the 

phase transition mechanism. 
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3.2.6 Effect of covalent crosslinks 

Given the carboxylate groups presented in the PAAc and the primary amine groups in Chit, 

covalent crosslinks could readily form with the addition of carbodiimide coupling reagent 

EDC/NHS173. The covalent crosslinks were hypothesized to synergize with the hydrogen bonds 

and electrostatic interactions in the material and further enhance the mechanical performances. To 

verify this, the mechanical and physical properties of the as-prepared and PT hydrogels with 

varying EDC/NHS concentrations were characterized by pure shear tests and volume ratio 

measurements. 

Three concentrations of the EDC/NHS (5, 10, and 20 mg mL-1) were tested. As shown in 

Figure 3.9a, increasing the coupling reagent concentration minimally affected the post-to-pre 

volume ratio of the PAAc9/Chit3 hydrogels during phase transition. These results indicate that the 

phase transition is governed by the ion exchange process and is negligibly affected by covalent 

crosslinks. As such, physical interactions play a predominant role in shaping physical properties. 

 

Figure 3.9. Effect of the amount of EDC/NHS to mechanical performances of the PAAc/Chit hydrogels in 

pristine state or PT state. Effects of the concentration of EDC/NHS on (a) PT: pristine volume ratio, (b) 

tensile strength, (c) elastic modulus, (d) critical stretch, and (e) fracture toughness of the PAAc/Chit 

hydrogels during pure shear tests. Data are expressed as the mean ± SD from n = 3 samples.  

The input of EDC/NHS and the resulting covalent crosslinks have multifaceted effects on 

the mechanical properties of the hydrogels. In pure shear tests, several performance indexes could 

be obtained, including tensile strength and elastic modulus from the unnotched samples, and 

critical stretch from notched samples, as well as fracture toughness. Both tensile strength and 

elastic moduli of the pristine samples were greatly enhanced by the addition of EDC/NHS (Figure 

3.9b-c). The values showed an order of magnitude increase when the coupling reagent 
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concentration raised from 5 to 20 mg mL-1. However, these effects were not as significant after 

phase transition, with a slight augmentation in elastic moduli and negligible changes in tensile 

strength. The results highlighted the stiffening effect of the additional covalent crosslinks to the 

hydrogels and confirmed the dominance of physical interactions in the PT hydrogels. On the other 

hand, Figure 3.9d shows that both the pristine and PT notched samples demonstrated drastic 

decrease in critical stretches when increasing the number of covalent crosslinks. This result is 

consistent with the implications from the Lake-Thomas model174. Consequently, whereas 

increasing coupling reagent content significantly augmented the fracture toughness of the 

originally soft pristine hydrogels, the fracture toughness of the PT samples displayed an increase 

followed by a decrease (Figure 3.9e). The result coincided with previous findings of the inverse 

relationship between fracture toughness and elastic modulus21. As such, to optimize for fracture 

toughness without significantly compromising stretchability, concentration of 10 mg ml-1 was 

chosen for other tests. 

3.2.7 Adhesion 

Aside from the excellent bulk properties, the PAAc/Chit hydrogels can form strong adhesion with 

diverse substrates. The adhesion performances were evaluated by adhesion energy measured by T-

peeling or modified lap shear tests. 

Figure 3.10a shows that the PAAc9/Chit3 hydrogels achieved tough adhesion to various 

substrates, including biological tissues (skin and heart) and PAAm/Alg tough hydrogel. The high 

interfacial toughness (> 300 J m-2) could be observed by the cohesive failure in the hydrogels 

during peeling (Figure 3.10b). Although the adhesion energy is lower than those achieved using 

preformed patch adhesives, it outperforms clinically used injectable hydrogel adhesives such as 

COSEAL and TISSEEL (~ 50 J m-2)175–177. When the PAAc/Chit hydrogel interacted with 

biological tissues or other hydrogels, the initial adhesion was enabled by the physical interaction 

between the substrates and the carboxylic-acid rich PAAc. The effect was also observed when 

interacting with a rat liver in-vivo (Figure 3.10c). The PAAc/Chit then underwent condensation 

and phase transitioned into a tough matrix, which further amplified the energy-dissipation capacity 

of the matrix. To further enhance the adhesion performance, the PAAc/Chit hydrogel system has 

the capacity to incorporate the carbodiimide coupling reagent EDC/NHS. Not only could the 

coupling reagents covalently crosslink PAAc and Chit backbone polymer networks, but they also 
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facilitate covalent bond formation between the hydrogel network and tissue surfaces50. Robust 

adhesion could also potentially be formed underwater178–181. The tough hydrogel matrix along with 

the strong bonding on the interface enabled enhanced adhesion performance. 

 

Figure 3.10. Adhesion performances of the PAAc/Chit hydrogels to diverse substrates. (a) Adhesion energy 

of the PAAc9/Chit3 hydrogels to PAAm/Alg tough hydrogel and other biological tissues such as porcine 

skin and heart. (b) Digital image of the PAAc/Chit hydrogel on porcine skin during T-peeling test, showing 

cohesive failure. (c) Digital image of the PAAc/Chit hydrogel forming strong adhesion on rat liver in-vivo. 

Scale bar, 1 cm. Data are expressed as the mean ± SD from n = 3 samples. 

3.3 Electrical characteristics 

The electrical conductivities were characterized for both the pristine and PT PAAc/Chit hydrogels, 

while electromechanical performances were only investigated for the PT hydrogels. These two 

tests provide insights into the electrical behaviors of the ionic materials, benchmark their 

performances, and offer guidelines for their use as ionic conductors or strain sensors in ionotronics. 

3.3.1 Electrical conductivity 

The electrical conductivity of the PAAc9/Chit3 hydrogels were obtained from the resistance value 

in ac-impedance measurements at 1 kHz frequency. As shown in Figure 3.11a, the pristine 

hydrogels exhibited electrical conductivity of around 0.55 S m-1, regardless of the polymer 

concentrations. In contrast, polymer content contributes to the enhancement of conductivities for 

the PT hydrogels. Increasing the total polymer concentration from 8% to 16% (w/v) resulted in a 

1.4-fold rise of the conductivity (from 0.022 to 0.053 S m-1). Despite the augmentation, the 

performances were still one-order-of-magnitude lower than their pristine counterparts. The 
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compromised ionic conductivity is hypothesized to be attributed to the combined effect of loss of 

mobile ions and reduced ionic mobility, which is elaborated in the discussion section. 

 

Figure 3.11. Electromechanical characterizations of the PAAc9/Chit3 hydrogels. (a) Conductivity of the 

pristine and PT PAAc/Chit hydrogels with different polymer content. (b) Normalized resistance as a 

function of stretch, with theoretical predictions for elastic ionic conductors. (c) Digital images of the 

PAAc9/Chit3 hydrogels during tensile stretching with electrical resistance measurement. Scale bar, 2 cm. 

Scatter plots are presented from representative data. Data are expressed as the mean ± SD from n = 4 

samples. 

3.3.2 Electromechanical characteristics 

The electromechanical coupling of the PAAc/Chit hydrogels is important when applied to 

application scenarios involving frequent deformations. For conductors, stable conductivity or 

unchanged electrical resistance are desired to ensure reliable transmission of power or electrical 

signals. While for strain or pressure sensors, small changes in the dimensions are expected to be 

associated with larger changes in electrical responses to provide sensitive readouts. 

The electrochemical coupling effect of the PT PAAc9/Chit3 hydrogels was investigated by 

measuring the electrical resistance during uniaxially tensile stretching. The electrical resistance 

was obtained as the resistance value in ac-impedance and was normalized by the initial resistance 

of the undeformed hydrogels. The results are presented in Figure 3.11b-c. The normalized 

resistance increased gradually as the hydrogels were stretched. The resistance-stretch curve 

displayed a linear relationship before stretch value reached 4 and demonstrated a gradual 

decreasing slop. The linear region possessed remarkable linearity, with a R2 value of 99.6% in the 
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linear regression analysis and GF of 2.22. The rise in resistance value did not follow the theoretical 

model predicted for ideal elastic conductors. In fact, the electrical resistance of the PT PAAc/Chit 

hydrogel counters the geometric effect, demonstrating a much slower increase. This is 

hypothesized to be due to the substantial changes in the dense polymer networks during large 

deformation, which affects their interactions with the mobile ions. Despite the moderate sensitivity, 

the linear region in electromechanical coupling curve stands to be useful in sensor design. 

3.4 3D Printing 

The pristine PAAc/Chit hydrogels with high ionic strength behave as a liquid and can be 

implemented as inks for extrusion-based 3D printing. 3D printing allows for precise deposition of 

the phase transitioning materials to construct high-resolution customizable 3D structures. The 

printed structures will go through mechanical enhancement after phase transition under diverse 

conditions and can be used in applications such as ionotronics, tissue repair, and as surgical tissue 

phantoms. In this section, to establish the printing method, the printing time window, printability, 

and phase transition after printing was investigated. 

3.4.1 Time window 

The mixture of PAAc soft gel and Chit solutions was stable, but the coupling reagent EDC/NHS 

gradually reacted with the polymers upon addition. The pristine ink was printable, but overtime, 

covalent crosslinks was formed, and the ink transitioned into a viscoelastic material that had 

compromised printability. 

To investigate the reaction kinetics of EDC/NHS with the PAAc/Chit hydrogels and 

calibrate the time window during practical 3D printing operations, an oscillatory time sweep was 

performed using a rheometer. Two materials were studied in this test: a phase transitioning 

PAAc9/Chit3 containing 9% (w/v) PAAc and 3% (w/v) Chit; and a non-phase transitioning 

PAAc6/Chit1 with 6% (w/v) PAAc and 1% (w/v) Chit. As shown in Figure 3.12a-b, G’ of both 

inks increased over time, validating the effect of EDC/NHS in the formation of covalent crosslinks. 

G’ of PAAc9/Chit3 rose from 527 Pa to 629 Pa, while G’ of PAAc6/Chit1 demonstrated a ~2-fold 

increase from 116 Pa to 194 Pa. The results were as expected, since PAAc9/Chit3 possesses a 

higher total polymer content than PAAc6/Chit1, and thus exhibited larger moduli. In the meantime, 

the loss moduli stayed relatively constant for both materials. No crossover point was observed for 
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either material, and G’ was always larger than the G’’, indicating solid-like behavior for both 

materials at low shear strain of 0.5% and low frequency of 1 Hz. 

The printing time window after the addition of EDC/NHS was determined empirically to 

be the time period during which G’ increased 50% of the total increase until plateau and can be 

formulated as: 𝐺′𝑤𝑖𝑛𝑑𝑜𝑤 − 𝐺′𝑡=0 = 0.5(𝐺′𝑝𝑙𝑎𝑡𝑒𝑎𝑢 − 𝐺′𝑡=0) , where G’window and G’t=0 represents 

the storage modulus at the end of the printing time window and at the beginning of the test, 

respectively. The results were plotted in Figure 3.12c. Both materials possessed time windows of 

around 40 minutes, with PAAc9/Chit3 having slightly shorter ones. The printing time windows 

were long enough for the preparation of inks into cartridges, calibration of the bioprinter, and the 

printing process, but not too long for the printed structure to wait for stabilization. Adjusting the 

EDC/NHS amount could potentially tune the time window. 

 

Figure 3.12. Printing time window characterization for the PAAc/Chit hydrogel inks. (a) G’ and G’’ as a 

function of time during isothermal oscillatory time sweep at shear frequency of 1 Hz and shear strain of 

0.5% right after addition of EDC/NHS to the materials at t = 0. Hydrogels include 9% PAAc and 3% Chit 

(PAAc9/Chit3) and (b) 6% PAAc and 1% Chit (PAAc6/Chit1). Green region indicates the calculated 

printing time window. (c) Time window for the two hydrogels. Scatter plots are presented from 

representative data. Data are expressed as the mean ± SD from n = 3 samples. 

3.4.2 Printability 

The printability of the PAAc/Chit hydrogels was characterized by rheology. The printability was 

evinced by four material attributes: shear yielding, shear thinning, self-recovery, and yielding point. 

The PAAc/Chit hydrogels exhibited solid characteristics under static states. As shown in Figure 

3.13a, upon application of an external force, the PAAc/chit hydrogel started to extrude from the 

printer nozzle. To characterize this, as shear stress increased, the G’ for hydrogels of all 
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concentrations maintained a steady level, until reaching a critical point. They demonstrated shear 

yielding behavior, signified by the drastic storage modulus drop during shear stress sweep (Figure 

3.13d). Higher total polymer content resulted in a higher G’ before yielding, with G’ increasing 

from 75 Pa to 350 Pa to 660 Pa when the polymer concentration increased from 8% to 12% to 16% 

(w/v). 

 

Figure 3.13. Rheological characterizations of the PAAc/Chit hydrogels of 3:1 PAAc: Chit ratio. (a) Digital 

images of the PAAc9/Chit3 hydrogel during extrusion and at steady state. (b) Complex viscosity as a 

function of shear rate at shear strain γ = 0.5% at oscillatory frequency f = 1 Hz for PAAc/Chit hydrogels 

with different total polymer content. (c) G’ and G’’ through high shear strain (γ = 500%) to low shear strain 

(γ = 0.5%) oscillatory time sweep cycles at frequency f = 1 Hz for PAAc9/Chit3 hydrogels. (d) G’ as a 

function of shear stress at oscillatory frequency f = 1 Hz for PAAc/Chit hydrogels with different total 

polymer content. (e) Yield stress and (f) yield strain obtained from the shear stress sweep. The yielding 

points are determined by the points where G’ and G’’ intersect. Scatter plots are presented from 

representative data. Data are expressed as the mean ± SD from n = 3 samples. 

After yielding, the hydrogel started to behave like a liquid. Flowing of the hydrogels 

resulted in increases of the shear rates. Figure 3.13b demonstrated that as oscillatory shear rate 

increased, the complex viscosities decreased nonlinearly at small shear strain of 0.5%. Shear 
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thinning behavior of the PAAc/Chit hydrogels ensured smooth and continuous extrusion upon 

initiation. 

After exiting from the nozzle, the PAAc/Chit hydrogels are expected to self-recover from 

the liquid state to solid state. To validate this point, self-recovery tests were conducted by applying 

cyclic oscillatory time sweep with high (500%) and low shear strains (0.5%). Each period was 

designed to be 120 s to ensure the material reached a steady state at corresponding strain condition. 

The results were presented in Figure 3.13c. At low strain, G’ was larger than G’’, indicating a solid 

state. Upon applying a high strain that was high enough to yield the material, G’’ was immediately 

higher than G’, suggesting a liquid state. The instantaneous recovery to solid state was evinced by 

the rapid transition of moduli when switching back to low strain. The self-recovery process was 

repeated for three cycles to assure reliability. 

A yielding point in the range of 100 – 1000 Pa would facilitate extrusion of the ink and 

ensure structural rigidity for the printed structure to hold182. As shown in Figure 3.13e, the PTAs 

yield at 98 Pa to 442 Pa to 765 Pa shear stresses as the total polymer content increased from 8% 

to12% to 16%. The yielding stresses also corresponded to yielding strains of 240%, 306%, and 

230% for the inks, respectively (Figure 3.13f). Considering the yield stress and complex viscosity, 

the PAAc9/Chit3 was selected as the model hydrogel for the rest of this study. In addition, the non-

phase transitioning PAAc6/Chit3 hydrogel was also validated with the shear yielding, shear 

thinning, and self-recovery abilities to be used in later studies (Figure 3.14). 

 

Figure 3.14. Rheological characterizations of the PAAc6/Chit1 hydrogels. (a) G’ as a function of shear 

stress. (b) Complex viscosity as a function of shear rate at shear strain γ = 0.5%. (c) G’ and G’’ through 

high shear strain (γ = 500%) to low shear strain (γ = 0.5%) oscillatory time sweep cycles. Unless otherwise 
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stated, rheological tests were conducted at oscillatory frequency f = 1 Hz. Scatter plots are presented from 

representative data from n = 3 samples. 

 

3.4.3 Printing and phase transition by diverse trigger 

Unlike most strategies for 3D printed hydrogels that require gelation or post-crosslinking for a 

second polymer network, the PAAc/Chit hydrogels strengthen the existing polymer network post-

printing. Combining with 3D printing, this unique triggering effect and diverse conditions to 

induce pH changes in the material were explored in several intriguing applications (Figure 3.15a). 

First, Figure 3.15b presented a printed miniature octopus with PAAc9/Chit3 hydrogel, 

demonstrating high resolution and excellent shape fidelity. The as-printed structure was translucent. 

Instead of immersing in DI water, the octopus underwent phase transition when immersed in saline 

(0.9% NaCl) solution that mimicked the human body fluids in vitro. The octopus underwent 

isotropic contraction and maintained its structure, while appearing to be opaque and white after 

the transition. The isotropic shape change preserved the designed structural features and promised 

the application of this material in printing ionotronics with controlled device structures. 

The pH change could also stem from the printing substrates. As illustrated in Figure 3.15c, 

when printed directly on a piece of porcine skin, the “M” shaped PAAc/Chit hydrogel experienced 

pH change and rapidly phase transitioned into a white tattoo. In this case, due to the strong 

adhesion between the printed hydrogel and skin surface, the contraction was anisotropic. The 

majority of the shrinkage occurred in the out-of-plane direction, while the stroke of the letter “M” 

narrowed moderately. This feature is useful for printing planar structures. 

Similarly, hydrogels can also provide the environment for pH change and can be employed 

as substrates during printing of the PAAc/Chit hydrogels. As shown in Figure 3.15d, a planar mesh 

structure was directly printed on a piece of PAAm/Alg tough hydrogel substrate. The printed mesh 

phase transitioned within 10 minutes and stably adhered to the substrate. As such, the mesh could 

deform along with stretching of the substrate hydrogel and subsequently returned to its original 

shape after releasing of the force (Figure 3.15e). The hybrid structure maintained structural 

integrity throughout the process. 
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Figure 3.15. Phase transition of printed structures via diverse triggers. (a) Schematic illustration of printed 

PAAc/Chit hydrogel structures phase transition after benign triggers. Digital images of pristine and PT (b) 

3D-printed octopus triggered by saline, (c) printed letter “M” triggered by contacting porcine skin, and (d) 

printed mesh triggered by contacting PAAm/Alg hydrogel. (e) The printed PAAc/Chit hydrogel mesh on 

PAAm/Alg hydrogel hybrid can be stretched and return to its original shape after release. Scale bar 1 cm. 

3.5 Demonstration of Applications 

In this section, with the optimized material formula, established mechanical characteristics, phase-

transitioning mechanisms, printing parameters, and electrical properties, the potential applications 

of this 3D printable PAAc/Chit hydrogel are demonstrated. These include an ionotronic strain 

sensor, 3D printing of tissue mimetics, patterned adhesions, and printing of morphing structures. 

3.5.1 Strain sensors 

The first demonstrated application is a printed strain sensor. The PAAc/Chit hydrogel is physically 

stable under ambient light and temperature conditions. Together with its high stretchability, 

toughness, and resistance-stretch linearity, the PT PAAc/Chit hydrogel is suitable for use as a 

resistive strain sensor. To demonstrate this, the hydrogel was employed as a strain sensor to detect 

the bending angles of a finger. To fabricate the device, two carbon electrodes were attached to both 

sides of a piece of PAAc9/Chit3 hydrogel, and the hybrid structure was affixed to the back of a 

finger at a knuckle. 
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The measured resistance elevated with the increase of finger bending angle from 0° to 80°, 

attributed to the shape change associated with the elongation of the PAAc/Chit hydrogel (Figure 

3.16c). The resistance value subsequently dropped back when finger returned to a straight position. 

Figure 3.16a demonstrated both slow and fast full-range motions with good repeatability. 

Following cycles of bending, a minor baseline shift in resistance was observed, due to the plastic 

deformation in the material. To quantitatively assess the performance of this strain sensor, 

resistance values were measured at various bending angles, and the results were presented in 

Figure 3.16b. The device displayed a linear response with an R2 value of 93.04%. From the slope 

from the linear fitting, the GF was determined to be 0.7 kΩ deg-1. 

 

Figure 3.16. Soft and stretchable strain sensor for detecting finger bending angle. (a) Electrical resistance 

measurements as a function of time during bending of finger, with two slow movements and three fast ones. 

(b) Resistance as a function of bending angle. Black dotted line represents linear fitting result. (c) Digital 

images of finger bending from 0o to 80o. Scatter plots are presented from representative data. Data are 

expressed as the mean ± SD from n = 3 samples. Scale bar, 2 cm. 

3.5.2 Tissue mimetics  

Next, we demonstrated 3D printing of tissue mimetics. As the PT PAAc/Chit hydrogel are strong 

and tough, they serve as suitable candidates to mimic the load-bearing tissues such as aorta, tendon, 

ligament, meniscus, and intervertebral discs (IVD). 3D printing endows the tissue mimetics with 

accurate shapes and structures. Along with the flexibility in material system design, it enables 
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customization to accommodate for shape and property variations among different patients in the 

case of repairs or implants. 

Figure 3.17a–d presents an array of 3D-printed tissue mimetics, including an aorta, tendon, 

and lateral and medial meniscus using the PAAc9/Chit3 hydrogel inks. The printed structures 

closely mirrored the computer-aided design (CAD) models, showcasing outstanding resemblance 

to the intended shapes. They appeared translucent in light yellow color, with slightly visible 

printing filaments. Merging of the filaments were achieved by the hydrogen bonds between 

homogeneous materials and could be facilitated with the addition of EDC/NHS. Notably, the 

perimeters and infills of the filaments were designed to simulate the fiber orientation in native 

tissues, so as to exploit the effect of load bearing and tear resistance. The printed tissue mimetics 

stabilized for 24 hours post-printing, and phase transitions were triggered by submergence in DI 

water. As illustrated by the medial meniscus in Figure 3.17d, the phase transition initiated from the 

surface of the structure, where the surface transformed into white before appreciable volume 

change. The entire phase transition process required 48 hours, leading to considerable reductions 

in volume. 

The printed hydrogel mimetics resembled the tough and crack-resistant features of the 

native load-bearing tissues. To demonstrate this, an initial crack was introduced on the 3D-printed 

meniscus and blood vessel mimetics. Upon stretching, no crack propagation was observed even 

when supraphysiological strain is applied (Figure 3.17e). The crack-resistance could be ascribed 

to the tough hydrogel matrix and the printed filament orientation, indicating the potential of the 

PAAc/Chit hydrogels to be used as tough biological tissue substitutes. 
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Figure 3.17. 3D-printed tissue mimetics. (a) 3D CAD models and digital images of the 3D-printed tissue 

mimetics before and after phase transitioning, including aorta, (b) tendon, and (c) lateral meniscus. (d) 3D 

CAD models digital images of the 3D-printed medial meniscus showing the phase transition process. (e) 

3D-printed tissue mimetics are stretchable, tough, and crack-resistant. Scale bar, 0.5 cm. 

3.5.3 Patterned adhesion 

In this demonstration, we focus on combining the printability and adhesiveness of our material 

system. Leveraging the pattern ability and adhesiveness of the PAAc/Chit hydrogels, the boundary 

of the adhesive region could be precisely defined, creating arbitrary patterns on substrate surfaces 

or air/liquid pocket between two substrates. 

As shown in Figure 3.18a,b, PAAc/Chit hydrogels were selectively printed in between two 

pieces of PAAm/Alg hydrogels to create air pockets and liquid channels. To create the air pocket, 

PAAc9/Chit3 inks were directly printed on one piece of substrate hydrogel in the shape of a planar 

rectangle with a circular cutout in the middle. Next, another piece of hydrogel was placed on the 

printed inks to complete the hydrogel pocket hybrid. The PAAc/Chit hydrogel underwent phase 

transition to form adhesion and stabilized the whole assembly. The circular cutout defined the 

shape and size of the un-adhered pocket region, while the peripherals enabled adhesion. To validate 

the patterned adhesive, two arms of the PAAm/Alg hydrogel were stretched similar to T-peeling 

tests. Adhesive failure was observed for the hydrogel pocket hybrid, where the adhesive, 

PAAc/Chit hydrogel, ruptured. Despite the fact, the air pocket was vastly obvious with clear 
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boundaries between adhered and non-adhered regions. The printed pocket could potentially be 

generalized to create selective wound patches. Delicate wound beds could be protected with the 

non-adhesive region, while strong adhesion to surrounding healthy tissues could be formed to 

promote tissue regeneration and wound closure183. Alternatively, as the pocket was also liquid-

tight, it could be applied as drug depots for drug delivery applications184. 

Similarly, a fluidic channel was created, as demonstrated in Figure 3.18 b. The channel was 

thin with distinct edges and largely preserved the designed shape features. Upon slow injection of 

water that was colored with red dye from the inlet on the left, the water went through the non-

adhesive region between two gels, filling up the cavities, and exited from the outlet on the right. 

Since the adhesion interface is robust and flexible, the resulting device was highly deformable and 

no leakage through the PAAc/Chit adhesive interfaces was observed. 

 

Figure 3.18. Patterned adhesion achieved by 3D printing PAAc/Chit hydrogels. (a) 3D CAD models and 

digital images of 3D-printed pouch, (b) fluidic channel, and (c) strips formed by selective adhesion of two 

pieces of PAAm/Alg tough hydrogels with the PAAc/Chit hydrogels. (e) Representative force–displacement 

curve for T-peeling tests of the selectively adhered PAAm/Alg tough hydrogels. 

Next, selective adhesive was further demonstrated in Figure 3.18c. Adhesive PAAc/Chit 

hydrogel was printed as grids with predefined intervals to adhere two pieces of PAAm/Alg 

hydrogels. The distinctive adhesion performances between adhered and non-adhered regions were 
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visualized with T-peeling tests. As the adherends were pulled in the direction perpendicular to the 

grid direction, PAAc/Chit hydrogel strongly adhered to the adherends, while gaps appeared in non-

adhesive region. This effect was especially evinced by the elongated PAAc/Chit hydrogel shown 

in Figure 3.18d, as they dissipated energy and enhanced the adhesion performances in that specific 

region. The representative force–displacement curve was presented in Figure 3.18e, which 

featured a sawtooth shape. Increases of the forces corresponded to the adhesion region, whereas 

sudden drop in forces indicated ruptures of the adhesives. Valleys of the force curves did not reach 

zero due to the small intervals between the PAAc/Chit adhesives, where the next strip of adhesive 

started to dissipate energy before complete debonding of the two adherends. To further increase 

the adhesion contrast, a larger interval between strips could be implemented. This result also 

illuminated the high customizability of this printable adhesive to fit diverse application scenarios. 

3.5.4 Morphing structures 

Combining printability with shape changing characteristics could lead to 3D-printed morphing 

structures. Whereas most hydrogels swell in water, the PAAc/Chit hydrogels allow one to tune its 

swelling or shrinkage via polymer ratio. By manipulating this highly tunable property, 4D printing, 

that is 3D printing with shape, property, or functionality change ability upon predetermined stimuli, 

could be achieved185–187. 

To prove this concept, PAAc9/Chit3 hydrogel grids were printed on a single rectangular 

shaped PAAm/Alg hydrogel substrate in predefined directions (Figure 3.19a). Bands with 1.2 mm 

width and 2 mm intervals were patterned on the substrate hydrogels. Through ion exchange from 

the substrate hydrogel, the PAAc9/Chit3 hydrogels went through phase transition and strongly 

adhered to the substrate, forming a cohesive assembly. When immersed in a reservoir of DI water, 

the PAAc9/Chit3 hydrogels experienced phase transition and contracted in volume. In the 

meantime, the substrate hydrogel swelled and increased its volume until reaching an equilibrium. 

Despite the distinct volume change, the two hydrogels remained bonded, due to the strong 

adhesion between the two hydrogels. Swelling of the substrate hydrogel was highly anisotropic. 

Volume expansion in the direction along the PAAc9/Chit3 hydrogel bands and at the contacting 

surface was significantly constrained, whereas, swelling in other directions and locations were 

marginally affected. Consequently, the hydrogel assemblies curled up along the band direction 

towards the contacting surface. Such shape changes were highly controllable with 3D-printed 
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bands and were demonstrated with in-plane band directions of 0°, 45°, and 90° with respect to the 

x-axis. 

 

Figure 3.19. 3D-printed morphing structures. (a) 3D CAD models and digital images of 3D-printed 

PAAc/Chit hydrogels on PAAm/Alg tough hydrogel hybrids that experienced shape morphing when 

submerged in DI water. The curled shapes were controlled by the printing direction of the PAAc/Chit strips. 

Scale bar, 1 cm. (b) 3D CAD models and digital images of 3D-printed intervertebral discs with swelling 

PAAc6/Chit1 to mimic inner nucleus pulposus and contracting PAAc9/Chit3 to mimic outer annulus 

fibrosus. Scale bar, 0.5 cm. 

4D printing could also be achieved using PAAc/Chit hydrogels of different polymer ratios. 

As discussed in Section 3.2, while PAAc9/Chit3 hydrogel contracts in DI water, the PAAc6/Chit1 

hydrogel swells instead. With the printability of both formulations confirmed in Section 3.4. an 

IVD with outer annulus fibrosus (AF) and inner nucleus pulposus (NP) structure was 3D-printed 

(Figure 3.19b). The tough AF tissue was printed with PAAc9/Chit3 hydrogel in concentric pattern 

to mimic the native lamellar structure. Conversely, the soft and viscoelastic NP tissue was printed 

with PAAc6/Chit1 hydrogels in red. The two parts seamlessly merged thanks to hydrogen bonds 

and EDC/NHS. When submerged in a reservoir of water, the outer PAAc9/Chit3 phase transitioned 

and tended to restrict the swelling of the inner PAAc6/Chit1 radially. The mismatched mechanical 

behavior is a resemblance to the native IVD and manifested by the appearance of surface wrinkle. 

Consequently, the two structures exerted counter forces to each other, and ultimately led to a 

compact and stable IVD mimetics. This demonstration illuminated the capability of this single 

material system in biomimetic 4D printing. 
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CHAPTER 4  

3D Ionic Microgel Printing of Ionic Devices 

The toughening strategy based on phase transitioning of polyelectrolyte complex presented in 

Chapter 3 could substantially improve the mechanical performances of post-printed structures. 

However, this strategy and the resulting devices face limitations, including size shrinkage, low 

conductivity, and limited electrical functionalities. Overcoming these limitations calls for new 3D 

printing strategies. Aside from ionic conductive components, diversifying the ionic elements 

within ionotronic devices could lead to more functionalities. To do so, this chapter presents a new 

3D printing strategy, featuring ionic microgels and DN crosslinking. The design of the material 

system is described, and the 3D IMP method is elaborated. Characterizations of the printing quality, 

electrical and electrochemical behavior, as well as mechanical performances are presented. At last, 

a variety of ionotronic devices, including ionic bipolar junction transistors, ionic full-wave 

rectifiers, and ionic touchpads are further demonstrated. The presented 3D printing technology and 

findings in this chapter motivate the future development of high-performance ionotronics. 

 

4.1 Design of the 3D Ionic Microgel Printing 

To design materials that support extrusion-based 3D printing of ionic devices, there are several 

design criteria to satisfy: (1) high printing quality for successful deposition of the materials 

according to designed device 3D architecture; (2) ink modularity for optimization of individual 

inks and spatial combination of materials after printing without inter-material contamination; (3) 

mechanical robustness to accommodate to the large deformations when interfacing with human 

during daily activities and to ensure stable and durable operation during device lifespan; and (4) 

inter-component adhesion to prevent delamination and reinforce structural integrity. 

To satisfy these requirements, a strategy that combines microgel printing with DN 

crosslinking method is proposed. As illustrated in Figure 4.1a, jammed microgels containing 

different ionic species such as polyanion (p-type), polycation (n-type), or mobile ions (ionic 

conductor) form diverse ink modules. These ink modules can be independently tailored in terms 
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of printability, mechanical performance, and charge densities by tunning the ionic species 

concentrations and the matrix polymer concentrations. In the meantime, these ink modules can 

freely combine during printing process for complex spatial configurations to satisfy device design 

requirements. Unlike most 3D printing methods that rely on liquid precursors, 3D IMP has three 

main advantages. First, the intrinsic printability of microgel inks decouples printability from 

mechanical properties and ionic functionalities, circumventing the tedious balancing process 

during the design of 3D printable ionotronic devices39,188. Second, the microgel ink modules, 

owing to their solid nature, do not diffuse and undermine the ionic functions during printing. After 

ink deposition, the microgels can be closely packed to form intimate contact between the 

homogeneous or heterogeneous species, establishing ionic interaction through the microgel 

surfaces. While the ionic species are encapsulated in individual microgels, the microgel acts as a 

physical barrier for the diffusion of ionic species or their migration under electric field. Therefore, 

unlike liquid inks that tend to flow and diffuse, the ionic microgels do not mix during printing or 

operation, ensuring stable ionic functions. Third, the microgel inks are porous, which allows 

monomers, crosslinkers, and initiators to diffuse into and in between microgels before printing and 

to polymerize into a second network after printing. As such, we could not only toughen the 

individual microgels but also fuse them together within a percolating network for a tough and 

cohesive device110. 

 

Figure 4.1. Schematic illustration of the 3D IMP. (a) Schematic of 3D IMP of p-type and n-type, as well as 

ionic conductors. (b) Schematic of the material design including the DN polymer backbone and various 

ionic species.  
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Figure 4.2. Optical microscope image and size distribution of microgels suspended in different solutions. 

(a, b) CS microgels suspended in DI water, (c, d) QC microgels suspended in DI water, (e, f) CS microgels 

suspended in PAAm gelling solutions, (g, h) QC microgels suspended in PAAm gelling solutions, and (i, j) 

NaCl microgels suspended in 3 M NaCl and PAAm gelling solutions. Size distribution of microgels were 

obtained by measuring the sizes of 780 microgels for each kind via ImageJ. 

In this study, the base material system that constitutes the matrix was Agar/PAAm DN 

microgels embedded in a secondary PAAm network (Figure 4.1b). The agarose hydrogels go 

through gelation by forming physical crosslinks (coil to helix transition) when the hot agarose 

aqueous solution temperature drops below a critical temperature, typically around 35 °C189,190. The 

PAAm hydrogel network forms covalent crosslinks with AAm as monomer, PEGDA as degradable 

crosslinker, and I2959 as the photoinitiator. The two materials are selected due to their general 
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electrical neutrality, ability to form tough DN hydrogels with one physical and one covalent 

crosslink, and ease of fabrication. To build an ionic conductor, 3M NaCl was added to the 

microgels and acted as the main charge carries51,86. To form p-type hydrogels, negatively charged 

chondroitin sulfate sodium (CS) was doped into the microgels and immobilized within the polymer 

network, while positively charged quaternary chitosan ammonium (QC) was added to the 

microgels to form n-type hydrogels. These two polyelectrolytes were selected over the negatively 

charged PAAc and positively charged chitosan used in the previous chapter due to the following 

two reasons. First, PAAc and Chit are weak polyelectrolytes that partially dissociate and release 

counterions in aqueous solutions according to the pH conditions, whereas CS and QC are strong 

polyelectrolytes and possess fixed charges on their polymer chains. Second, CS and QC possess 

one of the highest charge densities among biopolymers. These two attributes are crucial merits for 

high-performance hydrogel ionotronics. 

The ionic microgels were produced by batch emulsion, where hydrogel precursors form 

droplets under agitation and crosslink into microgel particles. Optical microscope images were 

used to determine the morphology and size distribution of three different species of microgels 

suspended in DI water or PAAm gelling solution. As shown in Figure 4.2, all resulting microgels 

were in spherical shape and heterogenous in size. The CS doped microgels exhibited mean 

diameter of 28.7±17.2 µm with relatively concentrated distribution (Figure 4.2a-b). On the other 

hand, the QC doped microgels were larger, with mean diameter of 66.3±39.3 µm and more 

dispersed distribution (Figure 4.2c-d). The NaCl doped microgels turned out to be the smallest, 

with mean diameter of 15.0±6.22 µm (Figure 4.2i-j). This is potentially due to the viscosity 

difference of the agarose precursor with the addition of different polyelectrolyte solutions. The 

higher the viscosity, the larger the microgel size. The microgels demonstrated high physical 

stability when suspended in diverse mediums. Figure 4.2e-h demonstrated that the PAAm gelling 

solution minimally affected the average size and distribution of the microgels. Apart from the 

microgel precursor viscosity, their sizes could also be tuned with agitation parameters of the oil 

emulsion during gelation, such as stirring speed191. To narrow the size distribution, cell strainers, 

commercially available with various mesh sizes, could be applied to screen particles for desirable 

ranges. This method is low-cost and has high throughput compared with other approaches such as 

microfluidics192. 
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Figure 4.3. Shear yielding characteristics during oscillatory amplitude sweep of the microgel inks. (a) G’ 

and G’’ as a function of shear strain. (b) Yield strain and (c) yield stress obtained from the shear strain 

sweep. (d) G’ as a function of shear stress. (e) Yield strain and (e) yield stress obtained from the shear stress 

sweep. The yielding points are determined by the points where G’ and G’’ intersect. Unless otherwise stated, 

rheological measurements were performed at angular frequency ω = 6.28 rad s-1 for agarose microgels with 

CS (9 wt.%), or QC (5 wt.%), or NaCl (3 M). Scatter plots are presented from representative data. Data are 

expressed as the mean ± SD from n = 4 samples. 

4.2 Printing Quality 

To establish the 3D IMP method and investigate the printing quality, printability of the microgel 

inks, shape fidelity of the printed structures, and printing resolution were characterized. 

4.2.1 Printability 

Printability of the ionic microgel inks were characterized using rheology. Successful printing of 

the ionic microgel inks involves three key processes: extrusion of the microgel ink from the nozzle, 

a liquid-to-solid transition after extrusion, and a steady solid state after the transition. To ensure 

smooth implementation of the three processes, the microgel inks are required to possess three 

corresponding properties: shear thinning and shear yielding behavior, self-recovery ability, and 

proper yield strength. 
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Extrusion of the microgel inks was initiated by an external pressure exerted onto a piston 

that pushes the bulk of the ink contained in a cartridge. The external pressure source was chosen 

to be pneumatically controlled in this study due to its ubiquity in commercial bioprinters. Under 

static states, the inks appeared to have high viscosity and behaved like a solid, where G’ is larger 

than G’’ (Figure 4.3a). As the external pressure exerted shear stress onto the jammed microgel inks, 

the granular materials yielded and showed liquid-like behavior, where G’’ was larger than G’. This 

shear yielding characteristic could be ascribed to the phase transitioning of the microgels inks 

when energy was input into the granular material system, forcing the grain assemblies to be out of 

thermodynamic equilibrium. Once the extrusion was initiated, the ink started to flow, and the shear 

rate was increased. Figure 4.4 shows the effect of increased shear rate to the complex viscosities 

of the microgel inks during oscillatory shear frequency sweep. As the oscillatory shear rate 

increased, the viscosities of all three microgel inks decreased, showing shear-thinning behavior. 

The decreased viscosities ensured continuous microgel ink flow during extrusion. 

 

Figure 4.4. Shear thinning characteristics of the microgel inks during extrusion. (a) Digital image of the 

microgel ink during extrusion. (b) Representative complex viscosity as a function of shear rate at shear 

strain γ = 0.5% at angular frequency ω = 6.28 rad s-1 for agarose microgels with CS (9 wt.%), or QC (5 

wt.%), or NaCl (3 M). 
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Figure 4.5. Self-recovery characteristics for the microgel inks. G’ and G’’ through high shear strain (γ = 

100%) to low shear strain (γ = 0.5%) isothermal time sweep cycles at angular frequency ω = 6.28 rad s-1 

for agarose microgels with (a) CS (9 wt.%), (b) QC (5 wt.%), and (c) NaCl (3 M). Scatter plots are presented 

from representative data. 

After extrusion, the microgel inks are expected to rapidly transition from liquid to solid 

states so as to stabilize at predefined location. To investigate this phenomenon, cyclic isothermal 

time sweep of high shear strain (100%) and low shear strain (0.5%) was applied to the inks. All 

microgel inks demonstrated repeated moduli recovery from a liquid state at a high shear strain to 

a solid state at a low shear strain (Figure 4.5). For deposited microgels to maintain the 3D 

architectures, the inks should possess high enough yield strain and yield stress. Figure 4.3b-c, 

plotted the yielding point of the microgels obtained from oscillatory strain sweep tests. Specifically, 

the critical shear strains for CS, QC, and NaCl inks are 15%, 9%, and 18%, and correspond to 

shear stresses of 440 Pa, 309 Pa, and 1901 Pa, respectively. This yielding behavior is also seen in 

oscillatory stress sweep tests, where G’ of all inks drastically drop at the respective yielding points 

(Figure 4.3d-f). Note that the yielding points were also not two high (yield strain <100%, yield 

stress <5 kPa) to hinder the initiation of ink extrusion that might cause clogging of the nozzles. In 

addition, all above mechanical behaviors of the inks are insensitive to inclusions such as PAAm 

gelling solutions (Figure 4.6), which further confirmed the compatibility of ionic microgels with 

the DN crosslinking method. The combination of shear-thinning, shear yielding, and self-recovery 

properties promises the printability of the 3D IMP strategy. 
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Figure 4.6. Rheological characterization of microgel ink after infiltration of PAAm gelling solution, 

including AAm monomer, PEGDA crosslinker, and I2959 photoinitiator. (a) Complex viscosity as a 

function of shear rate. (b) G’ and G’’ as a function of shear strain. (c) Yield strain, and (d) yield stress at 

shear yielding point obtained from strain sweep test for agarose microgels with CS (9 wt.%) or QC (5 wt.%). 

(e) G’ as a function of shear stress. (f) Yield strain, and (g) yield stress at shear yielding point obtained from 

shear sweep test. (h) Self-recovery behavior through high shear (γ = 100%) to low shear (γ = 0.5%) strain 

cycles at for agarose microgels with CS (9 wt.%) and (i) QC (5 wt.%). Unless otherwise stated, 

measurements were performed at angular frequency ω = 6.28 rad s-1 and shear strain γ = 0.5%. Scatter plots 

are presented from representative data. Data are expressed as the mean ± SD from n = 4 samples.  
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4.2.2 Shape fidelity 

To evaluate the shape fidelity of printed structures, we printed an array of structures with CS (red) 

and QC (blue) microgel inks. As shown in Figure 4.7a-d, the printed shapes highly resembled the 

CAD models, showcasing the high fidelity offered by the 3D IMP method. Serpentine and spiral 

structures are continuous and uniform in width and height, and the gaps between heterogeneous 

inks were distinct, showing neither under- nor over-printing issues (Figure 4.7a-b). The sharp 

turning corners of the serpentine structure and the smooth circles of the spiral structure manifested 

the high printing quality. An ionic diode in a double trapezoidal shape is made with a precisely 

defined contact junction (Figure 4.7c). The narrowing width of the ionic junction design (down to 

1 mm) could intensify the potential drop across the junction and enhance the diode effect29,193.  

 

Figure 4.7. Shape fidelity characteristics of the printed structures by 3D IMP. All structures were printed 

in one run with two materials, with p-type in red and n-type in blue. CAD model and digital images of (a) 

planar serpentine circuit, (b) spiral circuit, (c) trapezoidal-shaped ionic junction, (d) intervertebral disc, (e) 

miniature brain, (f) pyramid, (g) alternating grid, and (h) honeycomb cube.  
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Besides these planar structures, a variety of 3D structures were successfully fabricated, 

including an IVD model with outer annulus fibrosis and inner nucleus pulposus, a miniature brain, 

a pyramid with different tip materials, a block with alternating grid layers, and a cube with internal 

hive structures (Figure 4.7d-h). The high printing fidelity is especially evidenced with the 

miniature brain, printed layer-by-layer with two hemispheres using different inks (Figure 4.8). The 

brain displays a thin but distinct gap between two hemispheres and detailed cerebral cortex features. 

 

Figure 4.8. Digital image of the 3D IMP process. Microgel inks were deposited layer-by-layer to print the 

miniature human brain structure, with p-type in red and n-type in blue. deposited 

4.2.3 Printing resolution 

In this study, the printing resolution was affected by three factors: the nozzle size, the printing 

pressure, and ink write speed. To calibrate the printing resolution, short filaments of length 1 cm 

were printed on glass substrates and line width were measured as a function of the above three 

parameters. These results were displayed in Figure 4.9. For both CS and QC microgel inks, smaller 

nozzle size (higher gauge number), lower printing pressure, and higher ink write speed resulted in 

thinner filaments, thus higher printing resolution. CS inks generally exhibited higher resolution 

compared to QC inks at the same printing pressure and speed, due to the smaller microgel sizes 

and slightly higher apparent viscosity. 

Despite the detailed guidelines provided by this study, there are two key points to be aware 

of during the resolution optimization process. Frist, microgel sizes need to be considered when 

selecting nozzles. Microgels of diameter close to half the inner diameter of the nozzle tend to clog 

the nozzle and paralyze the extrusion process. This issue could be resolved by stepwise screening, 

producing microgels of limited maximum sizes according to the printing resolution requirements. 
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Second, excessive printing speed or insufficient pressure might give rise to discontinued filaments, 

resulting in under-printing issues that could compromise the devices’ functions. Conversely, excess 

pressure or inadequate speed might cause over-printing problems, where deposited materials 

would be excessively compressed in the in-plane direction. With these two potential problems 

taken into consideration, extrusion pressures and writing speeds that produce line width close to 

the nozzle inner diameter is preferred to prevent the abovementioned issues. 

 

Figure 4.9. Printing resolution characterization of the microgel inks. Printed line width as a function of 

pressure and ink write speed with 22G nozzle for (a) CS and (b) QC microgel inks, as well as with 27G 

nozzle for (c) CS and (b) QC microgel inks. “X” represents failure of microgel ink extrusion. Data are 

expressed as the mean ± SD from n = 6 samples. 

4.3 Electrical properties 

In this section, with the developed 3D IMP method, the electrical properties of the printed devices 

were investigated. Two fundamental ionotronic elements were chosen to be studied. First, a 

classical ionic conductive conductor was constructed, and its electromechanical coupling effect 
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was examined. Next, an ionic junction with asymmetrical current conductivity was investigated. 

Its current rectification performances, affecting factors, optimizations, and functional principles 

were studied in detail. 

4.3.1 Ionic conductors 

The ionic conductor was 3D-printed with ionic microgels containing 3M NaCl. The ionic 

conductivity of the ionic conductor was calculated from the electrical resistance value measured 

at 1 kHz frequency alternating current (AC). To compare, the conductivities for printed p-type (9% 

CS) and n-type (5% QC) ionic conductors were calculated from the mean value of fitted bulk 

resistance from electrochemical impedance spectroscopy (EIS). The results were displayed in 

Figure 4.10a. The conductivity of the ionic conductor was 2 S m-1, much higher than that of the p-

type (0.406 S m-1) and n-type (0.147 S m-1) hydrogels. The values were all in the reported range 

of hydrogel-based ionic conductors194–196. The superior ionic conductivity of the printed ionic 

conductor is due to the high mobile ion concentration. 

 

Figure 4.10. Characterizations of the printed elastic ionic conductor. (a) Comparison of the ionic 

conductivities of the printed ionic conductor to printed p- and n-type hydrogels. (b) Characterizations of 

the electromechanical coupling behavior of the printed ionic conductor. Dash line shows the theoretical 

relationship for a non-compressible elastic conductor. Data are expressed as the mean ± SD from n = 3 

samples. 

To examine the performance of the printed ionic conductor as a classical elastic conductor, 

the electromechanical coupling behavior was characterized. As shown in Figure 4.10b, as the 

printed ionic conductor was unidirectionally stretched to λ times its initial length, the normalized 

electrical resistance (R/R0) increased nonlinearly with stretch. Theoretically, ionic conductors 
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generally exhibit constant conductivity during deformation. For non-compressible materials, the 

change in electrical resistance can mainly be ascribed to the geometry change and should follow 

the relationship: 𝑅/𝑅0 = 𝜆2. Experimentally, our results did not fully follow the theoretical scaling, 

where the increase of the normalized resistance increased slower than theoretical prediction. This 

was mostly likely due to the ionic microgel printing process, producing materials that are 

physically porous. 

4.3.2 Ionic junctions 

An ionic junction was formed with p-type (negatively charged polyelectrolyte) and n-type 

(positively charged polyelectrolyte) hydrogels. As shown in Figure 4.11a, when the p- and n-type 

units contact, mobile counterions equilibrate at the vicinity of their respective fixed 

polyelectrolytes to maintain local charge balance197,198. At the heterojunction interface, entropy 

drives mobile ions to migrate to the opposite sides of the junction. Whereas attribute to the locally 

unbalanced charges, the fixed polyelectrolytes exert an internal electrical field directed from n-

type to p-type, propelling cations to drift back to the p-type side and anions back to the n-type side. 

Balancing of the two ion flows at equilibrium leads to the formation of an ion-depleted ionic double 

layer (IDL) forms at the heterojunction interface. The thickness of the ion-depletion layer is mainly 

affected by polyelectrolyte concentration, device geometry, and external electric field197,199,200. The 

IDL reinforces the asymmetrical ion distribution and regulates ion flow under external electric 

fields. Consequently, ionic junctions exhibit current rectification behavior similar to silicon diodes, 

where currents are preferentially conducted from p-type to n-type while inhibited in the opposite 

direction (Figure 4.11b). 
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Figure 4.11. The formation and basic function of the ionic junction. (a) Schematic illustration of the 

formation of the ion-depletion layer at the interface of the ionic junction formed by contacting a p-type and 

a n-type hydrogels. The equilibrium state can be reached under the combined effect of entropy and electric 

field. (b) Characteristic of the ionic junction showing current rectification behavior similar to silicon diodes. 

4.3.3 Current rectification 

To benchmark the electrical performance of the ionic junctions, ionic diodes in the form of one 

single ionic junction was investigated. The ionic diode was sandwiched between two microporous 

carbon electrodes and encapsulated in spacers (Figure 4.12). Carbon electrodes with micro-porous 

layer were used to increase the capacitance of the EDL at hydrogel-electrode interfaces and thus 

concentrate the potential drop at the ionic junction with a low-capacitance IDL199. Linear sweep 

voltammetry was implemented on the ionic diodes. The applied voltage (from -6 V to 6 V) was 

defined as the electrical potential of p-type terminal with respect to that of n-type terminal. A 

voltage of magnitude 6 V was selected to prevent severe electrochemical reaction at the hydrogel-

electrode interfaces. The performances were evaluated by current rectification ratio that is 

calculated as the current density ratio at positive to negative voltages of the same magnitude. 

 

Figure 4.12. Device structure of the ionic diode. (a) Assembled view and (b) exploded view of the ionic 

diode with microporous carbon electrode. 

As expected, both the printed and cast ionic diodes exhibited an asymmetrical current 

density-voltage (J-V) behavior. At external voltage below the built-in potential of about 2 V, the 

current densities were low (-0.16 mA cm-2 at -6V). While after passing the threshold voltage, 

current density increases dramatically and reaches 14.4 mA cm-2 and power of 86.4 mW cm-2 at 6 

V(Figure 4.13a,b). The inferior current density of the printed ionic diodes could be attributed to 

two reasons. First, the washing step of microgels after emulsion removed mobile ions and 
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polyelectrolytes from the system. To confirm this hypothesis, the rectification performance of the 

cast ionic diodes with or without desalination was compared. Ionic diode consisting of oppositely 

charged hydrogels that were fabricated by solution casting were desalinated by immersing in 

reservoir of DI water for 7 hours. As shown in Figure 4.13c-d, desalination decreased the current 

density magnitude in both forward and reverse biasing regions and caused a 4-time drop in 

rectification ratio. Second, the rough surfaces of the granular layers decrease the effective contact 

area at the interface, thus limiting the current magnitude. To validate this theory, cast ionic diode 

was washed with the same procedure as the ionic microgels. This eliminated the effect of washing 

steps to the two fabrication methods, leaving the rough surface from the printed ionic diodes as 

the only difference. Their rectification performances were compared in Figure 4.13e-f. Though 

slight lower current density and rectification could be observed for the printed ionic diodes, their 

difference displayed no significant difference. To avoid the washing step, a remedy could be using 

extrusion fragmentation to fabricate the ionic microgels192,201. 

 

Figure 4.13. Effect of different fabrication methods on current rectification behavior of ionic diodes. 

Current density as a function of biasing voltage and corresponding rectification ratio at ±5 V for (a, b) cast 

and 3D printed ionic diodes, (c, d) pristine and desalinated cast ionic diodes, and (e, f) printed and cast ionic 

diode that went through the same washing procedures. Scatter plots are presented from representative data. 
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Data are expressed as the mean ± SD from n = 4 samples. Statistical significance is analyzed from Student’s 

t-test (ns: P≥0.05). 

Next, to confirm that the diode effect stems from the interface of oppositely charged 

hydrogels, the ionic diodes with hydrogels containing the same charges on both sides, hydrogels 

without doped polyelectrolytes, and those with only one charged side were compared. Whereas 

hydrogels of two sides with the same charges or with one neutral side showed symmetrical J-V 

characteristics and rectification ratios of around unity, the CS/QC ionic diode displays a 

rectification ratio of 43 at ±5 V (Figure 4.14 a-e). The results highlighted the importance of two 

oppositely charged hydrogel layers as the constituents in forming the ionic diode. 
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Figure 4.14. Electrical characterizations of ionic diodes. (a) Schematic illustration of the EDL formed at 

gel-electrode interfaces and IDL formed at the ionic diode interface. Current density as a function of biasing 

voltage and corresponding rectification ratio at ±5 V for ionic junctions of (b, c) two sides with opposite, 

same, and no charges, (d, e) two oppositely charged hydrogel diodes and junctions with only one charged 

side, (f, g) different polyelectrolyte species: CS as p-type and QC as n-type vs. PSS as p-type and PDAC as 

n-type, and (h, i) varying polyelectrolyte concentrations. Unless otherwise specified, the gel layers are 

casted with 9 wt. % CS and 5 wt. % QC and a total gel layer thickness of 3 mm and scan rate of 50 mV s−1. 

Scatter plots are presented from representative data. Data are expressed as the mean ± SD from n = 4 

samples. 

The current rectification performance could be affected by the polyelectrolyte species, 

concentration, device thickness, sweep scan rate, and mechanical deformation. First, the highly 

charged biopolymers CS and QC offered superior performances. As compared in Figure 4.14f-g, 

the CS/QC diodes show 9 times higher rectification ratio than the PSS/PDAC diodes that were 

widely used in prior works25,29. Next, tuning the polyelectrolyte concentration affected the current 

rectification. As shown in Figure 4.14i, the rectification ratio increased with the polyelectrolyte 

concentration. This phenomenon could be understood as follows. As the polyelectrolyte 

concentrations elevated, reverse leakage currents remained low, due to the increased number of 

fixed charges that screen mobile counterions as well as protons and hydroxides generated from the 

hydrolysis of water. On the other hand, forward currents were enhanced due to the increased 

amount of mobile counter ions brought by the polyelectrolytes (Figure 4.14h). However, further 

increases of the concentration would undermine the ink processability due to decreased microgel 

strength. Lastly, the rectification effect can be augmented by reducing the gel thickness to 1 mm 

(88 at ±5 V) or decreasing the sweep scan rate to 10 mV s-1 (123 at ±4.5 V) (Figure 4.15). The 

results were consistent with previous studies198,202. 
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Figure 4.15. Effect of hydrogel layer thickness and sweep scan rate during LSV on current rectification 

behavior of ionic diodes. (a) Current density as a function of biasing voltage and (b) corresponding 

rectification ratio at ±5 V for ionic diodes with single layer thickness of 1 mm and 1.5 mm. (c) Current 

density as a function of biasing voltage and (b) corresponding rectification ratio at ±4.5 V for ionic diodes 

during LSV with sweep scan rate of 10 mV s-1, 50 mV s-1, and 500 mV s-1. Scatter plots are presented from 

representative data. Data are expressed as the mean ± SD from n = 4 samples. 

Table 4.1. Summary of the material, rectification ratio, and fabrication methods of 

polyelectrolyte gel diodes. 

Material Polyelectrolytes Rectification ratio Fabrication method Reference 

Agar hydrogel PSS/PDAC 36 @ ±5 V 
Casting & manual 

assembly 
202 

Ionic polymer in 

microchip 
PSS/PVBPPh3 295 @ ±4 V Photolithography 203 

Agar-CNT hydrogel PSS/PDAC 9 @ ±5 V 
Casting & manual 

assembly 
32 

PPy polymer on 

P(AAm-co-AAc) 

hydrogel 

P(AAm-co-

AAc)/PPy 
17.2 @ ±2 V 

Casting & 

electrochemical 

deposition 

204 

Agar-PAAm 

hydrogel 

PAMPS/ 

PDMAPAA-Q 
47 @ ±5 V 

Casting & manual 

assembly 
31 

Copolyelectrolyte 

hydrogel in 

microchip 

PSPA/PDMAPPA-Q 31 @ ±4 V 
Laser engraving & 

lithography 
36 

PAAm hydrogel PSS/PDAC 18.5 @ ±4.5 V 
Casting & manual 

assembly 
29 

Agar-PAAm 

hydrogel 
PSS/PDAC 5 @ ±5 V 

Casting & manual 

assembly 
25 

Agar hydrogel pCNC/nCNC 70 @ ±5 V 
Casting & manual 

assembly 
28 

Ionoelastomer PES/PAT 50 @ ±0.35 V Drop-casting 199 

Agar-CNT- AgNW 

hydrogel 
PSS/PDAC 13 @ ±5 V 

Casting & manual 

assembly 
33 

Ionic polymer in 

microchip 
PSS/PDAC 16 @ ±1 V Photolithography 205 

 

Other effects such as mechanical deformations on the rectification performances of the 

ionic diodes have been studied extensively and will not be the focus of this thesis27,29,199,205. In 

general, geometry changes induced by stretching will cause variations in the voltage distribution 

across the gels and interfaces, thus affecting the current rectification performance. The 
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performance of our devices is notably among the highest value reported for polyelectrolyte gel-

based diodes (Table 4.1). 

4.3.4 Electrochemical rectification mechanism 

To investigate the electrochemical rectification mechanism of the ionic junctions, electrochemical 

impedance spectroscopy (EIS) was conducted, and the impedance data was fitted with equivalent 

circuit models. Ac-impedance measurements were performed on the CS/QC heterojunction and 

the homojunctions (CS/CS and QC/QC). Figure 4.16a displays the frequency bode plot with the 

equivalent circuit in the inset, while Figure 4.16b shows the Nyquist plot for the three types of 

junctions. The CS/QC heterojunction demonstrated significantly higher impedance and phase 

angle at low frequency compared to homojunctions, elucidating the formation of the IDL. This is 

because the IDL is depleted with mobile ions, leading to high bulk resistance (RB) and low effective 

capacitance (C) from the constant phase element (CPE). The corresponding values for the fitting 

parameters are presented in Table 4.2. 

 

Figure 4.16. Electrochemical characterizations of the printed ionic junction. (a) Bode phase plot and (b) 

Nyquist plot with enlargement in the low frequency region in the inset for ac-impedance measurements of 

printed CS/QC heterojunction, and CS/CS, QC/QC homojunctions with fittings to the equivalent circuit 
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model in the inset. (c) Schematic illustration of the ionic junction under reverse bias and forward bias state. 

(d) Bode phase plot and (e) Nyquist plot with (f) zoom in view for ac-impedance measurements of the 

printed CS/QC ionic junction under dc biases with fittings to the equivalent circuit model in the inset. 

Scatter plots are presented from representative data from n = 3 samples. 

In addition, we carried out impedance measurements with direct-current (dc) biases. 

Increasing the biasing voltage beyond a threshold voltage switches the ionic junction from reverse 

bias to forward bias regime (Figure 4.16c). The switching of operation states is indicated by the 

substantial impedance drops and low phase angles at low frequencies (Figure 4.16d-f). In this case, 

mobile ions start to drift through the depletion region, temporarily paralyzing the IDL. The increase 

of IDL capacitance causes EDL to allocate more potential drop, where the overpotential exceeds 

0.828V and leads to the electrolysis of water at the electrodes206. This effect leads to the reduction 

of RB, polarization resistance (RP), and interfacial resistance (RI) at the IDL, as well as the 

substantial increase of effective IDL capacitance (CIDL) and decrease of ion depletion layer 

thickness (δIDL) (Table 4.3, Table 4.4). Due to the permeated PAAm network that infiltrates into 

and between ionic microgels, the transmission behavior of electrical signals in ionic microgels is 

believed to resemble that of the bulk ionic junctions; that is, mobile ions transport in aqueous 

medium through the polymer network of much larger meshes18,200,207. The above electrochemical 

characteristics can be seen with both printed and cast devices (Figure 4.17, Table 4.5, Table 4.6), 

The results proved that the printing method minimally affected the functionality of ionic junctions, 

thus further supported the reliability of the 3D IMP method for ionotronic fabrication. 

Table 4.2. Fitting parameters for ac-impedance measurement of printed CS/QC, CS/CS and 

QC/QC, according to the equivalent circuit model shown in Figure 4.16a. 

 

a) Impedance of CPE is calculated as ZCPE = Q0
-1(jω)-n, where Q0 is a constant, n is a constant 

ranging from 0 to 1, ω is angular frequency, and j is imaginary number; b) Effective capacitance of 

IDL (CIDL) and EDL (CEDL) are calculated according to Brug model208 as C = Q1/n RB
(1/n-1), where 

C is the effective capacitance, RB is the bulk resistance, Q and n are constants in CPE. 
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Figure 4.17. Electrochemical impedance spectroscopy results for cast ionic junctions. (a) Bode phase plot 

and (b) Nyquist plot for ac-impedance measurements of cast CS/QC heterojunction, and CS/CS, QC/QC 

homojunctions. Inset shows an enlargement in the low frequency region. (c) Bode phase plot and (d) 

Nyquist plot with (e) enlargement in the low frequency region for ac-impedance measurements of the cast 

ionic junction under dc biases. Scatter plots are presented from representative data from n = 3 samples. 

 

Table 4.3. Fitting parameters for ac-impedance measurement of printed CS/QC junction under 

dc bias, according to the equivalent circuit model shown in Figure 4.16d. 
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Table 4.4. Effective capacitance and thicknesses of the IDL and EDL for the printed ionic 

junctions 

 

a) Thickness (δ) is calculated according to Gouy-Chapman209 model as δ = ε0εrAC-1, where ε0 is the 

vacuum dielectric permittivity, εr is the relative dielectric permittivity, A is the contact area of the 

two oppositely charged gels, and C is the effective capacitance. 

Table 4.5. Fitting parameters for ac-impedance measurement of cast CS/QC, CS/CS and QC/QC 

according to the equivalent circuit model shown in Figure 4.16da. 

 
 

Table 4.6. Fitting parameters for ac-impedance measurement of cast CS/QC junction under dc 

bias, according to the equivalent circuit model shown in Figure 4.16d. 
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4.4 Mechanical Properties 

Mechanical robustness is of great significance for ionic devices to maintain physical integrity and 

operate reliably. Hydrogel ionotronics are often designed for applications that involve interaction 

with the human body. Therefore, to accommodate for potential deformations, devices are expected 

to be stretchable and tough. In this section, ionic junctions were chosen to be the model ionic 

device, given that they are composed of more than one ionic component. The stretchability, 

fracture toughness, and inter-component adhesion was investigated.  

4.4.1 Stretchable and tough 

The stretchability and fracture toughness of the ionic junction were evaluated by pure shear test. 

The ionic junctions were fabricated by laminating two layers of oppositely charged hydrogels 

using either 3D IMP or traditional precursor casting methods. Under pure shear tests, both DN 

printed and cast unnotched samples were capable to be stretched along their planar direction more 

than 20 times their initial lengths before rupture. Conversely, the cast SN agarose ionic junctions, 

which composed of the same material as the agarose microgels, exhibited maximum strain of only 

10% (Figure 4.18 a-c). The stretchability of DN ionic junctions well exceeded that of the SN 

agarose counterpart (Figure 4.18d-e). The results underline the importance of the PAAm network 

and the microgel-reinforced DN design of our ionic junctions.  

The ionic junctions are layered materials and are prone to mixed mold cracking during 

stretch210. To study the fracture behavior and characterize the fracture toughness, we tested notched 

specimens to measure the critical stretch ratio when the notch starts to extend. By integrating the 

area under the engineering stress-stretch curve of unnotched specimens up to the critical stretch 

ratio, we calculated the fracture toughness of the cast and printed junctions to be 3431 J m-2 and 

1204 J m-2, respectively (Figure 4.18f). No delamination occurs during the whole process, 

indicating strong adhesion between the two ionic units (Figure 4.18g). While lower than those of 

cast devices, the fracture toughness and strength of printed devices are more than 100 times that 

of agarose hydrogels (~3 J m-2). The dramatic toughening mechanism is attributed to the synergy 

between the covalently crosslinked PAAm network and the energy dissipation of dispersed DN 

microgels211. 
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Figure 4.18. Mechanical properties of the ionic junctions. Digital image of unnotched hydrogel samples: 

(a) printed DN Agar/PAAm, (b) cast DN Agar/PAAm, and (c) cast SN agarose (Agar) ionic junctions during 

pure shear tests. (d) Representative stress–stretch curves for unnotched samples. Dash lines indicate the 

critical stretch values obtained from stretching of the notched samples. (e) Maximum stretch and (f) fracture 

toughness of ionic junctions fabricated with 3D IMP and precursor casting. (g) Digital image of an 

unnotched printed DN ionic junction after rupture in pure shear tests. The cross-sectional view indicates 

two layers of the ionic junction rupture at the same location without any delamination. Data are expressed 

as the mean ± SD from n = 4 samples. Statistical significance is analyzed from Student’s t-test (**: P<0.01, 

***: P<0.001). 

4.4.2 Cohesion 

As the ionic junctions are heterogenous, the adhesion between different units is important for their 

performance. T-peeling tests were performed, as illustrated in Figure 4.19a, to characterize the 

adhesion performances between two ionic units. The adhesion energy values are calculated from 

two times the plateau value of the force/width versus displacement data (Figure 4.19b). The values 

are shown in Figure 4.19c. Remarkably, the printed ionic junctions display an adhesion energy of 

579 J m-2, 3 times higher than the cast counterpart (144 J m-2) and 100 times higher than SN agarose 

junctions (6.5 J m-2). The enhanced adhesion performance is ascribed to the mechanical 
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interlocking of microgels between adjacent layers. While the cast hydrogel ionic junctions 

exhibited smooth interfaces between p- and n-type layers, the ones printed with ionic microgels 

possessed rough interfaces (Figure 4.19d-e). This effect is evidenced by the rough fracture surface 

and the cohesive failure of the printed ionic junctions, where the crack kinks into the bulk of the 

hydrogel (Figure 4.19a). The excellent mechanical properties of the ionic junctions assure their 

physical integrity and reliability in practical applications. 

 

Figure 4.19. Cohesive properties of the ionic junction. (a) Digital images, (b) representative force/width - 

displacement curves, and (c) corresponding adhesion energy for T-peeling tests of two layers of ionic 

junctions fabricated with 3D IMP or precursor casting. (d) Optical microscope images of the printed and (e) 

cast ionic junction, with CS on the left and QC on the right. Zoom-in views displayed the interfaces between 

the two layers. Data are expressed as the mean ± SD from n = 4 samples. Statistical significance is analyzed 

from Student’s t-test (**: P<0.01, ***: P<0.001). 

4.4.3 Degradation 

Ionotronic device that could operate within their lifespan and be degraded afterwards is highly 

desirable. Degradability was designed to our ionotronic material system and evaluated via an in-

vitro degradation test. The material design, macroscopic changes, dry weight loss, and electrical 

performances of the ionic junction under degradation were presented. 
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Figure 4.20. Degradation characterizations of the ionic junctions. (a) Schematics of the material design for 

degradation. (b) Digital image of a printed degradable circuit. (c) Digital image, (d) dry weight change, and 

(e) corresponding plateau dry weight and half-life time obtained from fitting for in vitro degradation of 

printed ionic junction in DPBS solutions with or without enzymes. DN hydrogel with MBAA as crosslinker 

for PAAm network and different concentrations of agarose were included for comparison. Scale bar, 0.3 

cm. (f) Electrical performance of the printed ionic junctions during in vitro degradation. Current density as 

a function of biasing voltage and (g) corresponding current rectification ratio at ±5 V for printed ionic 

junctions at different degradation time stamps. Scatter plots are presented from representative data. Data 

are expressed as the mean ± SD from n = 4 samples. 

The rational design of the polyelectrolyte and the polymer network is key to degradability 

and programmed device stability. The biopolymers used – agarose, CS, and QC – are naturally 

derived and readily degradable enzymatically212–214. For the PAAm network, as illustrated in 

Figure 4.20a, we employ poly(ethylene glycol) (PEGDA) as a degradable crosslinker, which 
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undergoes hydrolysis due to the presence of ester bond215. As a result, the devices could 

disassemble and degrade over time. This property of transient stability was demonstrated in Figure 

4.20b, where a 3D ionic microgel printed circuit degraded progressively into small pieces over 

time. To characterize the degradation behavior of the ionic junctions, we quantify their degradation 

profile in terms of both physical integrity and electrical performance through an in-vitro 

degradation test. As comparison, the effect of different degradation media, DPBS with or without 

enzymes, was studied. To investigate the design of the material system, MBAA as a non-

degradable crosslinker for the PAAm network was employed for comparison. Additionally, the 

effect of agarose concentrations was also studied. 

Physically, the ionic junctions composed of 2% and 4% agarose with PEGDA crosslinker 

disintegrated into small pieces and ultimately led to a 91% and 76% reduction in dry weight after 

one week without enzymes, respectively (Figure 4.20c-d). When enzymes were introduced to the 

degradation media, the dry weight loss after 7 days of incubation turned out to be marginally 

increased, showing 96% and 79% for 2% and 4% agarose, respectively. In stark contrast, when 

PEGDA was replaced with a non-degradable crosslinker MBAA, neither fragmentation nor dry 

weight loss after seven days were observed with or without enzymes. To parameterize the 

degradation profile, a simple one phase decay model was fitted to the data and displayed in Figure 

4.20d as solid (enzymatic) or dashed lines (DPBS only). The equation of the model is as follows: 

𝑚 = (𝑚0 −𝑚𝑝𝑙𝑎𝑡𝑒𝑎𝑢)𝑒
(−
𝑡
𝜏
) +𝑚𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

where m0 is the initial dry weight at day 0, mplateau is the plateau dry weight, and τ is the time 

constant. The half-life time (t1/2) can be calculated as: 

𝑡1/2 = ln(2) 𝜏 

The resulting plateau dry weight and half-life time was compared and plotted in Figure 4.20e. The 

addition of enzymes imposed slight effect to the degradation profile. It barely affected the final 

dry weight nor the degradation speed. It is hypothesized that the PAAm network dominated the 

overall structural integrity and thus the hydrolytic degradation of the PAAm network controlled 

the general degradation characteristics. The enzymes should also slowly degrade the agarose and 

biopolymers but demonstrated limited effect in this study. 
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The electrical performance of the ionic junctions was characterized by linear sweep 

voltammetry, and rectification ratio at ±5 V was used as the evaluation criterion. The current 

densities as well as rectification ratio deteriorated substantially within the first day, and then 

maintained a period of stable operation, until catastrophic fragmentation on day 5 (Figure 4.20g-

h). The diminished electrical performance within day 1 was hypothesized to stem from the loss of 

mobile ions, while complete breakdown of the device on day 5 could be associated with structural 

failure. The results highlighted our material design in achieving controlled degradation of 

ionotronic devices. 

 

Figure 4.21. Characterizations of the ionic BJT fabricated by 3D IMP. (a) Schematic and circuit diagram 

of 3D-printed ionic BJT connected in a common-emitter configuration. (b) Base current (IB) as a function 

of emitter-base voltage (VEB) at emitter-collector voltage (VEC) of 6 V. Threshold voltage (VT) is identified 

as 2 V. (c) Output current (IC) response as input voltage (VEB) switching between on (5 V) and off (0 V) 

state at VCE = -1V. (d) Output characteristic (IC-VCE) curves as a function of input voltage (VEB). (e) 

Modulation of IC by VEB as response to switching VCE. Scatter plots are presented from representative data 

from n = 3 samples. 
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4.5 Ionotronic devices 

The printing capacity of the 3D IMP and the performance of the printed ionic diodes allow us to 

prototype ionic junctions of various configurations and electrical functions. To prove so, we 

fabricated and characterized three kinds of ionotronic devices: ionic bipolar junction transistors 

(BJT), ionic full-wave rectifiers, and ionic touchpads. The electrical counterpart of ionic transistor 

is extensively used to amplify and modulate signals, and that of ionic rectifier converts ac to dc 

signals. The ionic touchpad is promising for wearable devices due to its stretchability and 

conformity to skin. These devices can reveal the capacity of the 3D IMP method in fabricating 

ionotronic devices with more than two ionic units. 

4.5.1 Ionic bipolar junction transistor 

The ionic BJT takes a common emitter configuration with three ionic units: one n-type gel as base 

and two p-type gels as emitter and collector (Figure 4.21a). Two ionic junctions were formed in 

this way, namely, the emitter-base (EB) junction and the collector-base (CB) junction. The ionic 

BJT regulates the current from the collector (IC) via the emitter-base voltage (VEB). A current is 

expected between the emitter and the collector only when VEB exceeds a threshold voltage (VT). To 

test this characteristic, we swept VEB from -1 V to 5 V, while setting the emitter-collector voltage 

VEC = 6 V. As expected, the measured current from the base IB remains small (<0.05 mA) until VEB 

reaches VT = 2 V , and the device switches from cut-off to active mode and achieves 0.5 mA at 5 

V (Figure 4.21b). The distinct current contrast at the two operating modes was also confirmed by 

on-off switching of VEB. In this test, the VEB was alternated between on (5 V) and off (0 V) voltages, 

while fixing VCE and monitoring IC. Figure 4.21c showed that large currents (~0.5 mA) are reached 

repeatably at the active mode and decrease quickly to a low level (< 0.04 mA) at the cut-off mode. 

Upon switching, the current spikes and gradually drops to an equilibrium level, consistent with the 

behaviors of bipolar membrane ionic transistors216. 

To further test the current modulation performance of the ionic BJT, we measured the IC-

VCE responses to varying constant VEB. Cyclic voltammetry was performed at VCE between -6 V 

and 0 V (Figure 4.21d). When VEB < VT, both the EB and CB junctions were under reverse bias 

state, and the ionic BJT was in cut-off mode. The mobile ions were depleted from the junction 

interfaces, leading to low IC level no matter how VCE was swept. When VEB > VT, the EB junction 
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becomes forward biased, enriching mobile ions at the EB and CB interfaces. As a result, the ionic 

BJT switches to active mode, and IC increases with the rise of VCE. A similar modulation effect was 

also observed for square wave VCE signals (Figure 4.21e). Briefly, under cut-off mode (VEB < VT), 

IC was constantly low, while under active mode (VEB > VT), IC followed the on-off switching of 

VCE. To quantify the on/off performance, RMS current (IC) of six successive on-off cycles were 

calculated. The current on/off ratio between the on state (VEB = 6 V) and off state (VEB = -1 V) was 

determined to be 17. Finally, the fidelity of our 3D IMP method was confirmed by comparing it 

with the ionic BJT fabricated by traditional precursor casting method. As shown in Figure 4.22, 

the cast ionic BJT was measured to possess the same threshold voltage VT = 2 V and exhibited 

similar IC-VCE modulation performances. 

 

Figure 4.22. Characteristics of the cast ionic BJT show similar performances as printed ones. (a) Base 

current (IB) as a function of emitter-base voltage (VEB) at emitter-collector voltage (VEC) of 6 V. Threshold 

voltage (VT) is identified as 2 V. (b) Modulation of IC by VEB as response to sweeping VCE. Scatter plots are 

presented from representative data from n = 3 samples. 

4.5.2 Ionic full-wave rectifier 

The full-wave rectifier comprising four connected ionic junctions is shown in Figure 4.23a. The 

ionic junctions were 3D-printed on a glass substrate with predefined electrode arrays (Figure 

4.23b,c); Methods to print flexible substrates and electrodes could also be adopted for a fully 

flexible and stretchable device98,171,182. In response to alternating inputs of positive and negative 

voltages, the four ionic junctions transition between forward and reverse bias states in 

synchronized pairs depending on the threshold voltage (Figure 4.24). Specifically, when the input 

voltage is positive, D1 and D4 are forward-biased, while D2 and D3 are reverse-biased. Current 
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flows through D1 and reaches the positive output terminal; after reaching the negative output 

terminal, it flows through D4 to the negative input terminal, resulting in a positive output signal. 

During negative voltage inputs, D2 and D3 are forward-biased, whilst D1 and D4 are reverse-

biased. Current first passes through D2, reaching the positive output terminal, and then goes 

through D3 before reaching the negative output terminal, leading to a positive output signal as 

well. Hence, in theory, the ionic rectifier should output all positive signals. 

 

Figure 4.23. Characterizations of the ionic full-wave rectifier fabricated by 3D IMP. (a) Schematic circuit 

of the ionic full-wave rectifier. (b) exploded view and (c) digital image of the ionic rectifier showing the 

device structure. (d) Output voltages as response to 0.002 Hz sinusoidal, and (e) 0.002 Hz square wave 

input voltages. Scatter plots are presented from representative data from n = 3 samples. 

Indeed, our printed ionic rectifier successfully demonstrated such rectification effects given 

both sinusoidal and square wave signals. Figure 4.23d showed the rectification of sinusoidal inputs. 

Time lag between the output and input were observed, which is due to the time required for the 

input volage to pass the threshold voltage. In comparison, the square wave inputs lead to much 

shorter time lags, because of the instantaneous shifting of junction states, where the input voltages 

immediately exceed the threshold upon switching (Figure 4.23e). These features reflected the 

characteristics of the ionic junctions. Moreover, the rectifier demonstrated high bandwidth and 
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rectified signals over a wide range of frequencies (0.002 Hz to 1 Hz) (Figure 4.25). As the 

switching frequencies are limited by the drifting speed of ions, the only charge carriers in the ionic 

junctions36,203,207, higher frequencies will result in impaired and unrectified signal outputs. 

 

Figure 4.24. Schematic illustrations of the current flow in the printed ionic full-wave rectifiers. Current 

flow under (a) positive voltage input and (b) negative voltage input. 

 

Figure 4.25. Performance of printed ionic full-wave rectifier at various input frequencies. Output voltage 

as response to (a) 0.01 Hz, (b) 0.1 Hz, and (c) 1 Hz square wave; as well as (d) 0.01 Hz, and (e) 0.1 Hz 

sinusoidal wave input voltages. Scatter plots are presented from representative data from n = 3 samples. 
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4.5.3 Ionic touchpad 

The last demonstrated ionotronic device is an ionic touchpad, made by 3D IMP of ionic conductive 

microgels. We printed an array of ionic hydrogels connected with thin copper tapes and 

sandwiched between silicone layers. Our 3D IMP method offers high precision and resolution. It 

allowed us to print 16 individual sensing points of 5 mm diameter, 0.8 mm height, and 10 mm 

pitch (Figure 4.26a), which ultimately yielded a thin and small touchpad (50 mm × 50 mm × 1.6 

mm) that was soft and conformable to a hand (Figure 4.26b). 

 

Figure 4.26. Characterizations of the ionic touchpad. (a) Schematic illustration of the TENG touchpad with 

printed ionic conductor as the current collector. (b) Digital image of the touchpad on the back of a hand. (c) 

Digital image and (d) corresponding normalized voltage signals of the touchpad detecting ① single-point 

touch and ② multi-point touches. Scale bar 2 cm. 

The sensing mechanism of the touch sensors is based on triboelectric nanogenerators 

(TENG) under single-electrode mode. They offer simple structures and robust output signals. 

Briefly, the hydrogels act as current collectors and form EDLs with the electrodes to enhance 

energy harvesting127,217, while the silicone elastomer serves as the electrification layer, due to its 

large electronegativity difference compared to skin157,158,218. Upon finger contact and separation, 

mechanical energy is converted into electricity due to the convoluted effect of contact 

electrification and electric induction219,220. The release of finger contact induces ion flux in the 

conductive hydrogel layer and polarizes the EDL at the gel-electrode interface, driving electrons 

to flow in the metal wire. The self-generated voltages power the touchpad and meanwhile serve as 

sensor outputs. These signals were captured by pairing each sensor with a 100 MΩ resistor and 

measuring the potential drop across it . To choose the external resistor, an impedance matching test 
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between the internal and external impedances was performed (Figure 4.27a). Voltages across the 

external loads increased as their resistance increase. 100 MΩ was selected as the external load 

resistance due to the relatively large voltage level that is within the limit of our data acquisition 

system. 

With this setup, a touch on a pixel yields reliably a positive voltage peak of around 5V, and 

a release generates a negative voltage peak (Figure 4.27b). The performance of the touchpad was 

tested for both single- and multi-point touches (Figure 4.26c-d). Touches can be clearly mapped 

with distinguishable peaks and low noise levels (Figure 4.28, Figure 4.29). 

 

Figure 4.27. Optimization and characteristics of a single touch sensor in the ionic touchpad. (a) Output 

voltage magnitudes as a function of the resistances of the external loads for a single pixel of the ionic 

touchpad. (b) Representative output signal of a contact-release action on a single pixel in the ionic touchpad. 

Scatter plots are presented from representative data. Data are expressed as the mean ± SD from n = 30 

samples. 
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Figure 4.28. Raw output signals of all 16 channels during single-point touches on the ionic touchpad. The 

touched pixels in sequence were 1, 6, 8, 10, 14, and 16. 
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Figure 4.29. Raw output signals of all 16 channels during multi-point touches on the ionic touchpad. The 

touched pixels in sequence were 1, 14, 16; 7,10; and 12, 13. 
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CHAPTER 5  

Discussions 

This chapter discusses the performance and limitations of the PAAc/Chit polyelectrolyte complex 

hydrogels, the Agar/PAAm DN microgel-reinforced hydrogels, and the 3D IMP method. The 

findings and implications of these results are discussed comprehensively, in comparison with other 

works in relevant fields. To mitigate the limitations in the material systems and 3D printing 

techniques presented in this thesis, potential improvements and future work are suggested. This 

chapter is structured in four sections: 3D printing, mechanical integrity and disintegration, 

electrical characteristics, and future work. In terms of 3D printing, topics pertaining to intrinsic 

printability, high printing fidelity, and limited 3D printing performances are elaborated. In the next 

section, topics related to mechanical enhancement, adhesion and integration, degradation, and 

related limitations are discussed. Then, matters related to diverse ionic functions, ionic 

conductivity, and limited electrical reliability are detailed in the electrical characteristics section. 

The last section presents future perspectives and outlooks envisioned for the development of 3D-

printed hydrogel ionotronics. 

 

5.1 3D Printing 

One of the main focuses of this thesis is applying 3D printing technology – specifically DIW – to 

fabricate ionotronic devices. Such ionotronic devices can greatly benefit from the excellent 

patterning capability, structural complexity, customizability, rapid embodiment, and upscale 

potential. The successful DIW of ionotronic devices necessitates careful material design for high 

printing qualities, which can be evaluated in terms of printability, shape fidelity, and printing 

resolution.  

5.1.1 Intrinsic printability 

Conventionally, the flow characteristics of hydrogel inks for DIW are governed by their viscosities 

and thus determined by the concentration of non-crosslinked polymer solutions221. However, since 
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the ink viscosity is also tethered with the strength of post-printed structures, the balancing process 

is often tedious. Efforts to mitigate such dilemmas have been made to improve the flow of high 

viscosity inks by integrating extra fillers to facilitate the shear-thinning performances40,222–225. 

Other strategies to circumvent such problems include innovations in in-situ curing226, embedding 

printing41,227,228, and microfluidic printheads for low viscosity inks229,230. 

The material systems and 3D printing strategy proposed in this thesis demonstrated 

excellent printability, signified by the smooth extrusion, rapid liquid-to-solid transition, and 

suitable yielding point to support stable printed structures. One of the highlights for the PAAc/Chit 

hydrogels is their intrinsic printability. The use of high molecular weight polymers formed highly 

viscous mixtures that were rich in polymer interactions and macroscopically possess relatively 

high yield strength compared to other liquid precursors. The high yield strength assured the 

stability of the printed structures at steady state. In the meantime, the PAAc/Chit hydrogels 

exhibited shear thinning behavior. This salient feature stems from the temporary dissociation of 

weak bonds or disentanglement of polymer chains under shear stress231. Upon application of 

extrusion force, agitations of high enough rate disentangle the PAAc and Chit long chains and tend 

to align them along the shear force. This alignment effect leads to less molecular interactions and 

created larger void spaces inside the polymer solution, causing the macroscopic decreased 

viscosity232,233, which ultimately leads to their smooth extrusions. 

Whereas the printability of PAAc/Chit hydrogel follows the conventional design principles, 

the 3D IMP method offered a new design pathway, by leveraging the flow behavior of microgels 

as packed granular materials. The microgels are able to dynamically transition between a jammed 

state as a solid and an unjammed state as a liquid; the terminology jamming indicates a rather high 

particle-to-volume fraction (> 0.58, depending on the shape, heterogeneity, charge, and 

stiffness)234. Due to the softness of the microgels, the interactions between adjacent microgels are 

convoluted, but are predominately governed by friction force between the microgels, the elastic 

deformation of individual gels, and other interactions such as electrostatic, hydrogen bonds, and 

van der Waals forces235. Transition of the states under shear forces can be explained by the changes 

in the thermodynamic states under the input of energy. Rapid granular flow occurs when strong 

external force (shear force during extrusion printing) exceeds the frictional interactions in the 

granular materials, therefore displacing them236,237. Under either case in this thesis, recovery of the 
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extruded ink to solid state arises from the reversible nature of the collective weak associations that 

favor assembly238. 

5.1.2 High printing fidelity 

The developed printability aides in high shape fidelity. The PAAc/Chit hydrogel showed its 

capabilities in closely replicating the shapes of diverse load-bearing connective tissues including 

aorta, IVD, meniscus, and tendon. The resemblance was not limited to simple emulation of the 

outer shape of the tissues. Exploiting the features of extrusion 3D printing, the printed filaments 

also closely followed the designed ink-write pathway to imitate the fiber direction of native tissues 

for mechanical reinforcement on a larger scale. On the other hand, the 3D IMP strategy has been 

demonstrated to construct various objects and ionotronic devices with precise 3D architectures. 

The printing accuracy was exemplified by the small sizes of the structures (< 3 cm) and 

simultaneously accurate reproduction of the subtle shape features according to the CAD models, 

such as the 400 µm-gap between the left and right side of the miniaturized brain, the 800 µm-gaps 

between paths of the spiral circuit, and the 400 µm-wide connection between the trapezoidal-

shaped ionic junction (Figure 4.7). The shape fidelities are among the best in the field of 3D-

printed hydrogels40,43. 

5.1.3 Limitations in 3D printing performances 

Despite the promising results, drawbacks to the presented materials and printing strategies in this 

thesis still exist and require attention in future developments. 

Tethered printability and excessive adhesion. First, the PAAc/Chit hydrogel with high 

ionic strength behaved as a viscous liquid, where the viscosity was predominately influenced by 

the total polymer content. Although the shape transitioning mechanism offered exceptional 

mechanical enhancement for the printed constructs, most of the mechanical properties including 

tensile strength, elastic modulus, and toughness were still related to the total polymer concentration. 

The pursuit of further extreme mechanics for specific ionotronic devices would inevitably require 

an increase of polymer concentration, which would deteriorate the printability. As such, the 

printability is still somewhat coupled with the mechanical properties. This drawback was mitigated 

in this thesis by the design of the 3D IMP strategy, which completely decouples the ink rheology 

and the mechanics of printed architecture. 
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Another drawback for the PAAc/Chit hydrogel in 3D printing is related to the adhesiveness 

of the pristine polymer solution. Whilst the hydrogen bond-rich polymers contributed to the 

adhesion on diverse substrates, the excessive adhesion poses risks to the printing operation. During 

ink extrusion, the hydrogel filaments were either prone to sticking to the tip of the nozzle or 

struggling to cutoff after finishing printing. This occasionally caused dragging of the filament and 

destruction of the printed structures. This problem could potentially be solved by adding a 

retraction step when finishing printing a filament, and prior to movement, by applying a negative 

pressure and sucking the filament back to the nozzle. Though this function is established in fused 

deposition modeling (FDM) printers and some customized bioprinters, it is not common for 

commercially available syringe-pump and pneumatically controlled bioprinters239,240.  

Limited printing resolution. A general limitation to both the material systems during 3D 

printing is the modest printing resolution, in the range of few hundred micrometers. 3D printing 

of the PAAc/Chit hydrogels were performed with 20G metal needle nozzles with internal diameters 

of 603 µm. On the other hand, for the 3D IMP, 22G and 27G plastic conical nozzle were used with 

410 µm inner diameter. While the resolution of the 3D-printed PAAc/Chit hydrogels was not 

specifically examined, that of the 3D IMP was carefully evaluated against varying extrusion 

pressure and ink-write speed. The optimized resolution reached ~200 µm with 27G nozzle under 

the settings of 25 kPa extrusion pressure and 7 mm s-1 ink-write speed. 

Generally, for extrusion-based 3D printing of hydrogels from conventional liquid precursor 

inks, resolution is determined by the nozzle inner diameter, the flow characteristics of the ink, and 

the ink-substrate interactions (i.e., wettability, adhesive and cohesive properties, and ink-write 

speed)241. The flow behavior of the ink is further affected by intrinsic ink properties (i.e., viscosity 

and shear thinning behavior), the nozzle shape, and external extrusion parameters (i.e., extrusion 

pressure). Characterization of the printing resolutions is not standardized in the field of 3D printing 

of hydrogels. Since nozzle size is the governing factor that determines the scale of the printing 

resolution, the resolution of printing was commonly estimated to be the nozzle inner diameter. 

Typically, extrusion-based 3D printing of hydrogels exhibit resolution in the range of 100-1000 

µm68,242–245, while the current state-of-the-art resolution can reach as high as 30 µm for the printing 

of conductive polymer hydrogels182. One may be inclined to simply switch to a smaller nozzle to 

improve the printing resolution. However, as nozzle size decreases, high viscosity inks have a 

higher tendency to create high shear stress. The high resistance to flow is prone to clog the nozzle, 
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leading to discontinued ink deposition. As such, further improvement in the printing resolution is 

non-trivial. The PAAc/Chit hydrogels manifest such issues. The highly viscous polyelectrolyte 

complex hydrogels suffered from complications such as discontinued filaments, bursting flow, and 

nozzle clogging during our attempt to implement a smaller nozzle.  

Conversely, the 3D IMP method featured outstanding flow characteristics during extrusion 

with small nozzles. However, the microgel size constrained the further improvement of printing 

resolution. As the inner diameter of the nozzles are in the tens to hundreds of micrometers range, 

this range overlaps with the heterogeneous size distribution of the microgels that were synthesized 

in this study. Further reducing the size of the nozzle would inevitably jeopardize the printings. The 

clogging behavior of wet granular materials through a conical channel has been investigated. The 

determining factors include the ratio of the channel diameter (D) and the particle diameter (d)246. 

Permanent nozzle clogging occurs when D/d < 2.43, and continuous smooth extrusion of uniform 

spherical particles is promised when D/d > 5.26, while discontinuous burst flow resides in between. 

These results provided valuable design guidelines for improving the printing resolution using the 

ionic microgels despite some discrepancies such as heterogeneity size distribution, stiffness and 

strength of individual microgels, as well as electrostatic interactions due to the charges. To this 

end, strategies to be implemented for future evolutions could focus on synthesis of smaller 

microgels and even nanogels with controlled size distributions. Higher agitation factors during 

batch emulsion along with stepwise filtering could be carried out, while microfluidic 

emulsification channels could be applied to produce uniform-sized microgels188,191,192,201,234,247,248. 

5.2 Mechanical Integrity and Degradation 

Throughout this thesis, two material systems have been developed with an overarching goal to 

enhance the mechanical robustness of the post-printed structures. This is because practical 

application of such ionotronics often require mechanical properties that can be relied upon. 

Specifically, it is of importance to ensure the mechanical integrity in aspects including the elastic 

modulus, stretchability, tensile strength, and fracture toughness of individual ionic units, as well 

as the adhesion between heterogeneous ionic units. These attributes are of particular interest due 

to three reasons. First, the interface of hydrogel ionotronic devices with human tissues require 

matching of their mechanical properties. The human tissues are soft and dynamically deformable. 

Physiological strain level measured on human tissue range from 10% on the brain249, to 10%-20% 
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on muscle and heart, to 50% on skin250. In the meantime, the soft human tissues are also tough and 

fracture resistant, with the fracture toughness of skin and cartilage higher than 1000 J m-2 21. These 

values serve as the criteria when designing the hydrogel ionotronic materials. Second, device 

reliability and durability are crucial during practical daily usage. Third, ionotronic devices 

necessitate multiple ionic units for diverse functionalities. Breakdown of one single component or 

the disintegration between components could lead to malfunction or catastrophic failure of the 

whole device. 

5.2.1 Mechanical enhancement 

Strengthening and toughening of hydrogels have been achieved by two main strategies: 

manipulating the network structures to avoid defects, and incorporation of energy dissipative 

mechanisms such as sacrificial bonds and healable non-covalent bonds241,251–254. Under the scope 

of this thesis, the mechanical enhancement strategies should also be compatible with the extrusion-

based 3D printing. A good example of this is the addition of nanoclay that serves as both a 

rheological modifier and a strengthening moiety187,255. In this thesis, two mechanical enhancement 

methods were adopted, phase-transition-induced condensation of polymer networks for the 

PAAc/Chit hydrogels and microgel-reinforced energy dissipation for the 3D IMP of DN hydrogels. 

Through careful material design and mechanism investigations, the PAAc/Chit hydrogels 

were demonstrated to significantly enhance their mechanical properties post-printing by phase 

transition. With a two-order-of-magnitude increase in elastic modulus, tensile strength, and 

fracture toughness, the hydrogel transformed from a soft and injectable glue to a stretchable and 

tough solid. The enhancement is especially highlighted by the fracture toughness, reaching a 

marked 2500 J m-2, which is comparable to reported values for 3D-printed hydrogels105,111–114,116. 

The exceptional mechanics was ascribed to the utilization of macromolecule crosslinkers PAAc 

and Chit, which eliminated the need for cytotoxic monomers and crosslinkers typically required 

for creating stretchable hydrogels. During phase transition, physical interactions such as hydrogen 

bonds, electrostatic interactions, and topological entanglements were enriched by ion exchange 

process, and the polymers chains were condensed. The abundance of physical interactions served 

as means of energy dissipation under deformation, thus leading to effective mechanical 

augmentation. 
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The 3D IMP strategy took another route for mechanical enhancement by using DN 

crosslinking and microgel-reinforced toughening mechanisms. The resulting material featured a 

two-phase composite structure, with DN PAAm/Agar microgels embedded in PAAm hydrogels. 

The inclusion of the covalently crosslinked polymer PAAm infiltrated into the microgels and in 

between them, forming a homogeneous stretchy network that significantly improved the 

cohesiveness of the material. As a result, the 3D ionic microgel printed ionic junction demonstrated 

maximum stretch values of greater than 20, one order of magnitude higher than that of the SN 

agarose hydrogels. The other part of the hydrogel composite, DN microgels, contributed to the 

substantial strengthening and toughening of the material. During deformation, the microgels 

exhibited mesoscale fractures and breakage of sacrificial physical bonds to absorb energy211. In 

consequence, the microgel-reinforced DN hydrogels demonstrated two orders of magnitude 

augmentation in fracture toughness compared to the SN hydrogels. The achieved fracture 

toughness 1200 J m-2 was on the lower side of what have been achieved for 3D-printed tough 

hydrogels in the literature (1000-9000 J m-2), potentially due to the impaired crosslinking of the 

PAAm network caused by the infiltration of oxygen during the printing process. Such problems 

could be solved by printing in nitrogen environments, purging the printed structures with inert gas 

for sufficient amount of time, or the inclusion of oxygen scavengers such as glucose and glucose 

oxidase in the printable inks187,256. In addition, introducing dynamic covalent crosslinking to the 

microgels has the potential to further enhance the mechanical properties of the 3D IMP hydrogel 

ionotronics248,257. 

5.2.2 Adhesion and integration 

The crucial role of adhesion and integration in ionotronic devices was exemplified in two general 

aspects. First, robust integration between different device components inside an ionotronic device 

prevents delamination during deformation and ensures a stable and reliable operation. Second, 

ionotronics excel when interfacing with the human body. While conformable contacts promote 

mechanical integration, which benefits long-term wearing comfortability and implantation 

biocompatibility258, strong adhesion to biological tissues further assures effective communication 

between human and machine. 

In this thesis, the PAAc/Chit hydrogels demonstrated strong adhesion to diverse non-

biological and biological substrates. When interfacing with synthetic materials such as PAAm/Alg 
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hydrogels, a high interfacial toughness of 300 J m-2 was achieved. The robust bonding was further 

evinced when stretching the hydrogel substrate with printed PAAc/Chit mesh, where the mesh was 

firmly attached to the substrate and correspondingly deformed throughout the loading-unloading 

cycles. The results indicated the strong inter-component integration offered by the PAAc/Chit 

hydrogels when implemented in ionotronic devices. The robust interfacial adhesion was ascribed 

to both the tough hydrogel matrix, enabled by the condensed polymer network and the abundance 

of physical and covalent bonds at the interface50,259,260. On the other hand, the PAAc/Chit hydrogels 

also presented strong adhesion to biological tissues in wet and physiological environments. Given 

their high toughness, which matches the extreme mechanical properties in the connective tissues, 

the PAAc/Chit hydrogels are prominent to combine the functions of tissue repairs and implantable 

sensory devices towards the future of digitalized healthcare. 

Whereas most efforts have been devoted to advancing the adhesion of hydrogel ionotronic 

components to biological tissues and other passive ionic components46,99–101,261–266, little attention 

has been paid to the adhesion between ionic-active components38,267,268. The 3D IMP strategy 

excelled in uniting heterogeneous ionic modules and creating ionotronic devices with outstanding 

integrity. The rough inter-component interfaces created by the microgels resulted in a 3-fold 

increase in the adhesion energy compared to the smooth solution-casting counterparts. Further, the 

topological effect together with the homogeneous interpenetrating PAAm network throughout the 

whole device led to a two orders of magnitude enhancement in interfacial toughness compared to 

pure SN devices. The adhesion energy between p- and n-type materials achieved 579 J m-2, higher 

than those attained in ionoelastomers (339.3 J m-2)268. This attribute is highly desirable for the 

reliability of soft devices with multiple ionic-active constituents that would expect large 

deformations during use. Advances in binding dissimilar ionic units is one of the most important 

directions in the future development of ionotronics in achieving fully ionic integrated circuits.  

5.2.3 Degradation 

Another highlight in the ionotronic materials presented in this thesis is their degradability. 

Designing a fully degradable hydrogel ionotronic device entails specific demands for both the 

material system and fabrication method. Each component must be degradable, but without 

prematurely compromising mechanical or electrical performance. Although reported hydrogels 
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can degrade hydrolytically or enzymatically215,269
, existing ionotronics are primarily based on 

synthetic polymer networks containing non-degradable backbone polymers and charged polymers. 

In this thesis, degradability was enabled by the combination of biopolymers and degradable 

crosslinkers for the synthetic polymer network of the 3D IMP ionic junctions. The hydrolytic 

degradation of the easter bonds in the PEGDA crosslinker for the PAAm network dominated the 

degradation process, demonstrating a 91% weight loss in DPBS after 7 days. In the meantime, the 

ionic junctions maintained stable operation for 4 days before complete breakdown. While rapid 

degradation was presented in this work, a few biopolymer and synthetic matrix with different 

degradation rates in diverse environments were demonstrated for hydrogel ionotronics, including 

gelatin270, PAA/gelatin271, PVA/cellulose272, Agar/cellulose28, silk273, carboxylate 

chitosan/sulfobetaine methacrylate274, glutinous275, and PAAm276. In our case, to allow for 

controlled degradation profiles for different application scenarios, the inclusion of both degradable 

(PEGDA) and non-degradable (MBAA) crosslinkers is hypothesized to be a promising strategy. 

Nevertheless, the enzymes in our study had insignificant effects on the degradation profile. 

Theoretically, agarose could be degraded by other enzymes and bacteria212,277,278; the enzymes used 

in this study (collagenase and lysozyme) were not effective to degrade agarose. The results imply 

that matching enzymatic cues is essential to in vitro degradation of hydrogels. Considerations in 

the degradation conditions and practical application scenarios are also supposed to play a key role 

in the design of hydrogel matrix in ionotronics.  

From a broader perspective, the degradation of electronic and ionotronics holds significant 

importance for two key reasons. First, degradable devices ensure sustainability. The extensive use 

of electronics and the booming development of wearable devices foresee 74 million tons of 

electronic waste in 2030279–281. To alleviate such environmental crisis, substantial research efforts 

have been made to develop electronics that could degrade after their lifespan and be reclaimed by 

nature282–286. Nevertheless, few studies have demonstrated degradable hydrogel ionotronics. 

Secondly, the consideration of degradation is crucial for implantable devices. Endowing 

degradability to these devices could eliminate the need for secondary surgeries and thereby reduce 

potential clinical complications. 

5.2.4 Limitations in mechanical performances 
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Apart from the highlights in mechanical performances, there are several drawbacks underlying the 

mechanical characteristics of the material systems developed in this thesis, which require 

attentions in future studies. 

Volume shrinkage. Whereas the PAAc/Chit hydrogels undergo mechanical enhancement 

via phase transition, the condensed polymer network induced substantial shrinkage in the printed 

structures. Though the contraction was observed to be homogeneous and isotropic, where the 

designed and as-printed architectures were greatly preserved after phase transition, this behavior 

is still undesirable in hydrogel ionotronics. When deployed alone in a single-unit ionotronic device, 

such as the presented strain sensor, the volume decrease poses minimal effects to the device 

function, albeit it is expected to significantly affect the structures and functions of multi-unit 

ionotronic devices. 

Encoded defects. The uniformity of the 3D IMP ionic junctions was not as ideal as the 

ones fabricated by precursor casting. The heterogeneous size distribution of the microgels together 

with the layer-by-layer and filament-by-filament deposition encoded some defects in the printed 

structures. Mechanically, the defects posed risks in causing stress concentration under loading and 

resulting in more unpredictable rupture events. Indeed, this is evinced by the large error bar in the 

measured maximum stretch of the printed ionic junctions during pure shear tests (Figure 4.18). 

Electrically, the defects might locally deteriorate electrical functions and lead to nonuniform 

electrical properties. To mitigate this issue, microgels of more uniform size distributions could be 

synthesized as mentioned previously and carefully calibrated infill densities could be implemented 

to minimize the nonuniformity. In addition, implementing smaller microgels and improving the 

microgel ink jamming could avoid large air gaps, improve the packing density, and effectively 

decrease the defect size. 

5.3 Electrical Characteristics 

Electrical performances are the core attribute that determines the functions of hydrogel ionotronics. 

In ionotronics, ions are the main charge carriers. In most cases, the movement of ions inside matrix 

materials generate ionic currents, while the manipulation of ionic current endows different ionic 

functions. By design, various ionic species were included in the ionotronic materials presented in 

this thesis and achieved generally three different ionic functions: basic ionic conduction with 
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decent ionic conductivity, linear electromechanical coupling behavior, and outstanding current 

modulation performances. 

5.3.1 Ionic conductivity 

In an ionic conductor, electricity is conducted by mobile ion transportation. The PAAc/Chit 

hydrogel was shown to possess an ionic conductivity of 0.55 S m-1, consistent with the values 

obtained for polyelectrolyte hydrogels in the literature287,288. Nevertheless, the PT hydrogels 

showed a significantly decreased conductivity of 0.053 S m-1. This overall drop in conductivity is 

due to the combined effect of decreased number of charge carriers and decreased ion mobility. 

Since the conductivity of polyelectrolyte hydrogels stems from the mobile counterions that are 

associated with the charged polymer chains, the interactions between the mobile counterions and 

the polymers play a crucial role in affecting the ionic conductivity. In the polyelectrolyte complex 

hydrogels, the mobile sodium ions, chloride ions and protons carry charges. After phase transition, 

the electrostatic interaction between the PAAc chains and Chit chains intensified, leading to 

substantially decreased net ionic strength. As a result, the polyelectrolyte complex system lost a 

considerably large number of mobile ions to the surrounding environment, thus showing attenuated 

ability to carry charges. Additionally, the contracted polymer network reduces the void spaces and 

further hinders the transportation of ions, deteriorating their mobility196,207,289. 

The conductivity of the 3D IMP Agar/PAAm hydrogels follow the same principle of ionic 

conduction principles, but with more complexity – considering the physical barriers between the 

microgels. The p-type (0.406 S m-1) and n-type (0.147 S m-1) conductors resemble that of the 

pristine PAAc/Chit hydrogels. Polycations and polyanions bring corresponding mobile ions to the 

materials as charge carriers, and the ionic conductivities are related to the polyelectrolyte 

concentrations. On the other hand, the pure ionic conductors contain both positive sodium ions 

and negative chloride ions as charge carriers. With the added high mobile ion concentrations, a 

high ionic conductivity of 2 S m-1. Comparing to the widely used PAAm hydrogel ionic conductors 

(~30 S m-1)51, the microgel-reinforced hydrogel showed inferior conductivity. Unlike the charged 

polymer backbones in the PAAc/Chit hydrogels, the matrix polymers PAAm and agar are generally 

neutrally charged and do not pose electrostatic effect on the mobile ions. Instead, the compromised 

conductivity is due to the rather dense polymer matrix and the less efficient transportation of ions 

across microgels. The inferior conductivities are not necessarily a drawback, as the overall essence 
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is about matching the ionic conductivities to the application scenarios. While a high conductivity 

is preferred for signal and power transmissions, a low conductivity matching that of the tissues is 

desired when interacting with tissues for self-resolved bio-signal measurements and accurate 

stimulation124,163. However, to enhance ionic conductivities, ionic microgels serve as a great vessel, 

providing versatility in both materials and fabrication design. Instead of electrolytes and 

polyelectrolytes, other conductive moieties could be incorporated in the microgels to enable 

electrical conductivity. Some options include conductive polymers, poly ionic liquids, and 

inorganic conductors. 

5.3.2 Diverse ionic functions 

Most hydrogel ionotronics employ ionic species to function as pure ionic conductors. The 

approaches in manipulating the ions inside a hydrogel matrix are monotonous, and the variety of 

ionic functions are scarce. Due to these reasons, few works have been presented to construct 

integrated devices with pure ionic units205. 

The 3D IMP method presented in this thesis exemplified a versatile approach to incorporate 

diverse ionic species in achieving diverse ionic functions. The inclusion of polyanion and 

polycation in the microgels create p-type and n-type ionic units that could form an ionic junction 

when contacting. When operating alone, the ionic junction rectifies ionic currents by allowing 

unidirectional current flow like a diode, whereas combining multiple ionic junctions created 

functional transistors and rectifiers. The key to this design flexibility roots from the solid nature of 

the microgels, where the ionic unit as inks do not mix during printing to avoid premature 

deterioration of the ionic functions. Aside from expanding functionalities, owing to the 

universalness of the microgels as vessels, the 3D IMP also offered flexibility for enhanced 

performances. 

One limitation in our material design is that the ionic species are not securely fixed to the 

polymer matrix of the microgels, especially the inclusion of NaCl in the ionic conductors. Though 

the implemented long chains polyelectrolytes are expected to entangle on the polymer backbone, 

diffusion of mobile ions and drifting of polyelectrolytes under external electrical field is still 

possible. To mitigate this, chemical modifications could be applied to the polyelectrolytes to 

anchor them onto the matrix polymer network, such as creating copolyelectrolytes using 

methacrylated polysaccharides as polymer backbones27. Further, macromolecules such as 
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conducting polymers and zwitterionic polymers could be employed as active ionic species in the 

pure ionic conductors. 

5.3.3 Limited electrical reliability 

Mechanical loading memory. A common limitation for both materials developed in this thesis is 

the mechanical memories, pertaining to hysteresis and plastic deformation. Whereas the hysteresis 

during stretching of the PAAc/Chit hydrogels served as a means of energy dissipation for tougher 

mechanics, the irreversible microscopic changes in the polymer structures alter the bulk 

mechanical properties of the material over cycles of loading-unloading. Likewise, in the 3D IMP 

ionic junctions, the microgels served as load dissipator during large deformations. The dissipation 

effect could be evinced by the phase separation between the originally uniform microgels and the 

infiltrated PAAm polymer network. In both cases, plastic deformations after stretching were 

observed and the mechanical properties were irreversibly changed. As the materials exhibited 

electromechanical coupling effect, the electrical performances were expected to deviate from its 

pristine state. Indeed, when the PAAc/Chit hydrogels were used as a strain sensor, permanent 

elongation after cycles of finger bending caused buckling of the hydrogel when returning to 0 

degrees and an increasing trend in the baseline of resistance measurements (Figure 3.16). Though 

the effect of hysteresis to electrical performances was not illustrated for the 3D IMP ionic junctions, 

similar effects were expected. The separation of phases between the discrete microgels and the 

continuous PAAm network during large deformation could also anticipate early device breakdown 

in electrical functions before the mechanical rupture of the whole structure. 

This problem is prevalent in hydrogel ionotronics, where energy dissipators were 

preferentially selected in the pursuit of softness and high toughness. Though the deformations of 

human tissue do not exceed strain of 75%290, precautions should still be taken. From materials 

design perspective, self-healing hydrogels, or purely elastic hydrogels with optimized polymer 

networks could be used to face this challenge. 

Electrochemical stability. In this thesis, hydrogels are the materials used for ionotronics. 

They contain more than 80% water. Typically, hydrogel ionotronics effectively transmit alternating 

currents or produce electric fields. However, under direct current with overpotential at the EDL 

exceeding 0.828 V, electrolysis of water at the electrode occurs. The faradaic current is a double-

edged sword. On one hand, hydrolysis produces protons and hydroxyl ions at the hydrogel–
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electrode interfaces. The increased number of mobile ions adds to the existing ones and enhances 

the charge-carrying abilities of the ionotronic material, which in turn contributes to higher ionic 

current. For ionic conductors, the apparent effect is elevated ionic conductivity, while for ionic 

junctions, the situation is more complicated. Under forward bias, protons are generated at the 

anode that interfaces with the p-type hydrogels, while hydroxyl ions are generated at the cathode 

that interfaces with the n-type hydrogels. Upon creation, the mobile ions drift immediately to the 

opposite side of the junction under external electric field and substantially increase the ionic 

current. Under reverse bias, protons are generated near the n-type hydrogels, whereas hydroxyl 

ions are produced near the p-type hydrogels. Though the external electric field tends to drive the 

ions to the opposite side of the junction, the existing mobile ions that are accumulated at the 

electrodes capture the generated ions, suppressing the ionic current. Depending on the 

overpotential and the reaction kinetics, balancing of these two counter effects yields either 

increased or decreased ionic current under reverse bias. On the other hand, though the 

electrochemical process is modeled, water in hydrogel is consumed gradually, deteriorating the 

device structure and function overtime. Further, the oxygen and hydrogen gas formed at the 

electrodes are not ideal for stable practical operations. 

To avoid faradaic process under direct current, there are two solutions. First, the 

overpotential at the hydrogel–electrodes interface could be limited within the electrochemical 

window, whose absolute value is 0.828 V at the cathode and 1.23 V at the anode197,198. This could 

be achieved by limiting the operation condition to low voltage scenarios and by proper device 

design to divide the voltage among different circuit sections, so that the voltage drop across the 

EDL is within the electrochemical window. This had been achieved in ionic actuators involving 

dielectrics even when operating under 10 kV, since the drastically smaller capacitance value of the 

dielectric when in series with the EDL occupied most of the voltage drop51. However, this is 

intrinsically difficult for devices like the ionic junction, since the IDL is paralyzed under forward 

bias and the EDLs hold most of the voltage drop from external voltage sources. The second remedy 

is to avoid the inclusion of water by using alternative solvent materials (e.g. ionogels) or liquid-

free materials (e.g., polyelectrolyte elastomers199,268,291) to form ionotronics. Although ion mobility 

will be suppressed due to stronger interaction between mobile ions and adjacent polymer chains, 

the enhanced electrochemical stability will allow application in broader scenarios. 
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5.4 Future Work 

Despite the amazing progress and rapid development, 3D printing of hydrogel ionotronics is still 

in its infancy. Here are some future perspectives and outlooks that are envisioned for hydrogel 

ionotronics as the next generation wearable and implantable devices. 

Current 3D printing methods for hydrogel ionotronics are far from translation or 

commercialization. Although extrusion-based 3D printing offers effective, rapid, facile, and low-

cost solutions for constructing hydrogel ionotronics in 3D space, the rather low printing resolution 

(> 30 µm) stands to be one of the largest hurdles in future developments. This drawback is 

especially notable when compared to current electronic components at nanometer scale. However, 

instead of employing DIW as the mainstream mass production methods for ionotronic devices, 

they can serve as a strong tool during this exploration stage. Considering the popularity and rather 

facile operation, DIW can bridge the gap between the manual assembly era and the future 

commercialization stage. On one hand, with the booming development in various ionotronic 

materials, DIW is a fast and accurate fabrication method to verify the functionalities of new 

materials and rapidly prototype ionotronic devices. The capability of DIW to accurately deposit 

hydrogels in 3D spaces largely reduces the adverse effects of manufacture discrepancies on device 

performances and allows one to focus on the effect of materials. On the other hand, the much 

higher resolution, smaller features, and structural complexity offered by DIW, compared to current 

fabrication methods, will reveal the significant role of device structural design to device functions. 

Specifically, compared to mold casting and manual assembly method, DIW can produce smaller 

ionic units in ionotronic devices and allow positioning of these components with higher precision. 

Reducing component sizes can lead to enhanced electrical performances (e.g., faster response, 

higher rectification ratio) in most ionotronic elements due to the decreased ion travel distances and 

intensified electric field distribution36,207. Smaller ionic components also allow for miniaturization 

of the overall ionic devices to accommodate for the often-limited spaces during applications. In 

addition, a larger number of ionic elements could be integrated within confined build volume to 

support better performances (e.g., more transistors for stronger computational power) or expand 

the variety of functions. The capability of DIW to build intricate structures renders it a powerful 

tool to fabricate and combine the same set of materials in various configurations. This design 

freedom enables the creation of new device functionalities through different device architectures, 
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as exemplified by a recent work on DLP printing of ionotronic capacitive sensors that can perceive 

different types of mechanical stimuli by using different architectures268. To this end, DIW holds 

great possibility for improving electrical performance29,193 or inventing new ionic functions, and 

will pave the road for the future development of high-resolution 3D-printed devices. In the 

meantime, other 3D printing technologies, especially light-based methods such as SLA, DLP292, 

and selective laser sintering (SLS), are promising alternatives to facilitate the development of 

ionotronics to the industry. They offer much higher resolutions (~ 1 µm), can readily inherit the 

experience and equipment from the lithography process used in current semiconductor industries, 

but still require further optimization to accommodate for the production of soft ionotronics. 

Inspired by skin, multifunctionality with distinct decoupling of different signal types is 

desirable. The inclusion of multi-functions in one single device broadens the application range and 

enables a more efficient device platform. Examples of such devices are often developed as sensors 

that possess multimodal sensing19. The ability to measure multiple stimuli orthogonally requires 

further exploration in material design, device structures, and sensing mechanisms. Some 

pioneering works in this topic include an artificial multimodal receptor for heat and mechanical 

stimuli based on ion relaxation dynamics293, a multimodal temperature and strain sensor based on 

capacitive and resistive dual response, and multiaxial pressure sensors based on capacitive sensor 

arrays294,295. It is important to note that multifunctionality without clear decoupling mechanisms is 

problematic in practice. As the functionalities are tethered without deciphering strategies, they 

would only act as disturbances to each other. For sensors that respond to multiple external stimuli, 

changes in other affecting factors would act as noises for the measurement of the targeting input 

stimulus and deteriorate its function. For other ionotronic components, mechanical deformations 

often alter the electrical performances. Beyond strain sensors, these electromechanical coupling 

effects cause unstable device performances and are hazards in practical applications. As such, 

strain-insensitive hydrogel ionotronics are in high demand16. 

The performances of ionotronics are far inferior to commercial electronics. For example, 

the conductivity of ionic conductors are in the range of 0.01-1000 S m-1, while metal conductors 

have conductivity of ~107 S m-1 296,297; ionic diodes possess rectification ratio of 5-300 298, whereas 

commercial silicon diodes have typical values of 105 299. Further improvements on the electrical 

performances of ionotronics rely on better understandings of the current conduction mechanisms. 

Unlike electronic conduction, ionic conductivity relies on the transport of ions in various media, 
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which can be treated as a mass transport problem. Further development in hydrogel ionotronics 

requires more profound understanding in the physical nature of ions and their behavior in hydrogel 

matrix. A deeper understanding would be beneficial to exploit the advantages while circumventing 

the limitations of ions in designing ionotronics. Modeling of the ionic transportation in ionotronic 

materials can predict device performances, offer guidelines in materials and device optimizations, 

and provide valuable insights into their applications200. Potential directions include studying the 

transportation of ions in dense polymer networks, or within matrices of different charge 

environments, or under mechanical stimuli, or during electrochemical reactions.  
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CHAPTER 6  

Concluding Remarks 

This thesis is centered on addressing two engineering challenges associated with 3D printing of 

hydrogel ionotronics: (1) simultaneously achieving high ink printability, mechanical robustness, 

and uncompromised ionic performance; (2) printing multiple active ionic units in one ionotronic 

device for expanded functionalities. 

First, a family of polyelectrolyte complex hydrogels featuring positively charged Chit and 

negatively charged PAAc were developed to achieve printability and toughness. While at specific 

polymer ratios, the hydrogels could condense their polymer network and transform from a 

printable polymer solution to a strong and tough hydrogel solid, other ratio resulted in brittle and 

swollen hydrogels. Investigations in the kinetics and environment pH revealed the ion exchange 

process during the phase transition under benign physiological conditions. Both increased polymer 

content and the inclusion of covalent coupling reagent EDC/NHS were proven to augment the 

mechanical performances. The mobile counterions associated to the polyelectrolyte backbones 

enabled intrinsic ionic conductivity. Though the PT hydrogels exhibited compromised conductivity, 

the decent linearity in electromechanical coupling within a wide range of stretch level supported 

their application as strain sensors. The high-molecular-weight polymers facilitate the printability 

of the PAAc/Chit hydrogels. While the appropriate printing time window facilitated smooth 

printing operations, the shear yielding, shear thinning, and self-recovery characteristics guarantee 

printability. The high shape fidelity of the printed tissue mimetics further evinced the excellent 

printing quality. Combining 3D-printability, strong adhesion, and controlled volumetric changes, 

applications of the PAAc/Chit hydrogels, including patterned adhesion, air/liquid pocket and 

channels, as well as morphing hybrid structures, were demonstrated. To conclude, the presented 

material concurrently achieved printability, high toughness, and ionic conduction, and thus stands 

as a promising solution for 3D printing of hydrogel ionotronics. It has further potential to open 

avenues in implantable devices, surgical phantoms, and tissue repair. 

To enable 3D printing of multiple ionic materials and expand ionic device functions, the 

3D IMP strategy was proposed. The intrinsic high printability of the microgels was confirmed with 
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rheological measurements, and various intricate 3D structures with high fidelity were 3D-printed. 

The microgels served as vessels to incorporate three different ionic species that could be freely 

combined in 3D space during printing without mixing or compromising ionic functions. In addition 

to the remarkable printing qualities, the ionic microgels also toughened the hydrogel matrix and 

promoted the adhesion between different ionic units when implemented with the DN crosslinking 

strategy, which substantially improved the overall mechanical performance of the 3D-printed ionic 

junctions. With the microgel-reinforced strategy, the printed ionic junctions achieved high 

stretchability, high fracture toughness, and high interfacial toughness. The combination of agarose 

microgels, hydrolysable crosslinkers, and degradable polyelectrolyte allowed the device to 

degrade within 1 week for transient stability. Due to the high-charge-density biopolymers (CS and 

QC), extremely high rectification ratios were demonstrated by tuning the polymer concentration, 

desalination state, and size. The formation of an IDL and the faradaic rectification process of the 

ionic junctions were confirmed and analyzed quantitatively with equivalent circuit models that are 

fitted to EIS data. With the established 3D IMP method, a variety of ionotronic devices with 

multiple heterogeneous ionic units, including ionic diodes, ionic bipolar junction transistors, ionic 

full-wave rectifiers, and ionic touchpads were fabricated, and their functionalities were validated. 

To sum up, the 3D IMP offered a versatile approach to 3D-print high-performance hydrogel 

ionotronics with heterogeneous ionic components and robust mechanics. This study provides new 

possibilities for the design and fabrication of multi-component hydrogel ionotronics and enlightens 

new applications in stretchable and wearable devices. 

Overall, this thesis presents the design of novel material systems and innovative fabrication 

strategies for hydrogel ionotronics by taking advantages of the physical properties of multi-form 

hydrogels, various mechanical toughening mechanisms, and ionic functionalities of diverse ionic 

species. From wearable and implantable devices to synthetic biology and cyborgs, the integration 

of humans to machines has started to sprout and will become an indispensable technology in the 

future. Hydrogels ionotronics, thanks to their tissue-like mechanical, chemical, and electrical 

characteristics, will play a crucial role in realizing intimate interfaces between humans and 

machines. 
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