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Due to the recent advances in electronics, devices are getting close to humans. 

Integrated on the flexible and stretchable substrates, wearable devices have been widely 

developed in skin-mountable and implantable forms to detect the various biological 

signals more directly. However, a large difference in mechanical properties between 

active components and flexible substrate materials still have been a major issue in 

forming stable contact with human skin. Furthermore, in case of biological signal 

sensing, signal transfer in human-machine interfaces also can be a critical issue due to 

the differences in signal carriers (i.e. electrons and ions). In this respect, a new design of 

active components in wearable devices as well as supporting materials is required 

considering their mechanical compliance and signal transfer efficiency with biological 

systems, respectively.  

 

In this study, the solutions for the issues in wearable devices have been suggested by 

using soft gel based-conductors as an active component of wearable sensing devices. 
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Firstly, the mechanical reliability of epidermal sensor was improved by introducing soft-

gel type conductors as an electrode material for capacitive type stretchable strain sensors 

(Chapter 3). Due to their entangled polymeric conduction network, conductive gels have 

an inherent mechanical flexiblity with the unique mechano-electrical characteristics, 

thus the fabricated devices show a high stretchability until 400 % with a stable 

mechanical endurance. As all of device components were based on soft materials, it 

shows an excellent mechanical compliance when mounted on skins. Furthermore, a way 

to improve the sensing performance of capacitive type strain sensor was suggested by 

embedding a re-entrant auxetic frame within EcoflexTM dielectric layer. 

 

Secondly, an ionic signal processing device was designed for the direct 

communication with ion-based biological signals (Chapter 4 & 5). To date, biological 

signals have been acquired by electronic devices using metal electrodes or conjugated 

electroactive polymers. However, since the signals from a biological system are mainly 

based on ions, the fundamental signal carrier mismatch between electrical devices and 

biological tissue has made direct communication persistently difficult to facilitate, 

creating the high impedance at human-machine interfaces (HMIs). Furthermore, as the 

amount of ions acquired from biological systems is very small, it is required to amplify 

the weak ionic signals for the effective signal processing. However, the physics of signal 

amplification in an ionic system has not been introduced yet, and it is very difficult to 

apply the mechanism of signal amplification for electrical semiconductors to an ionic 

system because ions are relatively heavier than electrons, so that they have low mobility. 

In this study, the unique sensing and amplification mechanisms were demonstrated 

based on the inherent features of ionic systems. By designing an open junction structure 

in microfluidic chip-based ionic diodes, ionic signals from the external environment can 
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be directly transmitted to an ionic diode. Moreover, the minute ionic signals injected to 

the devices and also can be amplified to a large amount of ions. The signal transduction 

mechanism of the ion-to-ion amplification is suggested and clearly verified by 

systematic case studies. Finally, various methods for enhancing the amplification are 

suggested through the scaling down of devices. 
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CHAPTER 1 
 
Introduction 
 

 

1.1. Wearable devices for intimate communications with human 
   

Electronic devices have been rapidly evolved with the remarkable progress of 

fabrication technologies. Previously, the development of electronic devices was mainly 

focused on improvement of computing performance. Followed by the Moore’s law, 

scaling down of semiconductor devices was performed continuously, which leads to the 

integration of the high density memory and logic devices[1.1].  

Along with the performance improvement, nowadays, electronics are developing in 

a new way to be incorporated into humans, which called wearable devices (Figure 1.1). 

The main purpose of integrating such a wearable device is to achieve an intimate 

communication with physical and biological signals from humans. Therefore, the design 

of wearable devices is mostly determined by the types of signals from the human body.  



 
Chapter 1: Introduction 

2 
 

Figure 1.2 presents the various signals occurring from the human body. In terms of 

sensing distance, the signals can be classified into three parts. First of all, in case of 

acoustic (sound) signals and images (e.g. recognition of face or iris), they can be detected 

even at a long distance. These signals can be measured by the conventional computing 

devices with the advanced signal processing systems. Secondly, there are signals which 

occur near the skins such as deformations from human activities and temperature 

changes. To detect these signals, electronic devices should be designed in a skin-

mountable form. Therefore, the various sensing devices have been fabricated on the 

flexible and stretchable substrate for the epidermal applications[1.2]. Furthermore, beyond 

the skin-mountable forms, the implementation of biointegrated devices have been 

researched to detect the biological signals such as ion transfer in the brain activity or pH 

changes in biological systems[1.3,4]. To date, intensive researches have been performed 

to realize the wearable devices by considering the mechanical flexibility and 

biocompatibility. For the commercialization of wearable devices, however, further 

optimization of the active element of devices is required for the signal processing with 

high stability and efficiency. The issues in previously reported wearable devices will be 

discussed subsequently. 
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Figure 1.1 Technology trends of electronic devices[1.1-4].    

 

  



 
Chapter 1: Introduction 

4 
 

 

 

 

 

 

 

Figure 1.2 Schematics for presenting various signals from human bodies. 
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1.2. Issues in wearable devices 
   

1.2.1. Stretchable conductors for epidermal sensors 

 

Recent progress in wearable electronics has called for its use for epidermal sensors. 

The physical, chemical, and environmental status of humans can be directly monitored 

by integrating various sensing elements on stretchable substrates (e.g. PDMS, EcoflexTM) 

with consideration of the mechanical compatibility with skins[1.5,6]. Epidermal sensors 

can be utilized as various areas such as healthcare monitoring devices, motion detectors 

and artificial skins for the soft robotics (Figure 1.3a)[1.7-9].  

To fabricate the epidermal sensors, the stretchable conductors as well as supporting 

materials are required to transport electrical signals under various mechanical 

deformation. Up to date, the conducting components for wearable sensors have been 

implemented by introducing wavy patterned conducting films using compressed 

buckling methods or metallic nanomaterials (e.g. Ag nanowires, CNT) embedded in 

elastomers[1.10]. However, when they integrated on devices, it has a severe issue in 

mechanical instability such as continuous disconnection of percolation network or 

delamination at interfaces under large deformations, which results in a degradation of 

sensitivity and reliability of devices. (Figure 1.3b-d)[1.11].  

These issues are closely related to the large difference of mechanical properties 

(elastic modulus and Poisson’s ratio) between conducting elements and flexible 

substrates. For the practical use, it is essential to develop the inherently soft material-

based conductors by considering the mechanical compliance with soft matrix and human 

skins[1.12, 13]. 
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Figure 1.3 (a) Schematics for showing the main principles and functionalities of 

wearable sensors[1.6-8]. (b-d) Issues in conventional metal based stretchable conductors. 

Under the harsh deformation, (b) delamination between film and substrate and (c), (d) 

structural degradation of conductive elements can occur due to their inherently rigid 

mechanical properties[1.9, 13-14].  

  



 
Chapter 1: Introduction 

7 
 

1.2.2. Practical issues in biointegrated devices 

 

Beyond the epidermal devices inspired by stretchable electronics, electronic devices 

are being incorporated into human bodies (Figure 1.4a). The development of the bio-

integrated devices[1.7,16] which can sense and transmit signals for the communications 

with biological systems has resulted in its use in a wide range of healthcare applications 

such as diagnosis for electroencephalography (EEG)[1.17], cardiac electrophysiology [1.18], 

and drug delivery devices[1.19].  

To detect the signals from biological areas, microelectrode patches[1.20,21] fabricated 

on flexible organic substrate have been widely used (Figure 1.4b, c). Since the patch-

type electrodes can form a conformal contact to the surface of brain or hearts, the 

mapping of neural and cardiac signals is available. Furthermore, additional 

improvement of biointegrated devices have been suggested recently by using 

biodegradable materials to give a convenience for disposal of devices after transient 

use[1.22].   

However, there are some issues in electronics-based bio-integrated devices for the 

intimate communications between biotic and abiotic systems since the signal transfer 

system in biological area is mainly based on the ion transportation. The fundamental 

mismatch of signal carriers between electrical devices and biological area leads to high 

impedance at human-machine interfaces (HMIs)[1.23,24]. Therefore, signals acquired 

through the microelectrodes by capacitive coupling[1.25] between electronic and ionic 

charges are have made direct communication with biological areas persistently difficult 

to facilitate. Thus, we are still in need of biocompatible devices that can directly interpret 

the biological signals with consideration of ion-based signal transfer characteristics. 

 



 
Chapter 1: Introduction 

8 
 

 

 

 

 

 

 

Figure 1.4 (a) Major components of bio-integrated devices[1.26]. (b), (c) Integrated 

microelectrode patches for recording interfacial brain and cardiac signals[1.20,21]. 
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1.3. Objective of the thesis 
 

Following the Si-based rigid electronics, the rapid evolution of flexible electronics 

has led to its use in a wide range of wearable applications which can sense various 

signals from human more closely. Being implemented on the soft and stretchable 

substrates considering mechanical compliance and biocompatibility, the change of 

environmental status of humans can be directly detected in epidermal and biointegrated 

platforms. However, it is still required to consider the issues in active component of 

wearable devices for the practical applications, which causes the degradation of 

mechanical reliability and low signal transfer efficiency with biological systems, 

respectively. 

The objective of this thesis is to solve the issues in wearable devices by introducing 

soft gel conductors as an active element of devices. The first focus is to enhance 

mechanical reliability of wearable strain sensor. By using a conducting polymer based 

soft gel conductor as an electrode, the highly stretchable capacitive type strain sensor 

can be fabricated. Since all components of devices is based on soft materials, it shows 

mechanical invisibility when worn on to skins. Furthermore, the sensing performance 

of devices can be improved by incorporating a re-entrant auxetic frame within EcoflexTM 

dielectric layer, which overcomes the theoretical limit of capacitive type strain sensor.  

The second objective is to design an ionic device which can directly interpret ionic 

signals from biological systems. By designing an open junction structure, ionic signals 

from the external environment can be directly transmitted to an ionic diode. Moreover, 

the principles of signal amplification in ionic systems was investigated, which can be 

called ion-to-ion amplification. The signal transduction mechanism of the ion-to-ion 

amplification is suggested and clearly verified by revealing the generation of breakdown 
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ionic currents during an ion injection.  

By taking advantages of gels that show highly mechanical flexibility and 

biocompatibility due to their inherent softness with a large amount of liquid, gel-based 

conductors have a merit for improving mechanical and conductive property of wearable 

devices. Our findings can point to future opportunities for more interactive 

communications with humans through the epidermal or bio-integrated devices. 
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1.4. Organization of the thesis 
 

This thesis consist of six chapters. In Chapter 2, basic information on wearable 

devices, which contains soft material-based wearable electronics, strain–responsive 

mechanisms of stretchable strain sensor, research backgrounds of hydrogel based ionic 

conductors and device applications are explained in detail. Chapter 3 shows the results 

of development of mechanically reliable stretchable strain sensor by using conducting 

polymer-based gel conductors for epidermal applications. In Chapter 4, the architecture 

design of ionic devices, called open junction ionic diodes, for direct communication of 

ionic signals from external environments is introduced. In Chapter 5, the mechanism of 

the ion-to-ion signal amplification in open junction ionic diodes is discussed. Finally, 

Chapter 6 summarized the result of this study.  
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CHAPTER 2 
 
Theoretical background 
 

 

2.1. Soft conducting materials for wearable electronics 
 

As devices have become wearable, soft material based electronic devices have been 

developed by considering the mechanical compatibility with humans. Soft materials are 

the materials that can be easily deformed by thermal stresses or thermal fluctuations at 

about room temperatures, which includes liquids, polymer, gels, as well as mots soft 

biological materials[2.1]. Furthermore, they can be defined by their mechanical properties 

(Young’s modulus less than 100 MPa), which can be flexibly deformed when an 

external force is applied, and has a very large elastic limit. Taking the advantages of the 

flexibility and stretchability, soft materials can be widely applied to the wearable strain 

sensors for healthcare monitoring and actuators for soft robotics, etc (Figure 2.1). 

For the successful implementation of the soft electronic devices, soft material based 
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conductors as well as dielectrics are required. For the soft dielectrics, polymeric 

insulating materials such as elastomers and hydrogels are mainly used. In case of 

conductors, on the other hand, conventional metal-based materials still have been used 

by designing their structures with compressed buckled or wavy patterned shape[2.2,3] 

(Figure 2.2a). Also, metal based nanomaterials such as silver nanoparticles or 

nanowires have been introduced with embedded in elastomer substrate[2.4-6], which 

shows better stretchability compared to wavy patterned metal films on stretchable 

substrates (Figure 2.2b). Although conventional metal-based conductors shows high 

electrical conductivities than any other materials, mechanical mismatches between 

metal-based conductor and stretchable substrates have resulted in irreversible increase 

of resistance, constrained stretchable areas and severe interface delamination during the 

large deformation of devices[2.7]. Recently, liquid metals (e.g. EGaIn) have been 

suggested for the stretchable interconnects due to their inherent flexibility with high 

conductivity. However, liquid metals also have issues in toxicity, cost, resolution limits 

in patterning electrochemical (oxidation) stability[2.8].   
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Figure 2.1. Classification of soft materials and device applications for wearable 

electronics[2.3, 8-10].   
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Figure 2.2. Previously reported stretchable conductors for wearable electronic 

devices[2.2-6, 11].   
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Therefore, polymer-based naturally soft conductors that can transport electrical 

signals are required to overcome the mechanical mismatch between conducting 

elements and supporting materials. In this respect, soft gel-based conducting materials 

which show the excellent mechanical compliance have been produced by combining 

conductive polymers with a highly cross-linkable matrix polymer. By using closely 

packed and partially crystallized poly(3,4-ethylene-dioxythiophene) poly(4-

styrenesulphonate) (PEDOT:PSS) sheets as a conducting component, a polymeric 

conduction network was effectively formed inside the polyacrylamide based gels. For 

the perfect electric conduction without electrochemical reactions, extra-ions were 

successfully removed by additional dialysis process, and the water in the gels was fully 

replaced with the ethylene glycol solvent, which shows a high electrochemical stability. 

Moreover, due to the entangled polymeric conduction paths in a conductive gel, the 

change in electrical resistance under tensile strain was minimized without abrupt failure 

and was almost invariant up to 50% strain (Figure 2.3a-e)[2.12].  

Furthermore, to improve the percolation network and swelling issues in gel type 

conductors, PEDOT:PSS/Polyacrylamide nanofiber was also developed. The fabricated 

PEDOT:PSS/PAAm nanofiber shows improvements in an electrical conductivity as 

well as mechanical reliability in water since its conduction path is densely packed into 

nanofiber structure (Figure 2.3f,g)[2.13]. However, as the inherent electrical 

conductivities of conducting polymer is still quite lower than that of metallic materials, 

it is still required to enhance the electrical conductivities of gel based materials for the 

practical use. 
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Figure 2.3. Inherently soft conductors by polymeric composites[2.12,13]. (a) Schematic 

illustration and (b) images of PEDOT:PSS/Polyacrylamide organo-gel. The LED 

circuits interconnected with gel conductors can be operated under the large deformations. 

(c) I-V characteristics and (d) measured resistivity of PEDOT:PSS /Polyacrylamide 

organo-gels with respect to concentration of PEDOT:PSS. (e) Resistance changes-strain 

curves from 1st to 1000th cycles. The strain-insensitive behavior of PEDOT:PSS/ Poly-

acrylamide organo-gels was demonstrated. (f) Schematics to depict the microstructure 

and (g) measured electrical characteristics of PEDOT:PSS/Polyacrlyamide nanoweb. 
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2.2. Wearable strain sensor 
 

Among the various wearable electronic devices, physical motions of human body can 

be detected by implementing stretchable strain sensor in a skin-attachable form. A strain 

sensor is a device that converts mechanical deformation as a change of electrical 

signals[2.14]. In terms of strain-responsive mechanism, strain sensors are classified into 

resistive type and capacitive type. The resistive type strain sensors consists of stretchable 

conductors such as metal-based nanomaterials which can patterned on flexible 

substrates (Figure 2.10a). Considering the geometrical and piezoresistive effects the 

relative resistance change of strain sensor during the tensile deformation can be 

expressed as 

 

 

 

where  is the poisson’s ratio of substrates,  is the strain and  is the resistivity 

of conductors. Due to the piezoresistive change effects, resistive type strain sensors 

show a high gauge factor by utilizing the drastic changes in resistivity of conductors 

such as disconnection of percolation path in metal-based nanomaterials or crack 

propagations in film typed-stretchable conductors[2.15]. However, as their responsive 

mechanism are mainly caused by the fracture of electrically active materials, it leads to 

degradation of the electrical properties under repeated deformations. 
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Figure 2.4. Schematics for showing strain-responsive mechanisms of (a) resistive and 

(b) capacitive type stretchable strain sensors. 
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In case of capacitive type sensor, which is composed of two stretchable electrodes 

separated by a stretchable dielectric layer (e.g. elastomer, PDMS), the change of 

capacitance is dependent on the geometrical change of dielectric layer. The initial 

capacitance of dielectric layer can be expressed as  

 

 

 

where  and  are the dielectric constant of vaccum and relative permittivity of 

dielectric layer, respectively. When stretched to the direction of x-axis, the capacitance 

changes to   

 

 

 

when the dielectric layer is isotropic ( ), it can be expressed to   

 

 

 

Therefore, the relative change of capacitance can be derived by  
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Through the Eq. 2.5, the gauge factor of capacitive type strain sensor (the slope of 

relative signal changes with tensile strain) can be derived to 1, which is independent to 

the electrical properties of conductors[2.16, 2.17].  

Table 2.1 shows the performance of currently reported stretchable strain sensors with 

respect to gauge factor, linearity and mechanical reliability. The resistive type strain 

sensors show a high gauge factor performance even over 103. However, their rapid 

resistance changes also lead to the issues in non-linearity behavior of devices as well as 

mechanical instability under repeated deformations. On the other hand, the capacitive 

type stretchable strain sensors have a great advantage in terms of linearity and durability, 

which also summarized in Table 2.2. However, despite the various advantages, the 

conventional capacitive type strain sensors have a limitation in aspects of sensitivity 

because the gauge factor is restricted to 1, which is only dependent on the geometric 

factor of the dielectric layer. 
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Table 2.1. Performance of currently reported stretchable strain sensors[2.4,16,18-25]. 
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Table 2.2. Comparison between resistive type and capacitive type stretchable strain 

sensors with respect to the performance factors[2.15]. 
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2.3. Hydrogel based ionic conductor 
 

2.3.1. Hydrogel 

  

Hydrogels consist of three-dimensional cross-linked polymeric chains and water 

based solvent (Figure 2.5a). Due to their hydrophilic functional group attached to the 

polymeric backbone, hydrogels can absorb a large amount of water without dissolution. 

The water inside the hydrogels can facilitate free diffusion of solutes such as ions and 

molecules with maintaining their shapes by the strong bonding between polymeric 

chains[2.26]. 

These half liquid-like properties and half solid-like properties of hydrogels cause 

many interesting material characteristics, not found in either solid or liquid (Figure 

2.5b). In terms of mechanical properties, hydrogels are flexible and further stretchable 

since their mechanical behaviors are mainly based on the cross-linked polymeric 

network[2.27,28]. Also, hydrogels show an excellent biocompatibility[2.29,30] as hydrogels 

contain a large amount of aqueous solvent. Furthermore, hydrogels have an advantage 

for ion transportation[2.31] when they include electrolytes that contain a large quantity of 

ions. Since the signals in a biological system are mainly based on transportation of ions, 

hydrogel based-ionic conductors can be used to detect various biological signals by 

minimizing potential loss at interfaces. Based on these merits, hydrogels can be applied 

to wearable and bio-integrated devices for the neural signal sensing[2.32] and drug 

delivery[2.33].   
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Figure 2.5 (a) Schematics for composition of hydrogels. Hydrogels are composed of 

polymeric network and water. (b) Basic characteristics of hydrogels. Based on their 

inherent softness with containing a large amount of water, hydrogel shows excellent 

flexible and biocompatible properties. Also, hydrogels have merits for ion transportation.   
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2.3.2. Polyelectrolyte hydrogel 

 

Polyelectrolyte gels are composed of the charged polymer network with macro-ions 

fixed on the polymer chains, which called polyelectrolytes, neutralized by counter-ions 

in electrolytes imbibed in gels[2.34]. In case of hydrogels, both positive and negative 

charges in electrolytes are mobile, and can serve as an ionic conductor as shown in 

Figure 2.6a. However, in case of polyelectrolyte gels, either positive or negative charges 

in polymer chains are spatially fixed, therefore, only ions of opposite charge on a 

polymeric backbone are mobile due to Donnan exclusion (Figure 2.6b). By utilizing the 

unique ionic transport behavior of polyelectrolyte gels, it is possible to mimic the 

semiconductor physics in electronic devices. Inspired by the electronic devices using p- 

and n-type solid materials, two different types of polyelectrolyte gels can be used as fine 

substitutes for conventional semiconductors. Unlike metal and silicon, where the 

absence of electrons make p-type semiconductors, the gel-based semiconductors have 

actually mobile positive ions with negatively charged polymer backbones, and vice 

versa.     
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Figure 2.6 Charge transport in electrolyte and polyelectrolyte. (a) Mobile ions in 

hydrogel. (b) Mobile ions and fixed charge of polymer chains in polyelectrolyte 

hydrogel.  
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2.4. Comparison between ionics and electronics 
 

Ionics are signal processing systems operated by delivery of ions as signal carriers. 

The comparison of key properties between ionics and electronics are presented in Table 

2.3. In case of electronics, signals are processed by transportation of electrons and holes, 

which has high field-effect mobility. By utilizing the fast speed of carriers and 

specialized characteristics such as recombination and tunneling effect, it has merits for 

designing the signal processing devices such as diodes and field-effect transistors for the 

rectification and amplification, respectively.   

In case of ionics, on the other hand, the size of ions are much larger than electrons 

and holes, which results in low mobility. Moreover, as recombination of carriers does 

not occur in ionic systems, it is difficult to expect the high rectification and amplification 

properties compared to electronic devices, up to date. However, since the signals from 

biological systems are mainly based on ion transportation (Na+, K+, Cl-, Ca2+, NO, and 

neurotransmitters), the development of ion-based signal processing systems has been 

attracted for achieving the direct communication between devices and biological 

systems[2.35]. Furthermore, another advantage of ionic systems rather than electronics is 

that it has selectivity for the various kinds of signal carriers in aspect to their size or 

charge valance, which shows a high order of degeneracy for the biomimic information 

processing[2.36]. Considering the abovementioned merits, ionic materials, especially in 

gel types, have been favored for the due to their physical and biological compatible 

properties[2.33]. 
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Table 2.3 Comparison of main characterstics between electronics and ionics. 
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2.5. Recent advances in ionic devices  
 

2.5.1. Previous reported ionic devices

 

To date, ionic devices have been developed for the effective processing of ionic 

signals. Figure 2.7a shows a nanofluidic diode based on nanotube heterojunctions[2.37] 

through designing longitudinal heterostructured SiO2/Al2O3 nanotubes with opposite 

surface charges. By using different pH value at point of zero charge, an asymmetric 

charge distribution in channel was formed and non-linear current-voltage (I-V) 

characteristics can be produced.  

Figure 2.7b presents the rectifying behavior of liquid metal based ionic diodes. By 

using an electrochemical reaction between liquid metal electrode and aqueous 

electrolyte solution, self-limiting oxide layer was formed at the interface and ionic 

current was well rectified at positive bias region, which leads to high rectification ratio 

up to 450 at ± 5 V by increasing the ion conductivity in electrolyte region[2.38]. 

Along with the examples abovementioned, polymer based ionic active elements have 

been widely studied due to their inherent mechanical flexibility for the wearable 

applications. By introducing ion selective bipolar membranes (Figure 2.7c) and 

polyelectrolyte gels (Figure 2.7d) which have fixed charges at polymeric backbones, 

selective ionic conduction with their charges can be controlled due to Donnan exclusion. 

More recently, by combining oppositely charged ion selective materials, the rectification 

characteristics of ion p-n junction[2.39, 2.40] have been demonstrated. 
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Figure 2.7 Various ionic devices for rectification of ionic currents. (a) Nanofluidic 

diodes based on heterostructured SiO2/Al2O3 nanotubes[2.37]. (b) Soft-matter diodes by 

using the oxidation of liquid-metal electrodes[2.38]. Ionic diodes based on polymeric ionic 

active elements by introducing (c) polyphosphonium-based bipolar membrane[2.39] and 

(d) polyelectrolyte gels[2.40].  
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Among the various polymer based ionic active materials, polyelectrolyte gel-based 

ionic devices have a merit for bio-integration since polyelectrolyte gels contain a large 

amount of water with the desirable ion conductive properties, which is comparable to 

the environment of biological area. In this respect, there have been intensively 

researched for the implementation of gel-based ionic devices with an elaborated 

structural design.  

Figure 2.8a exhibits the polyelectrolyte gel diodes implemented on a microfluidic 

chip[2.41]. By patterning poly(2-acrylamido-2-methyl-1-propanesulfonicacid) (pAMPSA) 

as a negatively charged polymeric backbone and poly(diallyldimethy-lammonium-

chloride) (pDADMAC) as a positively charged polymeric backbown through the 

sequential UV-photopolymerization process, ionic active elements were formed in an 

microfluidic channel of glass chip. As polyelectrolyte gels were well defined at narrow 

neck-like intersection of channels, the electrical potential drop can be concentrated at 

junction of ionic gels, which leads to an increase of rectification performance. 

Furthermore, by replacing Pt electrodes with non-polarizable Ag/AgCl electrodes for 

the electrical contact with reservoirs, contact resistance can be lowered and high 

exchange current can be measured (Figure 2.8b). Based on the stable rectification 

performance of ionic diodes, it can be applied to the ionic circuit elements. By patterning 

two polyelectrolyte gel diodes connected in parallel, ion based AND logic gate can be 

designed on a microfluidic chip (Figure 2.8c).  

In addition to the ionic diodes, 3-terminal based ionic circuit elements were also 

integrated for switching of ionic currents[2.42]. Figure 2.8d shows the representative 

depiction of an ionic field effect transistor (FET) on a microfluidic chip system. By 

patterning pAMPSA and pDADMAC gels at gate region, ionic currents in microchannel 

across the source and drain were effectively controlled by the gate voltage (Figure 2.8e). 
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Figure 2.8 (a) Schematics of polyelectrolyte gel based ionic diodes on a microfluidic 

chip and (b) I-V characteristics of polyelectrolyte gel diodes. (c) Ionic logic circuits 

comprised of two pairs of ionic diodes. The output signals of AND gate were verified 

by followed fluorescent images[2.41]. (d) Representative illustrations of polyelectrolyte 

junction field effective transistor (FET) and (e) output transfer curve of and ionic 

FET[2.42].  
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Through the implementation of ionic devices on microfluidic-chip, Stable operation of 

ionic circuits can be verified in an aqueous system with the micro-scaled design.  

 

 

2.5.2. Rectification behavior of polyelectrolyte gel ionic diodes  

 

The nonlinear I-V characteristics of polyelectrolyte gel ionic diodes seem to be similar 

to these of conventional semiconductor based diodes, but there are some differences in 

the mechanism of rectification caused by different signal carriers (i.e Electron and holes 

vs. Ions). Figure 2.9 presents I-V sweep characteristics and schematics for explaining 

the rectification behavior of polyelectrolyte gel based ionic diodes[2.43]. When the 

forward bias are applied to ionic diodes, a large amount of mobile counter-ions from 

reservoir electrolytes crosses the polyelectrolyte gel regions and forms accumulation 

state of devices, leading to high penetration currents in diodes. The I-V characteristics 

of ionic diodes at forward scan region is similar to these of solid-state electronics. 

However, the level of current density is markedly lower than that of semiconductor-

based diodes because the relatively large charge carriers have a rather low mobility.  

On the other hand, as the reverse bias voltages are applied to devices, the hysteresis 

behavior can be observed, which was not found in semiconductor physics. Since 

recombination of carriers does not occur in an ionic system, ions in a polyelectrolyte gel 

junction need to be migrated back to reservoir electrolyte regions for the formation of 

depletion state of devices. After getting into the depletion state, only small ionic current 

occurs, which results in non-linear I-V characteristics of devices. The rectification 

current is suggested by water dissociation at the junction as well as leakages in gels since 

large potential drops are generated in a depletion region adjacent to junction[2.36, 2.44]. 
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Figure 2.9 (a) I-V sweep curves and schematics for depicting rectification behavior of 

polyelectrolyte gel ionic diodes[2.43].  
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Based on the working mechanism of polyelectrolyte gel based ionic diodes, various 

case studies were conducted to characterize the effect of the rectification property of 

devices. Figure 2.10a shows the changes of I-V hysteresis curve of ionic diodes[2.43] as 

a function of the voltage scan rate. At a low scan rate of 10 mV/s, the small hysteresis 

area of I-V curves was shown because it takes a sufficient time to reach the equilibrium 

state of the devices with bias. However, as the voltage scan rate increased from 10 mV/s 

to 100 mV/s, the reverse current peak was also increased while the level of forward 

current was maintained, which clearly shows the hysteresis behavior of ionic devices 

caused by slow ion transportation. When the concentration of reservoir electrolyte 

solution increases, the rapid increase of current level at forward bias as well as hysteresis 

area under the reverse bias was observed (Figure 2.10b). This indicates that the 

transmittance of ionic signals in ionic diodes is highly related to ions in reservoir as well 

as the structural design of polyelectrolyte gels.  

Through the recent advnaces in ionic devices, an effective processing of ionic signal 

such as rectification and switching has been well demonstrated. However, for the 

advanced applications such as an integration with the biological areas, the differences 

between the solid state electronics and ionic systems should be considered since most of 

the currently proposed ionic devices have been implemented in accordance with 

fundamentals of electronics. In this respect, it is now important to take advantage of the 

unique characteristics of ionic systems for designing ion-based signal transfer devices. 
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Figure 2.10. The change of hysteresis curve of ionic diodes with respect to the (a) 

voltage scan rate and (b) concentration of reservoir solution[2.36, 2.43]. 
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CHAPTER 3 
 
Soft Conductive Gel based Stretchable Strain 
Sensor for Epidermal Applications 
 

 

3.1. Introduction 
   

With a recent advance of flexible electronics, wearable devices have been widely 

developed for the intimate communications with humans. In particular, wearable 

stretchable strain sensors, which convert mechanical deformations to electrical signals 

in a skin-mountable form, can be utilized to broad applications such as real-time health 

monitoring[3.1,2] in a medical industry, human-machine interfaces controllers for soft 

robotics[3.3,4] and motion capturing[3.5] for entertainment device systems[3.6]. 

For the practical use of stretchable strain sensors for wearable applications, it is 

required to improve the reliability of devices (e.g. maximum stretchability and 
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endurance with cyclic deformation) as well as their sensing performance. Therefore, it 

is required to consider the mechanical stability between electrical components (active 

elements and interconnects) and flexible supporting materials. However, as the most of 

electrical components of stretchable strain sensors are designed by using metal-based 

conductors, the mechanical failure between the conductor and the substrate is inevitable. 

For the fundamental solution of the mechanical instability issues in currently reported 

wearable sensors, it is essential to introduce soft-electronic materials for an active 

element of devices as well as supporting materials. 

In this respect, gel-based conducting materials, which called conductive gels, have 

recently attracted a great interest for the application to stretchable electronic devices. 

Conductive gels are polymeric materials that contain conductive polymers as a 

conducting element in highly cross-linkable matrix polymers[3.7,8]. Due to their inherent 

softness with a large stretchability (up to 300~ 400 %), conductive gels have a high 

potential for application to epidermal electronics[3.9,10]. Furthermore, as their entangled 

polymeric conduction paths lead to invariant resistance change under stretch[3.9], the 

conductive gels are compatible for electrodes of capacitive type wearable sensors.  

Here, we fabricated a soft material-based capacitive strain sensor by using conductive 

gels as an electrode material. Due to the mechanical compliance between conducting 

components and supporting materials, the fabricated device shows an excellent 

stretchability with a high endurance and it can be successfully utilized to epidermal 

applications such as finger and elbow motion sensing. Subsequently, a method for 

improving gauge factors of capacitive type strain sensor was suggested by incorporating 

a re-entrant auxetic frame within EcoflexTM dielectric layer. 
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3.2. Experiments 
 

 

3.2.1. Preparation of conductive gel 

 

  For the soft electrical component for wearable application, poly(3,4-ethylene-

dioxythiophene) poly(4-styrenesulphonate) (PEDOT:PSS)/Polyacrylamide (PAAm) 

conductive organo-gel was synthesized, followed by the previous work[3.9]. In detail, 

freeze dried PEDOT:PSS solute (Clevios P, Heraeus), acrylamide monomer (Sigma-

Aldrich) and N,N`-methylenebisacrylamide crosslinker were dissolved in mixture of de-

ionized water ethylene glycol (Sigma-Aldrich). In this work, weight percent of 

PEDOT:PSS solute to Acrylamide was 11 wt%. For the gelation, ammonium persulfate 

initiator and N,N,N ,N -Tetramethyl-ethylenediamine accerlerator were added to pre-gel 

solution and heated on 90 C for 2 h in a glass mold. Fabricated gels were washed into 

mixture solution of de-ionized water and ethylene glycol for the purification. 

Subsquently, an aqueous component in gels was selectively evaporated by heating on 

60 C for 4 h in dry oven to prevent electrochemical reaction when electrically biased. 

 

3.2.2. Fabrication of stretchable strain sensor 

 

  The capacitive type stretchable strain sensor was implemented by attaching the 

PEDOT:PSS organo-gel based electrodes on the EcoflexTM 0010 dielectric layer, as 

presented in Figure 3.1. 0.5 mm thick PEDOT:PSS organo-gel plate was cut into 

rectangular shape (0.5 cm×1.5 cm) by CO2 laser cutter and heated on 60 C for 15 min 

in dry oven to remove the moisture at gel surface for the stable electrical contact. The 
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electrical contact of sensors was formed by Ni wire with the Ag paste, and subsequently 

coated by EcoflexTM to prevent from drying of organo-gel. After encapsulation, devices 

were turned upside down and the same process was repeated at the opposite surface of 

EcoflexTM dielectric layer.  

 

3.2.3. Device characterization 

 

  For the in-situ measurement of change in capacitance under tensile and compressive 

strain, fabricated strain sensors were loaded on tensile machine (Instron 3343) which is 

fixed with acryl clamps and electrically contacted with precision LCR meter (Keysight, 

E4980AL) (Figure 3.2). The measuring voltage and frequency were 1 V and 10 kHz, 

respectively. Each sample was uniaxially deformed until 100 % of strain with a 

displacement rate of 3 mm/min. The change of capacitance was measured once per 

second. To confirm the endurance performance of device, cyclic tensile fatigue test was 

performed by using a tensile machine. (MMT-500N, Shimadzu) The range of stretch 

was 30 % and repeated for 5000 times with a 0.05 Hz of rate.    

 

3.2.4. Preparation of the auxetic elastomer 

 

  A 0.5-mm-thick polyurethane (PU) sheet was cut into a re-entrant auxetic pattern 

using a cutting plotter machine (Silhouette America, Inc.). After cutting, the pre-cured 

EcoflexTM solution was molded into the auxetic-patterned PU sheet, filling the porous 

region of the auxetic frame (Figure 3.3). Then, the assembly was cured at room 

temperature for 1 day. 
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Figure 3.1 (a) Fabrication process of stretchable strain sensor by using 

PEDOT:PSS/PAAm gel conductor and EcoflexTM dielectric layer.    
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Figure 3.2 Device configuration for characterization of sensing performance of 

PEDOT:PSS conductive gel/EcoflexTM capacitive strain sensors under (a) compressive 

and (b) tensile deformation. 

 

 

 



 
Chapter 3: Soft Conductive Gel based Stretchable Strain Sensor for 
Epidermal Applications 

52 
 

 

 

 

 

 

 

Figure 3.3 (a) Fabrication procedure of auxetic elastomers. (Step I) A 0.5-mm-thick PU 

sheet was patterned for a specific auxetic design using a cutting plotter (CAMEO; 

Silhouette). (Step II) EcoflexTM was molded into the auxetic-patterned PU sheet, filling 

the porous region of the auxetic structure. (Step III) The auxetic elastomer after the 

EcoflexTM had solidified. 
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3.3. Performance of PEDOT:PSS/PAAm gel-based strain sensor 
 

 

3.3.1. The change of capacitance with tensile strain 

 

To characterize the performance of conductive gel-based capacitive strain sensors, 

the changes in electrical signal of fabricated devices were measured during stretch. 

Figure 3.4a presents the absolute capacitance changes of devices under the tensile strain 

with varying the thickness of inter-dielectric EcoflexTM layers from 1 mm to 3 mm. The 

capacitance of all devices was linearly increased with the tensile strain, which can be 

caused by geometrical change of the dielectric layer between gel electrodes. Although 

the absolute value of capacitance increased with the decrease of thickness of inter-

dielectric layers, the relative change of capacitance was nearly unchanged regardless of 

the dimension of devices (Figure 3.4b). 

However, the initially fabricated sensors have a relatively low gauge factor (below to 

0.8) compared to the theoretical value (= 1), also showing the fluctuation in capacitance-

strain curves during the measurement. This issue comes from the slipping of conductive 

gels embedded in EcoflexTM under the stretch (Figure 3.5a). To enhance the weak 

adhesion between gel and elastomers, pre-cured EcoflexTM was additionally coated on 

the dielectric layer before locating gel and subsequently cured at 60 C for 30 min 

together (Figure 3.5b). By introducing the blade-coting process before gel attachment, 

the gauge factor of devices were highly increased, which can be approached to the 

theoretical results (Figure 3.5c).  

Furthermore, the fluctuation issue during the initial measurement also can be caused 

by slipping of zigs due to the low adhesion property of Loctite 401 adhesive with silicon-
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based rubber, which also leads to limiting range of measurement. The adhesion issue in 

zigs can be solved by combining Loctite 406 and Primer SF 700 adhesives, which 

guarantees a high measurement range until 400 % stretch. Through the modification of 

fabrication process, we developed the highly stretchable capacitive strain sensor by 

using the soft electronic conductors.  

 

 

3.3.2. The change of capacitance with compressive stress 

 

Along with the stretch, pressure also can be detected through the fabricated sensors. 

Figure 3.6 shows the change of capacitance under the compressive stress with varying 

the thickness of inter-dielectric layers from 1 mm to 3 mm. Due to the pressure applied 

to the dielectric elastomer layer, the area of gel conductor was increased and the distance 

between electrodes was decreased, which leads to the increase of capacitance. The 

capacitance change under pressure shows two-step responsive behavior, which is 

independent to the thickness of inter-dielectric layers. Although our devices have a wide 

sensing range, they show low sensitivity (about 102~103 times) compared to the 

previously reported pressure sensors[3.11-14]. For further enhancement of sensing 

performance, advanced material designs in dielectric elastomer layer should be 

considered such as introducing highly porous structure. 
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Figure 3.4 The change of (a) absolute and (b) relative capacitance of conductive gel-

based capacitive strain sensors under tensile strain. The thickness of inter-dielectric layer 

varied from 1 mm to 3 mm. 
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Figure 3.5 (a) Schematics for slipping of gel conductors embedded in EcoflexTM during 

stretch. (b) Illustrations for showing blade coating process before attachment of gel 

conductor. (c) The change of strain-responsive behavior of sensors with blade coated 

process. The increase of gauge factor was observed by solving slipping issues in 

gel/elastomer interfaces. 
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Figure 3.6 The change of (a) absolute and (b) relative capacitance of fabricated sensors 

under compressive stress with varying the thickness of inter dielectric layers. 
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3.3.3. Correlation between compressive and tensile strain 

 

The strain-responsive behavior of fabricated strain sensors was compared with 

theoretical models to evaluate the sensing performance of devices. Considering the 

isotropic mechanical property of dielectric elastomers, the relative change of 

capacitance with tensile strain (x direction) can be derived by Eq 2.5, which was shown 

in Chapter 2. 

 

 

 

Likewise, the relative capacitance change of devices under compressive strain (z 

direction) can be expressed as Eq. 3.1 (We assume that the Poisson’s ratio of gel and 

elastomer is 0.5). 

 

 

 
Figure 3.7 shows the capacitance change of fabricated sensors under tensile and 

compressive strain compared with their theoretical models. We can find that the 

behavior of capacitance changes of our devices under tensile and compressive strain is 

well matched to the theoretical models. Furthermore, the tensile strain can be detected 

under extreme deformation conditions even at 400 % of strain, which shows excellent 

mechanical stretchability of devices.   
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Figure 3.7 The relative capacitance change of conductive gel-based strain sensors under 

compressive and tensile strain. The dashed lines in graph show theoretical capacitance 

change behaviors at each strain mode. 
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3.4. Application to epidermal sensor 
 

 

3.4.1. Improvement of stability at hard/soft contact region 

 

After measurement of sensing performance, the conductive gel-based strains sensors 

were fabricated for the epidermal applications. However, when the devices were worn 

to skins, the mechanical instability in electrical contact region between hard Ag paste 

layer and soft gel leads to large noise signals under the both static and dynamic 

conditions (Figure 3.8a, c and e). For the improvement of contact stability, we attahced 

the nylon sheet layer on the Ag pasted layer with adhesive as shown in Figure 3.8b. By 

using non-stretchable nylon sheet layer, the contact region was mechanically fixed and 

the electrical signals were significantly stabilized under large deformation (Figure 3.8d, 

f), which can be an effective process for the further epidermal applications. 

 

 

3.4.2. Fabrication of finger motion sensor 

 
The developed sensors were applied to skin mountable devices for detecting human 

activities. For the comfortable fit to finger, overall thickness of devices was decreased 

compared to that of test samples. By reducing a thickness of inter-dielectric layer (1 

mm 0.3 mm), encapsulation layer (1 mm 0.3 mm) and gel electrode (1 mm 0.5 mm), 

the devices can be wearable on fingers with minimizing mechanical discomfort (Figure 

3.9a, b).  
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Figure 3.9c shows the output performance of the fabricated wearable sensors during 

the finger motion. The folding and unfolding motions of fingers can be detected by the 

increase and decrease (recovery) of output capacitance and their sensing performance 

were maintained at the high speed of motion. Considering that 50 ~ 60 % of tensile strain 

is applied by folding of fingers, the output capacitance characteristics of devices were 

well matched to the motions.  

From the above results, a fully soft material based strain sensor was developed by 

using polymeric gel-based conductors for electrode materials. Due to the mechanical 

compliance between electronic components and flexible supporting materials, our 

devices have a great potential for application to skin attachable devices.  
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Figure 3.8 The images for formation of contact of devices with (a) only Ag paste and 

(b) additional nylon sheet layer. (c-f) Due to the fixed contact regions by non-stretchable 

nylon sheet layers, the output signals of devices can be stabilized when worn to skins. 
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Figure 3.9 (a), (b) The images of thin type gel-based strain sensors for epidermal 

applications. (c) The output characteristics of fabricated epidermal-type sensors with the 

finger motion.    
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3.5. Improvement of gauge factor of capacitive type stretchable 
strain sensors by using auxetic elastomer[3.15] 
 

 

3.5.1. Deformation behavior of auxetic elastomer 

 

The capacitive-type strain sensors have a merit for stable sensing performance 

compared to the resistive-type strain sensors due to their linear and non-hysteresis signal 

characteristics as well as mechanical durability. However, the use of conventional 

capacitive strain sensors are limited due to their low gauge factor as their strain-

responsive mechanism only depends on the geometrical change of dielectric layer. Due 

to the isotropic property of dielectric elastomers, the terms of in-plane and out-of-plane 

deformation can be canceled , which was shown in Eq. 2.3-5, the 

gauge factor of devices is restricted to 1. 

To overcome the fundamental limitation of the capacitive type strain sensor, we 

introduce the composite elastomers, which called auxetic elastomers. Auxetic 

elastomers are composed of a re-entrant structured 2D scaffold elastomer embedded in 

a soft matrix elastomer (Figure 3.10a). Since the embedded stiff auxetic frame materials 

mainly affect the mechanical behavior of overall composites, the auxetic elastomers 

show an in-plane negative Poisson’s ratio when stretched. Moreover, due to the volume 

conservation of soft matrix elastomers, the thickness of the auxetic elastomers can be 

decreased more severely than that of conventional elastomers during deformation 

(Figure 3.10b, c). By using an anisotropic mechanical behavior of auxetic elastomers 

as a dielectric layer of capacitive type strain sensors, the additional improvement of 

gauge factor of devices can be expected. 
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Figure 3.10 (a) Representative schematics of the auxetic elastomer composed of re-

entrant structured auxetic frame filled by the soft elastomers. The deformation 

characteristics of the (b) pristine elastomer and (c) auxetic elastomer were shown. 
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For the fabrication of the auxetic elastomers, it is required to use an auxetic frame 

with a relatively higher modulus than that of the matrix elastomers. In this work, we 

chose a thermoplastic polyurethane (TPU) elastomer (7.5 MPa) as an auxetic frame 

material and embedded into EcoflexTM 0010 matrix (0.006 MPa) (Details for fabrication 

methods are provided in Section 3.2). The geometry factor of auxetic frame was 

presented in Figure 3.11a.  

To characterize the elastic behavior of an auxetic alstomer, uniaxial tensile test was 

performed. Figure 3.11b and c show the deformation morphologies of reference 

pristine EcoflexTM sheets and auxetic elastomers after 20 % of stretch. As expected, the 

pristine EcoflexTM sheet showed lateral shrinkage when stretched. On the other hand, 

the auxetic elastomers expanded in lateral direction during the stretch, which shows the 

characteristic behavior of an in plane negative Poisson’s ratio.  

Along with the morphology changes, we quantified the Poisson's ratio of auxetic 

elastomers by using an optical image analysis and calculating the ratio of the 

longitudinal and transverse strain from four reference points located in the middle of the 

tensile specimen. The thickness displacement uz was measured by the instrumented 

depth-sensing technique (PI-85 SEM Picoindenter®; Hysitron). Since the auxetic 

elastomers exhibited anisotropic deformation, Poisson’s ratio of the transverse and 

thickness directions should be considered separately as follows 
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where the y-axis is the tensile direction and εx, εy, and εz are the strains in the x-, y-, 

and z- directions respectively. Considering the large deformability of elastomers, the 

Poisson’s ratio was calculated by using Hencky’s Poisson function, which is based on 

the true strain terms[3.16]. The true strain can be defined as   

 

 

 

where di,0 and di is the undeformed and the deformed unit scales in i-direction. The 

plot of εx and εy in Figure 3.12a shows the in-plane Poisson’s ratio of pristine EcoflexTM 

sheets and auxetic elastomers. Due to the lateral contraction during stretch, Poisson's 

ratio on the plane (vyx) of pristine EcoflexTM was measured to be 0.5. Meanwhile, the vyx 

of auxetic elastomers was approximately -0.4, which indicates the lateral expansion by 

the structural opening of re-entrant auxetic frames. 

Poisson's ratio in vertical direction (vyz) of pristine EcoflexTM sheet in the thickness 

direction can be measured to 0.5, which means that the isotropic property of 

conventional elastomers. Unlike pristine EcoflexTM, vyz of auxetic elastomers was 

calculated to 0.7, indicating that auxetic elastomers showed 1.4 times larger thickness 

shrinkage compared to the pristine EcoflexTM (Figure 3.12b). The negative Poisson's 

ratio behavior in a two-dimensional plane of auxetic elastomers induced the large 

thickness reduction at the same tensile level compared to conventional elastomers in 

order to keep the volume of matrix constant during deformation.  
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Figure 3.11 (a) The geometry of unit cell of re-entrant structured auxetic frame. The 

morphology of the pristine EcoflexTM sheet and auxetic elastomer under 20 % stretch. 

Unlike EcoflexTM, the auxetic elastomers displayed lateral expansion when stretched.   
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Figure 3.12 (a) Transverse strain curve and (b) normal strain curve versus axial strain 

of EcoflexTM sheets and auxetic elastomers. The same sign of axial strain and transverse 

strain indicates the negative Poisson’s ratio of auxetic elastomers. 
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3.5.2. Application of auxetic elastomers to capacitive type strain sensor 

 

Through the development of the auxetic elastomers, we have suggested a new type of 

structural materials with a negative in-plane Poisson's ratio and found that their elastic 

properties also can be modulated. Moreover, as the 2-dimensional auxetic components have 

an anisotropic deformation behavior under stretch, the area of auxetic elastomer layers can 

be increased due to the negative Poisson’s effect and their thickness can be much reduced 

for the volume conservation. By using these unique mechanical characteristics, we 

introduced an auxetic elastomer as a dielectric layer of the capacitive type strain sensors to 

improve the gauge factor of devices. 

The normalized capacitance changes of the auxetic strain sensors as a function of stretch 

were shown in Figure 3.13. Gauge factor, which is a parameter for showing the sensitivity 

of stretchable strain sensors, could be determined by the slope of the curve. The gauge factor 

of the pristine EcoflexTM dielectric layer-based sensor was 1, which corresponds to the basic 

characteristics of capacitive type strain sensors. However, when the auxetic elastomers were 

incorporated to the dielectric layer, the capacitance of devices increased more steeply, which 

is well matched to the our previous results of deformation behavior of auxetic elastomers. 

The following gauge factor resulted in beyond 3, which is the unprecedented highest value 

among the capacitive type stretchable strain sensors. Interestingly, the linear output signal 

characteristics still remained even with the sharp capacitance change. It might be related to 

that the dominant thickness reduction occurs in a soft EcoflexTM matrix rather than a rigid 

TPU frame.  

Moreover, the fabricated stretchable strain sensors also exhibited an excellent mechanical 

reliability. The developed strain sensors could endure the repeated deformation up to 5,000 
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cycles under 30% strain, also showing the excellent behavior in terms of hysteresis and 

recovery (Figure 3.14). 

Furthermore, the gauge factor of strain sensors can be further improved by considering 

the electrode coverage region. Since the auxetic elastomers are composed of EcoflexTM filler 

and TPU frame with different dielectric constants, the capacitance should be calculated 

separately for each constituent material. The capacitance of auxetic elastomers can be 

considered as the parallel capacitor series of filler and frame materials and expressed as 

 

  

    

where Afill and Aaux denotes the area of filler and auxetic frame, and dfill, daux denotes the 

thickness of filler and auxetic frame. Figure 3.15 a and b show the dimensional changes of 

EcoflexTM filler and TPU frame obtained by finite element method simulations using the 

ABAQUS CAE software. We found that the EcoflexTM, which is the filler material of 

auxetic elastomer, showed significant areal and thickness change compared to the TPU. 

Therefore, additional improvement of gauge factor of devices can be achieved up to 3.96 by 

placing the gel electrodes within the expanded unit cell of auxetic frame (Figure 3.15c,d).  

Lastly, the developed sensors were applied to the skin-mountable wearable devices for 

detecting elbow motion (Figure 3.16a). Due to the negative Poisson's ratio characteristics, 

the developed sensor can form a conformal contact on the non-Gaussian plane. The 

normalized capacitance change of the auxetic elastomer based strain sensor with the elbow 

motion was presented in Figure 3.16b. The output signal change of auxetic elastomer based 

strain sensors (solid circles) were three times stronger that of the conventional strain sensors 

(open circles) during the bending of elbow without any other degradations of devices. 
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Figure 3.13 The normalized capacitance change of strain sensor under stretch. Both 

pristine EcoflexTM dielectric and auxetic elastomer dielectric based strain sensors 

showed linear relationship between stretch and normalized capacitance. 
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Figure 3.14 (a) The change of output characteristics of auxetic elastomer based strain 

sensors during the repeated deformations with 30 % strain. (b) Response curve at the 

specific cycles during stretch and release.  
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Figure 3.15 (a) Areal and (b) thickness change of EcoflexTM filler and TPU frame in 

auxetic elastomers by using ABAQUS computational simulations. (c) The 

morphologies and (b) following output signal characteristics considering the placement 

of gel electrodes. 
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Figure 3.16 (a) Images showing conformable attachment of the an auxetic elastomer-

based strain sensor on the elbow. (b) The output signal characteristics of strain sensors 

using conventional dielectric and auxetic dielectric layer. The signal intensity of sensors 

can be improved by introducing auxetic elastomers. 
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3.6. Summary 
 

In this study, we developed a highly stretchable and reliable capacitive type strain sensor 

by introducing PEDOT:PSS based gel conductors as an electrode material and EcoflexTM 

as a dielectric elastomer layer. Since PEDOT:PSS conductive gels have a high strechability 

with a strain insensitive property, the capacitance change behavior of fabricated devices can 

be detected under extreme deformation conditions, which is also well matched to the 

theoretical models. As all elements of the device are composed of inherently soft 

materials, it shows an excellent mechanical compliance when worn to skins and 

effective sensing of finger and elbow motion can be demonstrated.  

Furthermore, we utilized auxetic elastomers as a soft dielectric material to enhance 

the sensing performance of capacitive type stretchable strain sensors. As the 2-

dimensional auxetic elastomers have an anisotropic deformation behavior under stretch, 

the area of dielectric layers can be increased due to the negative Poisson’s effect and the 

thickness of layers can be much reduced for the volume conservation, which leads to the 

improvement of gauge factor of the capacitance type strain sensors up to 3.2 fold. 

Moreover, a way to optimize the sensing performance of devices was suggested by using 

computational simulations. Our findings will be applicable to engineering wearable and 

skin-attachable devices and will stimulate researchers to extend other soft electronic 

devices in various directions.  
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CHAPTER 4 
 
Development of Open Junction Ionic Diode for 
Direct Ionic Signal Sensing[4.1] 
 

4.1. Introduction 
   

Beyond the wearable devices inspired by current stretchable electronics, more 

interactive devices are being incorporated into human bodies. In particular, the 

implementation of biointegrated devices[4.2-7] which can sense and transmit signals from 

biological systems has resulted in their use in a wide range of applications, such as 

monitoring neural[4.8-11] or cardiac[4.12,13] activities and delivering drugs[4.14-16] for medical 

care. 

To date, biological signals have been acquired by electronic devices which are using 

metal electrodes[4.17,18] or conjugated electroactive polymers[4.19-21]. However, since the 

signals from a biological system are mainly based on transportation of ions (i.e., K+, 
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Ca2+, neurotransmitters, etc), a fundamental mismatch of signal carriers between 

electrical devices and biological system has made direct communication persistently 

difficult due to the high impedance created at the interfaces[4.17,19]. Therefore, an ion-

based signal sensing system which can directly interpret ion signals from a biological 

system is required to promote the human-machine interfaces (HMIs)[4.22-24]. 

Considering the abovementioned issues, hydrogels have been extensively studied as 

a promising candidate of ionic conductors[4.22,24-26] due to their inherent mechanical 

flexibility[4.16,27] and excellent biocompatibility[4.28,29]. Moreover, by introducing cross-

linked polyelectrolyte gels[4.22,24] composed of fixed charges on their polymeric chains, 

it is possible to mimic the behavior of p-type or n-type semiconductors because only 

counter ions that are oppositely charged on the polyanionic or polycationic backbones 

are mobile due to Donnan exclusion. More recently, by combining different types of 

polyelectrolyte gels, the operation of ion p-n junction diodes[4.30-32] and transistors[4.33-35] 

has been demonstrated.  

Despite the many advances in developing ionic devices, obtaining an ionic signal 

directly without changing signal carriers has remained problematic for the following 

reasons. In previously reported ionic devices, diodes or transistors were developed to be 

operated via an external electrical bias[4.20,23,36] with mimicking the functions of electrical 

semiconductor devices. For example, ionic transistors were successfully operated to 

transmit a signal by applying external voltages to the gate[4.35,37]. However, because the 

devices were designed for an external bias, it was very difficult to apply external ion 

signals to the devices. Moreover, as the transmittance of ionic signals is controlled by 

the gate voltage on an additional electrode[4.20,23,36], the cells in biological media can also 

be exposed to unwanted electrical stimulation when such electrodes are activated. 

Therefore, a new design is required to attract external ion signals to an ionic device.  
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In this study, we developed a method for direct sensing of ionic signals through the 

modified design of ionic devices. By designing a micro hole at the encapsulation layer 

of microfluidic chip-based polyelectrolyte gel diodes, which can be referred to as open 

junction ionic diodes (OJIDs), ionic signals from the external environment can be 

directly transmitted to active elements of ionic devices. Through the visualization of the 

ionic distribution after injecting fluorescent ions, we verified that ionic solutions can be 

well injected into the devices without loss. By investigating the changes in ionic currents 

through the electrochemical characterization, the mechanisms of ionic signal sensing in 

the OJIDs were suggested.  
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4.2. Experiments 
 

4.2.1. Materials 

 

All chemical reagents were used without further purification. 3-sulfopropyl acrylate 

potassium salt (SPA), 2-acrylamide-2-methyl-1-propanesulfonic acid (AMPSA), 

acrylamide (AAm), acrylic acid, styrene sulfonic acid (SS), vinylsulfonic acid (VSA), 

N-(3-(N,N-dimethylamino)propyl) acrylamide methyl chloride quarternary 

(DMAPAAQ), 2-(acryloyloxy ethyl)trimethyl ammonium chloride) (AETMAC)  

diallyldimethylammonium chloride (DADMAC), N’-methylenebisacrylamide 

(crosslinker, MBAAm), 3-(trimethoxysilyl)propyl metha-crylate (TMSMA), methanol, 

acetic acid, fluorescein sodium salt, rhodamine 6G, sodium chloride, potassium chloride, 

sodium chloride and lithium chloride were purchased from Aldrich. Lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator and Ag/AgCl electrodes were 

purchased from Tokyo Chemical Industry and CHI Instruments, respectively.  

 

 

4.2.2. Measurement of ionic transport properties in polyelectrolyte gels 

 

To characterize the ion conductive and selective properties in polyelectrolyte gels, a 

salt bridge model[4.38,39] was introduced for the test module. Representative schematics 

of the salt bridge model are shown in Figure 4.1. To concentrate the voltage drops 

applied to the polyelectrolyte gels rather than the reservoir regions, the polyelectrolyte 

gels were filled in capillary glass tubes (inner diameter: 0.8 mm, length: 5 cm, Omega 

glass) by photopolymerization and connected to both sides of the reservoir. After 
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forming electrochemical contact with the Ag/AgCl electrode, the current-voltage I-V 

sweep characteristics of the polyelectrolyte gels were measured by a multichannel 

potentiostat (ZIVE MP2A, Wonatech). 

 

 

4.2.3. Fabrication of microfluidic chips with open structure 

 

Figure 4.2 shows the fabrication process of microfluidic chip-based OJIDs. To design 

the open junction structure for the injection of an ionic solution into the channel of the 

microfluidic chip, a microhole was formed at the p-n junction interface by laser hole 

drilling (KOS-SF1000RBS picosecond UV laser system, KORtherm Science), and 

openings for the reservoir were formed in the encapsulation glass layer (D263 ultrathin 

glass (=30 μm), Schott). The channels in the glass substrate were patterned using 

photolithography and a wet etching process following a previously reported procedure. 

Soda lime glass slides of hydrolytic class 3 with a thickness of 1 mm (Marienfeld) were 

used as substrates. After being cleaned with a piranha solution (H2SO4: H2O = 3:1, J. T. 

Baker) to remove organic residues from the surfaces, the glass slides were rinsed with 

deionized (DI) water and then dehydrated on a hot plate at 175 °C for 10 min. The 

cleaned glass substrates were spin-coated (ACE-200, DongAh Trade Corp.) with 

hexamethyl-disilazane (HMDS, Clariant) and AZ4620 photoresist (PR, Clariant), and 

soft baking was performed at 110 °C and 100 °C for 1 min 30 s. After alignment with a 

channel-patterned mask, the PR layer was exposed to UV light with an intensity of 21 

mWcm-2 for 20 s (MDE-4000, Midas) and then developed with an AZ 400 K developer 

(Clariant) for 1 min 30 s. The PR-patterned glasses were annealed on a hot plate at 

180 °C for 15 min for hard baking and then etched with a 6:1 buffered oxide etch 
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solution (J. T Baker). As the rate of glass etching was confirmed to be 0.8 μm/min, 

channels in the glass with a highly uniform depth of 50 μm depth could be achieved. 

After alignment of the microholes in D263 glass and the center of the channel in 

patterned slide glass, the two glass surfaces were thermally bonded (595 °C for 18 h) 

under a 200 g load for encapsulation. 

 

 

4.2.4. Formation of ionic p-n junction in microfluidic chip 

 

To form a polyelectrolyte gel-based junction in the microfluidic chip, the channel was 

treated with a mixture of TMSMA, acetic acid and methanol (the ratio of the solution 

mixture was 1:2:2) for 1 h to enable stable adhesion between the polyelectrolyte gel and 

glass and then cleaned with methanol. After treatment, the whole channels in a 

microchip were filled with the precursor solution of the pDADMAC gel by using 

micropipette. The channel in the microfluidic chip was aligned with the photomask and 

exposed to UV light with an intensity of 21 mWcm-2 for 2.5 s (MDE-4000, Midas) and 

then the uncured precursor solution was removed through the suction tube. Subsequently, 

photopolymerization of the pSPA gel was performed using the same method, except that 

the exposure time under UV light was 3 s. As the both pDADMAC and pSPA precursor 

solutions includes the same initiator and crosslinker, the pSPA gel was well formed 

adjacent to the pDADMAC gel through the sequential photo-polymerization without 

generating gaps at junction. (Detailed information for sequential patterning process used 

in OJIDs was presented in Figure 4.3) After being washed with KCl solution several 

times, the fabricated ionic diodes were stored in 0.1 M KCl solution for over 1 day before 

characterization. 
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Figure 4.1 (a) Scheme of the salt bridge model for measuring the ion conductivity of 

polyelectrolyte gels. (b) Image of polyelectrolyte gel formed in capillary glass tube. 
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Figure 4.2 Fabrication process of an OJID in a microfluidic chip. By introducing thin 

glass (~30 μm) as an encapsulation layer, an ion-injectable microhole can be patterned 

on the devices. 
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Figure 4.3 Schematic illustrating the photo-polymerization process. After forming 

pDADMAC gels in channels, the uncured precursor solution was removed through a 

suction tube, and then, the pSPA gels were patterned next to the pDADMAC gel. 
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4.3. Characterization of ionic transport properties in poly-
electrolyte gels for device application 
 

 

To select the polyelectrolyte gels as ionic active materials for ionic diodes, their ionic 

transport properties were characterized by using a salt bridge test model, which was 

introduced in Section 4.2.2 and Figure 4.1. As a candidate of the constituent materials 

for device application, various polyanionic (p-type) and polycationic (n-type) hydrogels 

were synthesized (Figure 4.4). To control the concentration of the fixed charges in 

polyelectrolyte gels, the monomer concentration in precursor solutions was fixed to 2 M 

and polymerized by using the same crosslinker (MBAAm) and photoinitiator (LAP).  

For the evaluation criteria of the ionic transport properties of polyelectrolyte gels, ion 

conductivity and ion selectivity were suggested (Figure 4.5). The ion conductivity refers 

to the degree of movement of ions within gels due to the electrical field, which 

determines the speed of devices. After measuring the slope of the I-V characteristics 

through the salt bridge test module, the ion conductivity of polyelectrolyte gels was 

calculated by considering the dimension of the polyelectrolyte gels in the capillary glass 

tube (Figure 4.6a, c). In addition, ion selectivity refers to the degree of charge-selective 

ionic transportation, which can be related to the rectification property of ionic pn 

junction diodes. In this work, the ion selectivity parameter was determined by 

comparing open circuit voltages (OCVs) between the two reservoirs with different 

concentration (0.1 M and 0.01 M) of KCl ionic solutions (Figure 4.6b, d). According 

to the Nernst equation, theoretical values of OCV can be expressed as 
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where R is the universal gas constant (8.314 J·K-1mol-1), T is the temperature (~298 

K), n is the charge valence number and F is the Faraday constant (96485 C·mol-1), 

respectively. If a polyelectrolyte gel have an ideal ion-selective property, the theoretical 

value of OCV can be calculated to 59 mV since only counter ions which are oppositely 

charged on the polymeric chains are mobile. However, in case of the real polyelectrolyte 

gels, some of the co-ions can transport into the gels, which leads to the decrease of OCV 

less than 59 mV[4.39]. In this study, we evaluate the ion selectivity of polyelectrolyte gels 

by comparison of OCVs between the theoretical value (59 mV) and the measured results. 

Figure 4.7 shows the measured ion conductivities and OCVs of various poly-

electrolyte gels. As a result of the characterization of p-type polyelectrolyte gels, pSPA 

gels, which are based on K+ ions, exhibited excellent performances in terms of both ion 

conductivity and selectivity, indicating that they could be suitable for practical 

applications. Among the Na+ ion-based p-type polyelectrolyte gels, pVSA gels show 

high ion conductivities and their OCV was close to that of the theoretical value (Figure 

4.7a). In case of n-type polyelectrolyte gels, pDADMAC gels show the highest ion 

conductivities compared to the other materials, while the pDMAPAAQ gels have a merit 

for ion selective properties (Figure 4.7b). In this study, we select the pSPA and 

pDADMAC gels for the p-type and n-type gels for the application to ionic diodes 

considering the both ion conductive and selective performance.  
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Figure 4.4 The formula and chemical structures of p-type and n-type polyelectrolyte 

gels characterized in this study. 
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Figure 4.5 Illustrations for showing the ionic transport properties of polyelectrolyte gels. 

The ion conductivity of mobile ion and ion selectivity against the co-ions are the key 

parameters for characterizing the ionic transport properties of polyelectrolyte gels. 
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Figure 4.6 The test modules for measuring (a) ion conductivity and (b) ion selectivity 

of polyelectrolyte gels by using salt bridge model. (c) I-V sweep characteristics and (d) 

OCVs of pVSA gels (p-type) were presented for example. 
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Figure 4.7 Measured ion conductivity and selectivity values of (a) p-type and (b) n-type 

polyelectrolyte gels.  
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4.4. Design of open junction ionic diode (OJID) 
 

 

4.4.1. Fabrication of OJID and device configuration for ion injection 

 

The representative architecture of OJIDs is illustrated in Figure 4.8. By introducing 

D263 ultrathin borosilicate glass (~30 μm, SCHOTT) as an encapsulation layer of 

microfluidic channels, which is amenable to laser hole drilling, an ion-injectable 

microhole (d~ 50 μm) could be formed and aligned with the p-n junction interface 

(Figure 4.9). After fabricating microfluidic glass chips, n-type poly(diallyl-dimethyl-

ammonium chloride) (pDADMAC) and p-type poly(3-sulfopropyl acrylate potassium 

salt) (pSPA) polyelectrolyte gels were sequentially patterned on the microfluidic chip 

by UV photopolymerization. Due to the surface tension of the gel precursor solutions 

and mechanical instability of cured gels during suction, it is hard to form a gel in a half 

region of hole in the devices. In this study, we form the pDADMAC gel in the outer 

region of hole firstly and fill the other region including the hole with the pSPA gel. 

Subsequently, channels in the microfluidic chip were filled with reservoir ionic solution 

for the dialysis of polyelectrolyte gels and the formation of electrochemical contact. To 

apply a reverse bias to the OJIDs and measure the responsive ionic current signal without 

potential loss, nonpolarizable Ag/AgCl electrodes were connected to both sides of the 

reservoir.  

Before ion injection, the I-V sweep characteristics of the devices were measured to 

confirm the rectification behavior of the OJIDs. Figure 4.10 shows the representative I-

V sweep curves of an OJID. The range of the voltage sweep was from –2 V to 2 V, and 

the scan rate was set to 25 mV/s. After a reverse voltage scan, the rectification of the 
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ionic current was commonly observed with hysteresis behavior, which was caused by 

the depletion of ions as previously reported[4.40]. The rectification ratio of devices (at ±2 

V) was measured to around 10.  

For ion injection, a picoliter microinjector (Warner instruments) was used to deliver 

ions locally to the microhole region (Figure 4.11). The microinjection needle was 

produced by pulling glass capillaries (GC100-10, Harvard Apparatus) with a dual-stage 

glass micropipette puller (PC-10, Narishige). In this work, the operation temperature at 

each stage was set to 85 °C and 80 °C, which results in an inner diameter of needle tip 

around 2.5 μm. To protect the tip of the microinjection needle during filling, which is 

vulnerable to high pressure, ionic solutions were back-filled by inserting a nonmetallic 

microsyringe (Microfil, World Precision Instruments) into the microinjection needles. 

By modulating injection parameters such as the injection pressure and time, as well as 

the inner diameter of the microneedle, the diameter of the injected ionic solution droplets 

was precisely controlled (inset of Figure 4.11a), and the amount of charge in the ionic 

input signal could also be quantified. 

 

4.4.2. Visualization of ionic distribution after ion injection 

 

To confirm whether both the positive and negative ions were injected into the OJIDs 

through the microhole, fluorescent ions[4.31] were injected into the devices to visualize 

the distribution of injected ions. Figure 4.12a and b shows fluorescence microscopy 

images of the ionic distribution of Rhodamine 6G cations (green) and fluorescein salt 

anions (red) after ion injection. Because the injected cationic and anionic fluorescent 

dyes were detected in the pSPA (p-type) and pDADMAC (n-type) regions, respectively, 

we verified that both the cations and anions were well injected into devices. 
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Figure 4.8 Schematic representation of an OJID. Through the ion-injectable hole 

structure formed on the polyelectrolyte gel region, ionic signals can be directly 

transmitted to the active element of devices. 
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Figure 4.9 Images of microfluidic chips after (a) thermal bonding of the encapsulation 

layer and (b) photo-polymerization of the polyelectrolyte gel. The laser-drilled 

microhole was aligned with the intersection of the channel, and the polyelectrolyte gel 

on both sides was well formed in the OJIDs. 
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Figure 4.10 Representative I-V sweep curve of an OJID based on ionic junction between 

pSPA/pDADMAC polyelectrolyte gels. 
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Figure 4.11 (a) Device configuration for ion injection. The volume of injected ionic 

solution was precisely controlled using a picoliter injector. Nonpolarizable Ag/AgCl 

electrodes were connected to the reservoir for in situ current measurement upon ion 

injection. (b) Microscopic images of open junction ionic diode before ion injection. 
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Figure 4.12 Schematic illustrations and fluorescence images indicating how the 

distribution of injected ions is monitored. (a) After the injection of the Rhodamine 6G 

fluorescent cations, most of the green fluorescence was observed in the pSPA region. (b) 

The injected fluorescent sodium salt anions were observed in the pDADMAC region, 

indicating ion injection into the devices through the open junction. 
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4.5. Ionic signal detection through OJID 
 

The suggested mechanism of ionic signal detection through the OJIDs is presented in 

Figure 4.13. Initially, when the reverse bias voltages are applied to the OJIDs, mobile 

counter ions in polyelectrolyte gels are depleted and co-ions in reservoir cannot 

transported to the diodes due to the repulsive force with the fixed charges in 

polyelectrolyte chains, which leads to only small leakage currents in devices (Figure 

4.13a, b). Then, in case that the minute ionic solutions are injected into the depleted state 

of OJID, ionic signals can be followed by the reverse current peak (Figure 4.13c, d). 

To verify our suggested mechanism, we conducted the in-situ measurement of the 

ionic currents in OJIDs after ion injection. The amount of the injected ionic solution was 

fixed to KCl 0.01 M for 113 pL (Q~ 216 nC) and the concentration of KCl reservoir 

solution and applied reverse bias voltage were set to 0.01 M and -0.5 V, respectively. 

As the ionic solutions are injected into the opening of OJID after formation of sufficient 

depletion state in the ionic diode (-1 V for 3 min), the generation of the ionic current 

peak was observed (Figure 4.14). This result clearly shows that the minute ionic signal 

were well detected by using OJIDs. 

Furthermore, the interesting point can be found by quantitative analysis of the 

responsive ionic signals. Through the integration of ionic current peak in the i-t curve, 

the detected charge amount was calculated to about 307 nC, which was even larger than 

that of injected ionic solutions. These findings indicate that the additional amplification 

phenomenon can occur in OJIDs as well as the sensing of the injected ion signal. In the 

next chapter, the ionic signal amplification effect in OJIDs will be discussed through the 

various case studies.   
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Figure 4.13 Schematics showing the expected behavior of ionic signal detection through 

an OJID. (a), (b) In the reverse biased state of devices, mobile counter ions in 

polyelectrolyte gels are depleted and only small leakage current can be measured. (c), 

(d) Through the ion injection to the open junction structure, ionic signals from external 

environment can be directly transmitted to active elements of devices and also detected 

by the ionic current peak.   
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Figure 4.14 The change of ionic currents in the OJID during ion injection through the 

open structure of devices. The minute ionic signals can be detected in the form of reverse 

current peak.  
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4.6. Summary 
 

In this chapter, we demonstrated the ionic signal sensing devices based on the inherent 

features in the ionic systems. By designing the ion injectable structure in microfluidic 

chip based ionic diodes, direct communications between ionic input signal and ionic 

devices were facilitated without the gate bias in medium. When the ionic solution is 

injected into the depletion state of ionic diodes, it can be observed by the form of ionic 

current peak. Furthermore, the possibility of the ionic signal amplification was found by 

electrochemical measurement, which will be discussed in the next chapter with the 

systematic case studies. We believe that our findings can point to future opportunities in 

ion-based signal processing devices such as ionic signal transmitters and converters as 

well as intimate communications with biological signals. 
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CHAPTER 5 
 
Ion-to-Ion Amplification through  
Open Junction Ionic Diode[5.1] 
 
 

5.1. Introduction 
   

As biological signals are mainly based on ion transport, the differences in signal 

carriers have become a major issue for the intimate communication between electrical 

devices and biological areas[5.2-4]. Particularly, as the amount of ions acquired from 

biological systems is very small, it is also required to amplify the weak ionic signals for 

the effective signal processing. In this respect, there have been many researches to detect 

the ionic signals from biological areas by using ion-based signal processing devices such 

as ion p-n junction diodes[5.5-7] and ion bipolar junction transistors (IBJTs)[5.8-10]. 

However, the physics of signal amplification in an ionic system has not been 
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introduced yet, and it is very difficult to apply the mechanism of signal amplification for 

electrical semiconductors to an ionic system because ions are relatively heavier than 

electrons, so that they have low mobility. For instance, a bipolar junction transistor can 

be activated when the diffusion length of the minority carrier in the emitter is large 

enough to cross the base region[5.11]. However, such amplification is rather difficult to be 

achieved in ionic systems due to their low mobility. Additionally, because recombination 

of carriers does not occur in ionic systems, it takes time to reach the depletion state of 

devices under reverse bias[5.12]. In this respect, it is important to take advantage of the 

unique characteristics of ionic systems for designing ion-based signal transfer devices. 

In this study, we report on ionic signal amplification as well as sensing through the 

open junction ionic diodes (OJIDs), which was presented in the previous chapter. By 

designing an open junction structure at microfluidic chip based-ionic diodes, ionic 

signals from the external environment can be directly transmitted to ionic devices. 

Furthermore, an amplification of ion signal was observed during an operation of an 

OJID. The mechanism of the ion-to-ion signal amplification was suggested and verified 

by revealing the generation of the breakdown ionic currents crossing over the diode 

during ion injections through experimental and computational studies. A method to 

enhance the amplification performance of OJIDs was suggested through the systematic 

parametric studies. 
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5.2. Experiments 
 

5.2.1. Materials 

 

For the fabrication of OJIDs, we used the same materials as covered in Section 4.2.1. 

In addition, Rhodamine B hydrazide (RBH), HEPES, acetonitrile, carboxyfluorescein 

(cFlu), copper sulfate, sodium hydroxide was used for the visualization of breakdown 

ion flux. 

 

 

5.2.2. Electrochemical characterization 

 

To characterize the response ionic signal after ion injection, an in situ measurement 

of the ionic current was conducted using an electrochemical analyzer (MP3, ZIVE) with 

a constant reverse bias on the ionic diodes. After the formation of a fully depleted state 

in the polyelectrolyte gel diodes, under a constant reverse current, ionic solution (0.1 M 

KCl, NaCl, LiCl) was injected into the open junction of the microfluidic chip through a 

microinjection needle connected to a picoliter microinjector (PLI-100A, Warner 

instruments). The microinjection needle was produced by pulling glass capillaries 

(GC100-10, Harvard Apparatus) with a dual-stage glass micropipette puller (PC-10, 

Narishige). To protect the tip of the microinjection needle during filling, which is 

vulnerable to high pressure, ionic solutions were back-filled by inserting a nonmetallic 

microsyringe (Microfil, World Precision Instruments) into the microinjection needles. 

The volume of injected ions was calibrated by controlling the injection pressure and time 

pulse of the picoliter microinjector. 
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5.2.3. Optical measurements  

 

The distribution of injected ions was visualized using charged fluorescent dyes. After 

injecting cationic and anionic fluorescent dye solutions through the open junction of 

devices (10 μM Rhodamine 6G and 10 μM fluorescein sodium salt, each), fluorescence 

images were observed. To investigate the additional ion flux caused by ion injection, 

Rhodamine B hydrazide (RBH) and carboxy-fluorescein (cFlu) dyes were utilized, 

which are selectively responsive to Cu2+ and OH-
,
 respectively. An RBH concentration 

of 50 μM was employed in the 0.1 M KCl reservoir on the pSPA side with 0.1 M HEPES 

buffer (pH 7.0, 80 %) and acetonitrile (20 %). Additionally, 50 μM cFlu was adopted in 

the KCl reservoir on the pDADMAC side. The concentrations of CuSO4 and NaOH 

were set to 0.1 M. The fluorescence was measured by a fluorescence microscope 

(TE200U, Nikon), and the devices were connected to a potentiostat (CompactStat, 

Ivium) for electrochemical analysis. 

 

 

5.2.4. Condition of computational simulation 

 

For the in-depth understanding of ion-to-ion amplification effect in OJIDs, 

computational simulations were performed by using COMSOL Multiphysics. To 

observe the generation of amplification ionic current during the temporary breakdown, 

the charged particle tracing model was used. The detailed information on the simulation 

conditions in this study is provided below. 
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1. Governing equation 

1) Newton’s second law of motion (To describe the movement of ions.). 

 

 

 

- : The mass of particle corrected by the theory of relativity. 

- : Velocity of the particle. 

- : Total force applied to the particle. 

 

2) Lorentz force (The force of charged particles under an electrical field.) 

 

 

 

- : Electric charge of the electron. 

- : Formal charge of the particle. 

- : Electrical field. 

 

3) Definition of bound charge density ( . 

 

 

 

- : Vacuum permittivity. 

- : Relative permittivity of specific material. 
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4) Definition of electric field ( ). (Combination of 3) and 4) leads to the    

Poisson’s equation in electrostatics.) 

  

 

 

- : Electrical potential. 

- Combination of Eq. [3-5] leads to the Poisson’s equation in 

electrostatics. 

 

5) Interaction between charged particles and electrical field by using Dirac-Delta 

function. 

 

 

 

- : Space charge density. 

- : Total number of particles. 

- : Charge multiplication factor. 

- : The position to calculate the charge. 

- : Electric charge of the particle. 

 

2. Boundary condition 

1) At glass wall: diffuse scattering condition 
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- : The particle velocity when striking the glass wall. 

-  : The velocity of particle in transverse and normal 

directions after striking the glass wall. 

 

2) At gel/reservoir interface: freeze condition . 

 

3. Parameters for simulation  

To compensate the number of charged particles in simulated models for the real 

systems, charge multiplication factor ( ) was introduced for each particle. In this 

work, we set the number of injected ions in experiments as 10 particles in 

simulation. As the amount of the injected KCl solution was fixed to 0.1 M for 113 

pL, each particle in models represents  

 

  

 

As well as the mobile ions, fixed charges in polyelectrolyte gels were designed 

by considering this factor. For the calculation of mass of particles, the hydration 

number of K+ and Cl- ions were assumed to 6. The relative permittivity in matrix 

was set to 80 considering the aqueous state of devices, which corresponds to the 

value of water at 20 °C[5.13]. 

 

 

 

 

 



 
Chapter 5: Ion-to-Ion Amplification through Open Junction Ionic Diode 

117 
 

5.3. Verification of ion-to-ion amplification mechanisms 
 

5.3.1. Suggested mechanisms for ion-to-ion amplification 

 

In the previous chapter, we suggested a method for direct sensing of ionic signals 

through OJIDs. By designing an ion-injectable hole at polyelectrolyte gel diodes, ionic 

signals from the external environment can be directly transmitted to active elements of 

ionic devices. Moreover, it was observed that the minute ionic signals injected into the 

open junction can be amplified to a large amount of ions, which give an fascinating point 

for ion based signal processing system. 

The proposed mechanism of the ion-to-ion amplification effect through the OJIDs is 

illustrated in Figure 5.1. When reverse bias voltages are applied to the OJIDs at the 

initial stage, counter mobile ions in the polyelectrolyte gels are depleted, and co-ions in 

the reservoir cannot be transported to the diodes because the repulsive force acts on the 

fixed ions in the polyelectrolyte gels and potential drops are mainly applied to the 

depletion region of the device rather than the gel/reservoir interfaces. Therefore, if the 

minute ionic solution is injected into the region adjacent to the p-n junction interface in 

the reverse-biased state, the ionic signal can be followed by the reverse current peak. In 

particular, as the depletion region in OJIDs is temporarily neutralized by injected ions 

through the open junction of the devices, the transport number of each polyelectrolyte 

gel can be lowered, and then, the co-ions at pile-up regions can transport into the gels, 

which results in an additional ionic current from the reservoir region. This phenomenon 

is similar to the breakdown current in electronics but replenishable in aqueous ionic 

systems. 
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Figure 5.1 (a) Schematic representation of an OJID. Through the ion-injectable hole 

structure formed on the polyelectrolyte gel region, ionic signals can be directly 

transmitted to the active element of devices. (b-d) Suggested signal amplification 

mechanism by ion injection. (b) In the reverse-biased state of an OJID, the depletion 

region is formed in the diode, and mobile ions in the reservoir are piled up at 

reservoir/gel interfaces by charge repulsion. (c) When an ion is injected through the open 

junction, local charge neutralization in the diode occurs, and in addition to the injected 

ions, (d) an additional breakdown current from the reservoir can be observed. 
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5.3.2. Visualization of breakdown ion flux 

 

To test our hypothesis that the breakdown ionic current occurs across the reservoir 

region due to local charge neutralization in the depletion region of OJIDs after ion 

injection through the microhole, selective fluorescent dyes[5.12] that emit fluorescence by 

reaction with a specific ion were utilized. The selective reaction of Rhodamine B 

hydrazide (RBH) with the Cu2+ ion was used to observe the crossing current due to the 

cationic flux from the reservoir on the pDADMAC side (Figure 5.2a). When the KCl 

solution including RBH was introduced into the pSPA side while CuSO4 was introduced 

into the pDADMAC side and a reverse-bias voltage was applied, fluorescence was 

rarely detected due to the charge repulsion between fixed charges in the polyelectrolyte 

gels and counter mobile ions in the reservoir region. Interestingly, after injecting a KCl 

solution through the microhole in the OJIDs, a red fluorescence signal was observed at 

the KCl+RBH reservoir/pSPA interface, as shown in Figure 5.2b; this finding implies 

that the Cu2+-based ionic flux crossed over to the polyelectrolyte gels during KCl 

injection. Likewise, the anion-based breakdown current from the pDADMAC side was 

also confirmed by the observation of OH- flux through the selective reaction of carboxy-

fluorescein (cFlu) on the pDADMAC side reservoir, which showed cyan fluorescence 

under a basic environment after the injection of a KCl solution (Figure 5.3). These 

results confirm that an additional amplification ionic current can occur during the 

temporary breakdown of the ionic diodes. 
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Figure 5.2 (a) Schematic depictions and (b) images of fluorescence induced by Cu2+ ion 

after ion injection. When Rhodamine B hydrazide (RBH) was incorporated into the 

reservoir on the pSPA side, red fluorescence emerged after KCl injection to the open 

junction, which was caused by the Cu2+ ion flux induced by the breakdown of the ionic 

diode. 
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Figure 5.3 (a) Schematic illustrations and (b) images of fluorescence induced by OH- 

ion flux after ion injection. As pH-sensitive carboxylfluorescein (cFlu) dye was 

introduced into the reservoir on the pDADMAC side, OH- based anionic flux was 

visualized through cyan fluorescence. 
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5.3.3. Numerical simulation 

 

In addition to the visualization of the ion flux using selective fluorescence dyes, we 

performed numerical simulation to investigate the generation of the breakdown ionic 

current crossing the diode using COMSOL Multiphysics. The physical models and their 

boundary conditions used for simulation are displayed in Figure 5.4a. A two-

dimensional (2D) model was adopted to save computational resources, and the 2D 

geometry of the polyelectrolyte gels in the simulation was designed to be identical to 

that of the real devices. In the steady state under the reverse bias, it was assumed that the 

fully depleted state of the OJIDs could be attained, in which the regions of the pSPA and 

pDADMAC gels were only composed of anionic and cationic fixed charges, 

respectively. Additionally, the charge pile-up region at the gel/reservoir interface was 

designed by introducing a Cl- accumulation layer on the pSPA side (detailed information 

regarding the numerical simulation is provided in Section 5.2.4.). 

Figure 5.4b shows the ion distributions in the gel diode during the ion-to-ion 

amplification. Considering the symmetric structure of the model, only the anionic (Cl- 

ions) flux crossing the pSPA region was calculated using the charged particle tracing 

model. Before ion injection, most of the Cl- ions in the reservoir held their positions 

because of the repulsion between Cl- ions and fixed charges in the pSPA gel. However, 

when the K+ ion particles (overall charge amount = 1.08 μC) were injected near the 

junction at t = 1 s, a small amount of injected K+ ions activated Cl- ions in the pile-up 

region, overcoming the repulsion between anionic fixed charges in the pSPA gel and 

passing to the pDADMAC gel region. 

Furthermore, the behavior of amplified ionic currents in OJIDs was also predicted by 

differentiating the change of the charge amount which was calculated by computational 



 
Chapter 5: Ion-to-Ion Amplification through Open Junction Ionic Diode 

123 
 

simulation (Figure 5.5a). In this work, the width of gel was set to 150 μm for saving 

computational resources by reducing transmittance times for ion-to-ion amplification. 

After ion injection (t= 0 s), the gradual onset and decay behavior was also shown in the 

change of calculated amplified currents (Figure. 5.5b). Moreover, it requires a few 

seconds for the co-ions at pile-up regions to dissipate completely, which is comparable 

to the time scale of the 150-μm-wide devices, which will be shown in the Section 5.5.1 
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Figure 5.4 (a) 2D model and boundary conditions for numerical simulation. (b) Before 

ion injection, Cl- ions were piled up at the reservoir/gel interface by charge repulsion. 

When ions were injected into the open junction at 1 s, charge neutralization in pSPA 

occurred locally, and the breakdown current (Cl- ion flux) could be observed on the 

reservoir side. 
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Figure 5.5 (a) Change of detected charge amount during ion-to-ion amplification 

calculated by using FEM simulation. Considering that the transportation of co-ions in 

OJID is based on temporary breakdown of diodes, it was fitted by a sigmoidal Weibull 

function (red line). (b) Expected ionic current behavior through the differentiation of 

fitted curve in (a). 
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5.4. Characterization of ion-to-ion amplification 
 

 

5.4.1. I-V sweep characteristics of OJIDs 

 

To analyze the rectification properties of the OJIDs under various conditions, the I-V 

sweep characteristics of the devices were measured using an electrochemical analyzer 

(MP3, ZIVE). Figure 5.6a exhibits the I-V sweep curves of OJIDs with varying 

reservoir ionic solutions in microfluidic channels. After a reverse voltage scan, the 

rectification of the ionic current was commonly observed, with hysteresis behavior, 

which was caused by the depletion of ions as previously reported[5.12]. When the cation 

in the reservoir was changed from KCl to NaCl and LiCl, the level of forward ionic 

current was slightly decreased due to differences in the conductivity of the cations in the 

polyelectrolyte gels. However, as the change of cation in the reservoir rarely affected the 

reverse current, the overall rectification property of the devices was well maintained. 

In addition to the variations observed with the change in the reservoir ionic solution, 

the rectifying behavior of various OJIDs was observed with respect to the width of the 

constituent polyelectrolyte gels in ionic diodes (Figure 5.6b). Although the hysteresis 

area of the I-V curves under a reverse bias also increased as the width of the gel increased 

for the formation of a fully depleted state, the reverse current of the diodes remained 

nearly unchanged, demonstrating the stable rectification behavior of the devices. 
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Figure 5.6 I-V sweep curves of various OJIDs with respect to (a) reservoir ionic solution 

and (b) width of constituent polyelectrolyte gels. The scan rate during the I-V sweep was 

set to 25 mV/s. 
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5.4.2. In-situ measurement of breakdown ionic currents 

 

Based on the verification of the ion-to-ion amplification mechanism in the OJIDs, 

various case studies were conducted to investigate the factors responsible for the 

modulation and improvement of the amplification effect in the devices. Figure 5.7a 

presents the changes in the responsive ionic peak current after ion injection as a function 

of the concentration of the KCl reservoir. An in situ measurement of the breakdown 

current during ion injection was conducted by varying the ionic concentration of the KCl 

reservoir from 1 mM to 0.1 M, where the amount of the injected ion solution was fixed 

to KCl 0.1 M for 113 pL (Q~ 2.16 μC). For quantitative analysis, the detected charge 

amount was measured through the integration of the reverse current peak in the i-t curve 

for 1 min from the onset of ion injection (Figure 5.7b). When a sufficient depletion state 

was formed in the OJIDs by applying a reverse bias of –1 V for 3 min, the ionic current 

was well rectified, indicating only a low leakage current. After ion injection, the ionic 

signal response was observed in the form of the reverse current peak, as predicted. The 

onset and decay of ionic current peaks occurs during approximately 20~30 seconds for 

a diode with a width of 450 μm, which is quite different from the basic kinetics of a 

single polyelectrolyte hydrogel, which shows the sharp response to the bias. This result 

indicates that an additional ionic current across the reservoir region can also be 

confirmed by an electrochemical signal.  
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Figure 5.7 Changes in responsive ionic current after ion injection. Amplified ionic 

current began to flow when an ionic signal was injected and lasted for 20-30 s. (a) When 

the ion concentration in the reservoir was increased from 1 mM to 0.1 M, a remarkable 

change in the breakdown current was measured, thus (b) increasing the charge amount 

detected from the current peak. 
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For a KCl reservoir concentration of 1 mM, the amount of charge detected from the 

response current peak was measured to be 1.93 μC, which was similar to the charge of 

the injected ions. As the concentration of the KCl reservoir solution was increased to 

0.01 M and 0.1 M, however, a considerable increase in the reverse peak current was 

observed. Moreover, the detected charge amount also increased to 3.75 μC and 10.81 

μC, respectively. These results suggest that the reservoir concentration is related to the 

concentration of co-ions in the pile-up regions, which also increases the potential drops 

at the gel/reservoir interface for the generation of a breakdown ionic current from the 

reservoir. In this respect, in order to control the ionic signal amplification effect, it is 

necessary to understand the distribution of co-ions at pile-up regions based on the 

fundamental physics of the polyelectrolyte gel-based diodes as well as optimize the ionic 

transport performance of constituent polyelectrolyte gels in the material design aspects. 

Additionally, the tendency between the reverse-bias voltage and the responsive ionic 

signal was also investigated, as shown in Figure 5.8a. When the reverse-bias voltage 

was varied from –0.5 V to –2 V and the concentration of the KCl reservoir was set to 

0.1 M, the level of the ionic current peak was increased and even sharpened; thus, an 

increase in the charge amount was observed. It can be inferred that the field increases 

between both sides of the reservoir, which accelerates the crossing current through the 

diodes during the temporary breakdown. Furthermore, we also found that there was no 

significant difference in the performance of the devices regardless of the position of the 

hole as long as it is located near the junction interface (Figure 5.9). 
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Figure 5.8 Changes of responsive ionic currents with respect to the bias conditions. (a) 

An additional increase in the breakdown currents was observed by varying the reverse-

bias voltage conditions; this increase is related to the increase in the field applied to the 

diodes during breakdown. (b) The variation of the detected charge amount well matched 

the simulation results. 
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Figure 5.9 Comparison of the ion-to-ion amplification performance with the hole 

position. The representative image of OJIDs where the hole is located on (a) pSPA and 

(b) pDADMAC gel side. (c) The change in the responsive breakdown ionic current and 

(d) detected charge amount upon ion injection with respect to the position of hole. 

Despite the change of hole position, the characteristics of responsive current peak were 

nearly unchanged. 
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5.4.3. Ion species effect on amplification performance

 

We inspected the change in the amplification current of the OJIDs by varying the 

cations in the constituent reservoir solution and injecting a corresponding solution. 

Figure 5.10 and 11 presents the signal characteristics map and calculated ionic charge 

amount with respect to the cation species in the reservoir and the variation in the injected 

ionic solution from KCl to NaCl and LiCl. Among the various types of cations 

constituting the reservoir ionic solution, the highest breakdown current peak was 

observed in the KCl reservoir-based diodes, and their amplification effect was 

progressively weakened in going from a NaCl to LiCl reservoir-based diode.  

The ion mobility of cations in the polyelectrolyte gels was concluded to have a great 

effect on the crossing of the diodes during the momentary neutralization of the diodes 

in the reverse-biased state. When cations are hydrated, water molecules are attracted to 

the charged ions, and the effective radius of alkali ions increases in the order of 

K+<Na+<Li+ (Table 5.1)[5.14], which leads to a decrease in mobility in polyelectrolyte 

gels. To confirm the difference in ion mobility with varying reservoir solution, ion 

conductivities were measured from the slope of the I-V sweep curve using the salt bridge 

model. The changes in ion conductivities in the pSPA and pDADMAC gels with 

different reservoir solutions are shown in Figure 5.12. In the case of the pSPA (p-type) 

gel, a decrease in ion conductivity was observed as the effective hydrated radius of the 

constituent cation increased. However, the ion conductivity in the pDADMAC (n-type) 

gel remained nearly unchanged with respect to the reservoir solution because the 

conduction of n-type gels is mainly caused by anions. However, we believe that the 

difference in ion mobility due to the difference in the effective hydrated radius of the 
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cations could also be effective in crossing the n-type gel region from the reservoir during 

the breakdown of the diodes. 

In addition to the change in the reservoir solution, the change in the responsive ionic 

peak current and the subsequent detected charge amount were confirmed by varying the 

species of injected ionic solutions. As the mobility of cations in injected ionic solutions 

decreased (Li+<Na+<K+), a reduction in the amplification effect of the devices was 

observed. Such changes could be caused by the difference in the drift length of the 

cations in the polyelectrolyte gels for local charge neutralization when injected, which 

can be related to the activation of the amplification mechanism in the diodes. 
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Figure 5.10 Breakdown current response map of various OJIDs considering the cations 

in the reservoir and injected ionic solutions. As the hydrated ionic radius increases (K+< 

Na+< Li+), the ion mobility in the polyelectrolyte gels decreases, which yields different 

signal responses with varying constituent ions. 
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Figure 5.11 Measured charge amount from responsive current peak of various OJIDs 

with respect to the cation species in the reservoir and injected ionic solutions.  
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Table 5.1 The radii of various ions in the bare and hydrated states[5.14].  

 

 

 

Figure 5.12 Changes in the ionic conductivity in the pSPA gel with respect to the cations 

in the reservoir solutions.  
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5.5. Enhancement of device performance 
 

5.5.1. Size effects for signal amplification 

 

Through the various case studies, it was verified that the amplification effect of the 

ion signal is systematically controllable by modulating the parameters related to the 

breakdown current in the diodes, such as the concentration of reservoir ionic solutions 

and the field applied between the reservoirs. Furthermore, additional improvement of 

the amplification effect can be expected with a decrease in the width of the constituent 

polyelectrolyte gels of the diodes. Figure 5.13a presents the responsive characteristics 

maps of various OJIDs with respect to the width of the polyelectrolyte gels in the diodes. 

The widths of both the pSPA and pDADMAC gels were modulated from 150 μm to 850 

μm, and the reverse bias voltages were varied from –0.5 V to –2 V. As observed in each 

reverse-bias voltage condition, the intensity of the breakdown current was remarkably 

increased as the width of the gel constituting the diode decreased, indicating a significant 

improvement of the ion-to-ion amplification effect. However, when the width of the 

constituent gel was increased to 850 μm, the amplification effect of the devices was 

diminished, and the detected charge amount was close to that of the injected KCl ionic 

solution. These results strongly suggest that the decrease in the width of the constituent 

gels in the OJIDs is a key factor for inducing breakdown current by decreasing the 

crossing distance as well as increasing the field applied between the polyelectrolyte gels.  

Along with the width of the diodes, an additional increase in the amplitude and 

sharpness of the response current peak was achieved as the reverse-bias voltage was 

increased to –2 V, which resulted in an improvement in the amplification ratio up to 18.9 

times the charge amount of the injected KCl ionic solution (Figure 5.13b). Further 
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enhancement of the amplification performance can be expected through advances in the 

fabrication process for scaling down of devices. 

 

 

5.5.2. Response time of OJID 

 

Additionally, it was observed that the transmittance times for the signal response were 

drastically reduced. Based on slow breakdown sequences, the OJID exhibits a long 

response time compared to the conventional electronic devices. For practical application 

of OJIDs to the biological signal sensing, it is required to shorten the response time of 

the devices. Therefore, we also analyzed the speed of OJIDs; the results are presented in 

Figure 5.14. The response time of OJIDs was quantified by the time that recovers the 

90% of initial currents ( ) after ion injection (Figure 5.14a). When the constituent 

gels and reverse-bias voltage of devices were set to 450 μm and –1 V, respectively,  

of the devices was measured to be approximately 30~40 s. However, as the width of the 

gel constituting the diode decreased to 150 μm,  of the devices was significantly 

decreased below 10 s (Figure 5.14b). 

 

 

5.5.3. Stability of OJID 

 

To confirm the stability of the amplification performance of the OJIDs, we measured 

the changes in the responsive currents in the devices for the five ion injections (Figure 

5.15). The width of the constituent gels, concentration of KCl reservoir solution and 

reverse-bias voltage of devices were set to 450 μm, 0.1 M and –1 V respectively. When 
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the minute KCl ionic solutions were injected with an interval of 1 minute, the responsive 

current peaks of OJIDs were nearly unchanged with the repeated ion injections, thus 

showing the stable amplification performances of the devices. 

  



 
Chapter 5: Ion-to-Ion Amplification through Open Junction Ionic Diode 

141 
 

 
Figure 5.13 (a) Change in the responsive breakdown ionic current and (b) calculated 

amplification ratio in charge scale upon ion injection with respect to the dimensions of 

the constituent gels (150 μm~ 850 μm) and reverse-bias voltage (–0.5 V~ –2 V). The 

reservoir solution and injected ionic solution were fixed to 0.1 M KCl. 
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Figure 5.14 (a) Changes in breakdown ionic current of the 450-μm-wide OJID for 

showing the response time of devices. (b) The calculated  of various OJIDs with 

respect to the dimensions of the constituent gels (150~850 μm) and reverse-bias voltage 

(–0.5 V~ –2 V). The concentrations of the reservoir solution and injected ionic solution 

were fixed to 0.1 M KCl, which corresponds to the Figure 5.13 in the manuscript. 
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Figure 5.15 (a) The change of the responsive amplified ionic currents and (b) detected 

charges from the ionic current peaks after 5 ion injection times. The intervals of ion 

injection were set to 1 min. The amplification performance of the OJID was stable for 

the repeated ion injections.  
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5.6. Summary 
 

In this study, we demonstrated unique sensing and amplification mechanisms based 

on the inherent features of ionic systems. Through the modified design of the 

microfluidic chip-based ionic diodes, direct communication between an ionic input 

signal and ionic devices was acheived. When an ionic solution is injected into the region 

adjacent to the interface of the p-n junction in the reverse-biased state, temporary 

breakdown in the diode can occur by the local charge neutralization in the depletion 

region at the polyelectrolyte gel junction, and an additional ionic current crossing over 

the diode from the reservoir can be generated in addition to the injected ionic signal. To 

verify the mechanisms of ion-to-ion signal amplification, the breakdown ionic flux was 

visualized using the ion-selective response of fluorescent dyes, which was also predicted 

by computational simulation. The signal amplification effect in open junction ionic 

diodes was successfully controlled by modulating the reservoir concentration, reverse-

bias voltage and ion species. Furthermore, a considerable increase in the breakdown 

current was observed by scaling down the polyelectrolyte gels, which resulted in an 

amplification factor of approximately 20 times in fully ion-transfer systems. We believe 

that our findings indicate future opportunities for fabricating signal processing devices 

for ionic systems as well as for achieving intimate communication with biological 

signals. 
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CHAPTER 6 
 
Conclusion 
 
 

6.1. Summary of results 
   

In this study, the strategies to solve the practical issues in wearable devices have been 

suggested for detecting various signals from human bodies in material design aspects. 

By utilizing gel-type conductors as an active component of biological signal sensing 

devices, which shows excellent mechanical compliance with soft human bodies as well 

as unique signal transport properties, the mechanical reliability and sensing performance 

of devices have been significantly improved. 

Firstly, a highly stretchable and reliable strain sensor was developed by incorporating 

poly(3,4-ethylene-dioxythiophene) poly(4-styrenesulphonate) (PEDOT:PSS) based 

electrically conductive gels to the EcoflexTM dielectric layer. Due to their inherent 

stretchability and strain-insensitive response behavior, the conductive gels have a great 
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advantage in application to the capacitive type stretchable strain sensor. The fabricated 

devices guarantees high stretchability until 400 %, also showing a great mechanical 

endurance under the cyclic tensile deformation. Furthermore, additional improvement 

of the gauge factor of devices was achieved by introducing mechanically programmable 

auxetic elastomer as an dielectric layer, then overcomes the inherent limitations in 

performance of capacitive type strain sensors. Since all components of devices consist 

of soft materials, our devices show an excellent mechanical compliance for the skin-

mountable applications, which can be further applied to real-time healthcare monitoring 

devices and human-machine interfaces controllers for soft robotics. 

Secondly, to overcome the issues related to the differences in signal carriers between 

human/machine interfaces, we fabricated the ionic signal processing devices by using 

polyelectrolyte hydrogels. Through the modified design of an ion-injectable structure in 

microfluidic chip-based ionic diodes, direct communication between an ionic input 

signal and ionic devices was facilitated without an external bias in the medium. 

Furthermore, we firstly report on the ionic signal amplification effect observed in a fully 

ionic device system. As an input ionic signal is injected into the depleted state of ionic 

diodes, an additional ionic current across the reservoir can be generated by temporary 

diode breakdown. The mechanism of amplification was clearly verified by visualizing 

breakdown ionic flux with fluorescent dyes and analyzed by electrochemical 

measurement Furthermore, a considerable increase in the breakdown current was 

observed by scaling down the polyelectrolyte gels, which resulted in an amplification 

factor of around 20 times in fully ion-transfer systems. These findings can indicate future 

opportunities for fabricating gel- based signal processing devices for ionic systems as 

well as achieving intimate communication with humans. 
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6.2. Future works and suggested research 
 

6.2.1. Improvement of electrical percolation network of conductive gels 

 

As the mechanical property of gels is similar to that of biological tissues, conductive 

gels have a great potential for the application to skin attachable and bio-implantable 

devices. However, in spite of their excellent mechanical compliance with bio-systems, 

conductive gels still suffer from poor electrical performance for the practical use because 

the electrical conductivity of conducting polymer is quite lower than that of metallic 

conductors. Therefore, it is essential to focus on the enhancement of the electrical 

percolation of conducting components in a gel matrix (Figure 6.1).  

In this respect, we suggest the introduction of Ag nanowire for the additional 

conducing component in gel matrix to improve the electrical percolation network of 

conductive gels (Figure 6.2a). The hybrid nanocomposites of (PEDOT:PSS)/Ag 

nanowire can be implemented by freeze drying the mixture of PEDOT:PSS solution and 

water based AgNW solution. From the microscopic analysis, the uniformly dispersed 

structure of AgNW mesh in PEDOT:PSS matrix was observed (Figure 6.2b). When 

they embedded in an acrylamide-based organogel, the electrical conductivity of hybrid-

gel can be enhanced as Ag nanowire forms additional percolation network in the 

PEDOT:PSS polymeric conducting paths (Figure 6.2c). Moreover, during the cyclic 

tensile deformation with 50 % of strain, the electrical conductive property of hybrid 

organogels was well maintained and even improved, which can be caused by the 

ordering of Ag nanowire during the repeated deformation (Figure 6.2d). It is expected 

that the fabricated gel conductors can be applied to the improvement of the mechano-

electrical reliability of active elements in various wearable devices. 
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Figure 6.1 Resistivity-elastic modulus map of various conducting materials [6.1-12]. 
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Figure 6.2 (a) Illustrations of expected percolation network in PEDOT:PSS-Ag 

nanowire/PAAm hybrid organogels. (b) SEM images of freeze dried PEDOT:PSS-Ag 

nanowire hybrid nanocomposites solute. The percolation network of Ag nanowire was 

well dispersed in PEDOT:PSS matrix. (c) Electrical conductivity of the hybrid 

organogels with varying contents of Ag nanowire. (d) Resistance changes of hybrid 

organogels during the repeated deformation. Continuous resistance decreases of hybrid 

gel were measured until 5000 cycles. 
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6.2.2. Integration of the ionic device with biological systems 

 

In this study, direct ionic signal detection of ionic signals was clearly demonstrated 

through the modified design of ionic devices in a microfluidic chip, which can be called 

an open junction ionic diode (OJID). By utilizing OJIDs, it is expected to acquire the 

biological ionic signals with a high efficiency. Figure 6.3 shows a suggested working 

principle of OJIDs for sensing neuronal signals from nerve cells. In the previous work, 

micro-patterning of hippocampal neurons on the microfluidic chips was achieved 

through the guided growth of axons[6.13], and it can be also utilized to OJIDs. At the initial 

stage, the OJIDs maintain OFF-state with the reverse bias. Upon neural stimulation, 

however, the K+ ions are transmitted to the devices through the depolarization of nerve 

cells and the change of ionic currents can be observed. By measuring the responsive 

ionic currents during the perturbation of cells, the minute ionic signals can be detected 

signals from neuronal cells with lessening signal transfer loss.  

Finally, we are dreaming of the ion-based signal processing systems that can 

communicate with biological area. Starting from sensing of neural signals, we would 

like to transfer the neural signals through artificial nerves, calculate and memorize with 

an artificial brain, and finally, actuate through an artificial muscles. With consideration 

of various design factors for bio-integration such as biocompatibility, biodegradability 

and mechanical compliance, the gel-based ionic devices can suggest a new paradiagm 

for intimate communication with biological systems. 
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Figure 6.3 (a) Images of guided hippocampus neurons on the glass chip[6.13]. (b) 

Propagation of an action potential in neurons mediated by transportation of cations (Na+, 

K+) across the cell membrane through the each ion channel. (c) Schematics for showing 

the suggested mechanisms of recording neuronal signals upon somatic stimulation by 

using an OJID. 
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