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Abstract 

Thanks to the high energy efficiency, neuromorphic devices are spotlighted recently by 

mimicking the calculation principle of the human brain through the parallel computation 

and the memory function. Various bio-inspired 'in-memory computing' (IMC) devices were 

developed during the past decades, such as synaptic transistors for artificial synapses. By 

integrating with specific sensors, neuromorphic sensing systems are achievable with the 

bio-inspired signal perception function. A signal perception process is possible by a 

combination of stimuli sensing, signal conversion/transmission, and signal processing. 

However, most neuromorphic sensing systems were demonstrated without signal 

conversion/transmission functions. Therefore, those cannot fully mimic the function 

provides by the sensory neuron in the biological system. 

This thesis aims to design a neuromorphic sensing system with a complete function as 

biological sensory neurons. To reach such a target, 3D printed sensors, electrical 

oscillators, and synaptic transistors were developed as functions of artificial receptors, 

artificial neurons, and artificial synapses, respectively. Moreover, since the 3D printing 

technology has demonstrated a facile process due to fast prototyping, the proposed 3D 

neuromorphic sensing system was designed as a 3D integrated structure and fabricated 

by 3D printing technologies. A novel multi-axis robot 3D printing system was also utilized 

to increase the fabrication efficiency with the capability of printing on vertical and tilted 

surfaces seamlessly. Furthermore, the developed 3D neuromorphic system was easily 

adapted to the application of tactile sensing. A portable neuromorphic system was 

integrated with a tactile sensing system for the intelligent tactile sensing application of the 

humanoid robot. Finally, the bio-inspired reflex arc for the unconscious response was also 

demonstrated by training the neuromorphic tactile sensing system. 

 

Keywords:  neuromorphic; 3D printing; electrochemical sensing; tactile sensing; 

synaptic transistor 
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Chapter 1.  
 
Introduction 

1.1. Background and motivation 

Human body makes decisions based on different environmental stimuli, such as 

temperature, pressure, light, sound, taste, smell, etc. This process refers to a complicated 

information processing procedure, including detection, signal conversion/ transmission, 

signal processing, and motion controlling. The detected information is transmitted to the 

brain and processed, followed by a decision made by the brain to control the human body, 

as shown in Figure 1.1. The whole process is accomplished by nerve systems, including 

the peripheral nervous system (PNS) and the central nervous system (CNS). Although 

complicated conditions refer to spatial and temporal information, the biological system 

responds with ultra-low energy and fast speed (1016 complex operations per second while 

only costs few watts).[1] The reason is due to the unique parallel processing and memory 

by the synapses distributed inside the brain. It is reported that there are around 1011 

neurons, each neuron with more than 1000 synapses in the brain.[2,3] As shown in Figure 

1.2, synapses are typically used to connect different neurons, including the neurons inside 

of PNS and CNS.[4] Therefore, researchers are trying to replicate such a high efficient 

function through neuromorphic systems. Few steps have been experienced during the 

past decades.  
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Figure 1.1. The pathway of stimulus-response in biological systems. Reprinted 
with permission[5]  

 

Figure 1.2. Neurons are connected by synapses. Reprinted with permission[4] 

Firstly, researchers tried to mimic the parallel calculation by novel algorithms as 

simulation neuromorphic systems.[6] For example, machine learning (ML) technology has 

already been widely studied and utilized by developing various neuro-networks during the 

past decades. Although software/neural network development has already achieved 

enormous progress, it still faces the limitation of relatively enormous energy consumption. 
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The reason is that the processors carrying out these algorithms are still based on the 

conventional von Neumann paradigm, where operation and memory are separated 

physically. This separation results in significant energy consumption for data exchanging 

between these two units. For example, for a 32-bit DRAM with 45 nm complementary 

metal-oxide-semiconductor (CMOS) technology, 0.9pJ energy is used for an add 

operation while 640 pJ for memory accessing due to traditional von Neumann architecture 

and digital framework.[7] It has also been found that continuously accessing data takes 

the majority part of the whole energy consumption. Furthermore, the physical separation 

also restraints the increment of calculation speed due to extra time speeding on data 

switching. 

Then, to increase energy efficiency and calculation speed, various novel 

technologies have been innovated and optimized to reduce the size of the single CMOS 

device. As a result, energy consumption and data exchange speed have significantly 

improved during the past decades, which nearly satisfies Moore's law.[8] However, the 

situation became more difficult because the transistor channel's size almost reached the 

physical limit with cutting-edge technologies, increasing the current leak risk.[9] Therefore, 

CMOS-based bio-inspired neuromorphic systems have been designed to carry out parallel 

calculations, such as graphics processing unit (GPU), central processing unit, and tensor 

processing unit (TPU).[10] Since all these state-of-the-art hardware are still based on 

CMOS transistors, they still face the drawbacks of conventional von Neumann 

architecture. 

Finally, bio-inspired neuromorphic systems with novel architecture that realize bio-

inspired 'in-memory computing' (IMC) devices are urgent to emerge, such as artificial 

synapses.[9,10] The IMC is accomplished by the non-volatile effect of artificial synapses 

for parallel calculation and memory/learning. Therefore, artificial synapses constructed 

neuromorphic systems execute computation and memory in the same area.[11] Thus, 

several advantages are accomplished due to the IMCS. Firstly, neuromorphic systems 

have high energy efficiency since the individual energy consumption for artificial synapses 

has already reduced to the level of femtojoule, which is identical to that of a real 

synapse.[12] Secondly, artificial synapse-formed neuromorphic systems significantly 

reduce the number of components for replicating biological functions. For instance, one 

memristor-based artificial synapse-formed nociceptor accomplished six CMOS-based 

formed nociceptors.[4] Thirdly, the parallel paradigm save the energy and time for data 
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transmission between these two units in conventional von Neumann architecture.[10] 

Finally, additional energy is saved by unnecessary signal conversations between analog 

and digital information due to neuromorphic systems' intrinsically analogical computing 

feature.[9,10] Neuromorphic systems were also utilized to detect environmental stimuli by 

integrating with a sensory function as neuromorphic sensing systems. Bio-inspired 

artificial sensory neurons were utilized to detect pressure and light by integrating tactile 

sensors and light sensors, respectively.[13–15]  

Therefore, the motivation of this study is to understand the mechanism of 

neuromorphic sensing systems and to construct a novel neuromorphic sensing system 

that is adapted to different sensing functions. For this objective, the key components for a 

neuromorphic sensing system were studied through experiments, including artificial 

receptors, artificial neurons, and artificial synapses for signal detection, transmission, and 

processing, respectively. Furthermore, another motivation is to realize the unconscious 

response function by the neuromorphic sensing system.  

Regarding fabrication of neuromorphic devices, the most advanced 

nanomanufacturing technology can easily create neuromorphic devices, such as 

lithography,[12]  sputtering,[16] spin coating,[17] RF magnetron sputtering,[4] electron 

beam evaporation,[18] photolithography,[19] to name a few. However, these mentioned 

technologies usually involve ultra-high precise instruments. Furthermore, the planar 

structure is a common characteristic of the neuromorphic devices fabricated by those high 

technics, hinting at the diversity of designs. Thus, thanks to the fast and facile fabrication, 

3D printing technology has been applied in many research and industry fields. Therefore, 

various 3D printing approaches are carried out in this study. Moreover, a novel 3D printing 

system is also constructed to expand the application of 3D printing technology. 

1.2. Objective and Scope of Thesis 

The overall objective of this thesis is to study and demonstrate a bio-inspired 

neuromorphic sensing system by facile 3D printing methods. A complete perception 

function as biological sensory neurons needs to be realized by the demonstrated system, 

including sensing, signal transmission, and signal processing. To accomplish this, an 

essential understanding of signal processing procedures in neuromorphic sensing 

systems is required. Therefore, the first objective is to study and demonstrate artificial 
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receptors for capturing environmental stimuli, especially electro-chemical sensing for ion 

concentration detection. The second objective is to design and fabricate a neuromorphic 

sensing system as a sensory neuron containing the signal conversion/transmission and 

processing functions. The mechanism of signal conversion/transmission and processing 

also needs to be confirmed by experiments. The third objective is to optimize the 3D 

printing method, especially the paste-based conductive direct ink writing (DIW). The final 

objective is to adapt the demonstrated neuromorphic sensing system to tactile sensing. 

A 3D printed humanoid robot hand integrated with the neuromorphic sensing system 

demonstrates an unconscious response.  

The scope of this study is to demonstrate a 3D printed neuromorphic sensing 

system with entire biological functions that is utilized for controlling humanoid hands in the 

artificially intelligent robot field.  

1. The 3D printed ISEs are prepared as artificial receptors and integrated with field 

effect transistors (TFTs) as hybrid ion-selective field effect transistors (ISFETs). 

Solutions with a series of different ion concentrations are prepared to study the 

sensitivity and selectivity of ISFETs. 

2. For signal transmission, Inductor-capacitor (LC) oscillators are designed and studied 

as artificial neurons to obtain spike signals for biological learning and memory 

functions. LC oscillators are tuned by the simulated method to figure out the values 

for individual components. Electrical simulation is carried out for the design of electric 

components with desired values. The structure of LC oscillators is also compared to 

obtain an optimal design.  

3. The 3D printed inorganic zinc tin oxide (ZTO)-based synaptic transistors are utilized 

as artificial synapses. The fabricated synaptic transistors are characterized to 

explain the mechanism of the non-volatile effect.   

4. Electrochemical sensors, oscillators, and synaptic transistors are integrated to form 

a neuromorphic electrochemical sensing system. Signals transmitted inside of each 

component are studied to confirm the integration of the neuromorphic 

electrochemical sensing system. The performance of the neuromorphic 

electrochemical sensing system is studied and explored to detect ion concentrations 

in artificial soil.  
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5. A multi-axis robot arm integrated with a conventional DIW printer is explored to 

increase fabrication efficiency with in-situ laser sintering system. 

6. The portable neuromorphic system is proposed to help the replacement and 

integration with humanoid hands. An origami tactile sensor is designed and 3D 

printed. The origami tactile sensor is integrated with the neuromorphic system to 

provide a touching sensing function for the humanoid hand.  

7. With the neuromorphic tactile sensing system, the humanoid hand is trained to 

show the bio-inspired unconscious response as the bio-reflex arc. However, the 

precise control of the gripping force through training is not the scope of this study. 

 

1.3. Thesis Organization 

This thesis is organized as a series of six chapters, including four chapters of 

research works, plus one introduction chapter and one conclusion chapter. Chapter 3 and 

Chapter 4 are written based on the published papers, while chapter 5 is based on a 

submitted manuscript. Chapters 3, 4, and 5 begin with a summary of the study objectives 

and an explanation of the method involved. Chapters are organized as below: 

Chapter 1 is dedicated to the background and motivation of this thesis, 

introduction of neuromorphic systems, and discussion of the necessary for 3D printed 

neuromorphic systems. The objective and scope of this thesis are also clarified.  

Chapter 2 provides a comprehensive literature review on two major aspects of this 

thesis: (i) neuromorphic sensing systems, (ii) 3D printing approach. A survey of (i) two-

terminals artificial synapse, (ii) three-terminal artificial synapse, and (iii) application of 

neuromorphic system is discussed. A review of the 3D printing method classified based 

on materials is conducted, including (i) filament-based fused filament fabrication (FFF), (ii) 

resin-based digital projection lithography (DLP) / stereolithography (SLA), (iii) paste-based 

direct ink writing (DIW), and (iv) powder-based selective laser sintering (SLS). 

Chapter 3 is titled ‘3D Printed Electrochemical Sensor’, equivalent to the published 

journal paper, C. Bao, M. Kaur, and W. S. Kim. Toward a highly selective artificial saliva 

sensor using printed hybrid field effect transistors. Sensors and Actuators B: Chemical 
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285 (2019)186-192, with minor modifications. This chapter presents 3D printed ion-

selective electrodes (ISEs) for electrochemical detection. Two shapes of electrodes on 

field effect transistors (FETs) are designed to figure out an optimized structure. Then, the 

ISEs and FETs are integrated as hybrid ion-selective field effect transistors (ISFETs). 

Experiments are designed to investigate the sensitivity and selectivity of ISFETs. This 

chapter demonstrates the potential application of the ISFETs as an artificial tongue to 

detect concentration in artificial saliva. 

Chapter 4 is titled ‘3D Neuromorphic Electrochemical Sensing System’, equivalent 

to the published journal paper, C. Bao, S. K. Seol, and W. S. Kim. A 3D integrated 

neuromorphic chemical sensing system. Sensors and Actuators B: Chemical 332 (2021) 

129527, with minor modifications. This chapter discusses the process of realizing a 3D-

shaped neuromorphic electrochemical sensing system, which contains the full signal 

perception process as sensory neurons, including signal detection, transmission, and 

processing. Therefore, different functional components, including electrochemical sensor, 

3D oscillator, and synaptic transistor, are designed in this chapter to achieve the bio-

mimicked functions. Certification of signal perception process by the neuromorphic 

sensing systems is carried out through characterization step by step. Experiments are 

designed in this chapter to achieve the non-volatile performance for synaptic transistors. 

This chapter discusses the learning and memory of the neuromorphic electrochemical 

sensing system and the application of detecting low ion concentrations in artificial soil. 

Chapter 5, titled as ‘3D Structural Neuromorphic Tactile Sensing System’, 

discussed a neuromorphic system for tactile sensing. This work is written into a manuscript, 

C. Bao, T. -H. Kim, A. H-Kalhori, and W. S. Kim. 3D Integrated Neuromorphic Humanoid 

Hand by Multi-axis Robot 3D Printing, with minor modifications. The chapter presents a 

novel multi-axis robotic 3D printing approach with a laser assistant to fabricate 3D 

structural components. The neuromorphic system is designed as a portable device and 

integrated with a tactile sensor as a neuromorphic tactile sensing system. Chapter 5 also 

presents the unconscious performance of a 3D printed humanoid hand with the 

neuromorphic tactile sensing system after training, based on the learning and memory 

functions. 
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Finally, Chapter 6 concludes the thesis by identifying this research work's 

achievements, contributions, and novelties. Furthermore, this chapter provides possible 

improvements and future work that can be explored further.  
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Chapter 2.  
 
Literature Review 

2.1. Neuromorphic Sensing System 

2.1.1. Two-Terminals Artificial Synapse 

The first scheme of 'in-memory computing' was proposed in the 1960s.[20] In this 

paradigm, computing and memory are accomplished in the same unit, which solves the 

energy and speed issue caused by the separation of computing and memory in traditional 

von Neumann architecture. Therefore, devices with such memory functions are desired to 

appear.  

Although cutting-edge von Neumann architecture is a mature technology, 

neuromorphic systems with non-volatile memory and logic are the next generation of 

processors due to their high energy and space efficiency.[21] Memristor-formed artificial 

neurons and synapses are a promised candidate for constructing neuromorphic 

systems.[21] Memristors were firstly proposed by Leon Chua in 1971.[22] It has a 

sandwich structure that two electrodes surrounded an active layer in the middle. Since the 

resistive state of the active layer is preserved even after retrieving the bias on the top and 

bottom electrodes, memristors still exhibit non-volatile behaviors.[23] The non-volatile 

feature for memristors reflects on two reversible states: resistive and conductive.[21] In 

addition, the conductance of devices is maintained without voltage and modulated. Thanks 

to the non-volatile feature, memristors manifest high space efficiency, low power, and 

analog computing.[24] In addition, memristors are easily scaled up as crossbars by 

cutting-edge silicon fabrication technologies. Therefore, memristors formed crossbars 

have already been widely demonstrated in neuromorphic systems as neuromorphic 

multicore processors,[25] neuromorphic computing (pattern recognition),[26] and face 

classification.[27,28]  

Diverse mechanisms for non-volatile effect have already been established to earn 

those functions, including phase-change, ferroelectric devices, valence change memory, 

electrochemical metallization cells, conductive filament formation, conductive filament 

formation, redox reaction, ferroelectric tunnel junction, to name a few.[10,24,29] 
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Phase Change 

 Phase changeable materials have two reversible states, high resistive amorphous 

state and high conductive crystalline state that was discovered in the 1950s.[30] As 

illustrated in Figure 2.1, these two states are controlled by applying different current pulses 

that produce Joule heat to induce phase switching. Unlike conventional devices that only 

have on and off states, phase change-induced memory was modulated continuously.[30] 

Moreover, by utilizing the non-volatile effect, phase change materials were widely applied 

as two-terminal memristors and neuromorphic computing.[31–33] Another application 

based on phase change is for memory.[30] A phase change material-based commercial 

non-volatile memory was also launched in 2018.  

  

Figure 2.1. Mechanism of switching states by phase change material. Reprinted 
with permission[30] 

Conductive Filament 

For a sandwich structure device, non-volatile memory has also been obtained by 

forming conductive filament inside of the middle layer.[29] Metal oxides (such as SiOx: 

Ag[34]) are typically carried out as the intermedia layer, while active metal as two 

electrodes.[35] Due to the flexibility and low switching energy, organic material (such as 

chitosan) [36] and polymer materials (PMMA,[37,38] carboxymethyl κ-car,[39]) are deeply 

studied for two-terminal artificial synapses.[21,29] When a bias is applied to the 

electrodes, the active metal on the anode will be oxidated, followed by diffusing into the 
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intermedial material under the electric force, as shown in Figure 2.2.[40] The conductive 

filament is formed when the oxidated metal ions reach the cathode and being reducted. 

Then, the device switches from a high-resistance (HRS) state to a low-resistance state 

(LRS). However, due to the limitation of the Ag+ number, the formed filament is not strong 

enough to maintain after retrieving the applied bias that works as a volatile device. To 

achieve a non-volatile memory effect, Ag was doped inside carboxymethyl κ-car that a 

thicker filament was formed as compared in Figure 2.2. Based on the non-volatile 

performance, conductive firmament-based devices were also implemented as the next 

generation of memory and artificial nociceptors.[33,34,39] 

 

Figure 2.2. Mechanism of conductive filament formation-based resistance 
switching. (a) Undoped carboxymethyl κ-car. (b) Ag-doped 
carboxymethyl κ-car. Reprinted with permission[40] 



12 

Ferroelectric tunnel junction  

The conductance of two-terminal artificial synapses is achieved by controlling the 

resistance of ferroelectric tunnel junctions (FTJs). FTJs are constructed by ferroelectric 

materials that are with asymmetric structures. Thus, by applying an electric field, the 

ferroelectric materials will be polarized.[21,41] The direction of polarization is rotated to 

change the conductance state of the tunnel. Figure 2.3 depicts a typical ferroelectric tunnel 

junction where a thin film of ferroelectric material plays the prole of a barrier between two 

electrodes.[42] Under an electric field, the ferroelectric material will be polarized to reduce 

potential profile changing at the barrier/electrodes interface, resulting in resistance 

changing. Moreover, the resistance was modulated continuously.[43]  

 

Figure 2.3. Schematics of ferroelectric tunnel junctions. Reprinted with 
permission[42]  

2.1.2. Three-Terminals Artificial Synapse 

Although two-terminal memristors have proved the non-volatile effect as neurons 

and synapses, memristors still face the shortage of high write noise, nonlinear switching 

property, and light energy consumption.[44] Therefore, another artificial synapse form 

emerges as synaptic transistors with an additional gate electrode. Compared with two-

terminal memristors, these three-terminals (3T) devices offer the advantages of 
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simultaneously writing and reading at different terminals without conflict.[6] Therefore, 3T 

artificial synaptic transistors deal with spatiotemporal information efficiently as neurons. 

Moreover, linear switching conductance is another feature that synaptic transistors was 

achieved through an electrochemical-based organic synaptic transistor.[44]  

 Due to the urgent desire of this new structure artificial synapse, multiple 

mechanisms have been proved during the past decades based on the interaction with the 

semiconductive layer, including charge trapping, ferroelectricity, ion migration, and 

electrochemical reactions.[41]  

Charge trapping  

Conductance modulation by charging trapping is realized by injected charge into 

the semiconductor layer. When a voltage is applied to the gate of synaptic transistors, 

charged carriers (hole or electron) are forced to inject or tract into the semiconductor layer, 

resulting in the threshold voltage variation. The changed state is maintained until an 

opposite voltage applies to the gate as the non-volatile effect.[45] As depicted in Figure 

2.4, holes are injected into the C60-PMMA channel under a positive bias while electrons 

are trapped in the channel with a negative voltage. As a result, the threshold voltage is 

shifted as the conductance modulation. Furthermore, an additional self-formed floating-

gate (SFG) is also performed as a trapping layer for charge carriers.[46]  

 

Figure 2.4. Mechanism of charge-trapping synaptic transistors. (a) Steady-state. 
(b) Hole trapping state. (c) Electron trapping state. Reprinted with 
permission[45] 

Electrochemical reactions:  

For electrochemical organic transistors (OECT), ions of the electrolyte gate are 

dopped inside the ion-gel-based semiconductor layer.[3] After introducing additional ions 
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into the semiconductor layer, the conductance of the transistor is changed. Moreover, 

since this doping is irreversible that OECT is a promising candidate for non-volatile 

devices.[47] As depicted in Figure 2.5, anions in ion gel were electrochemically injected 

into poly(3-hexylthiophene) (P3HT) when a negative bias was applied on the gate, 

resulting in a hysteresis that was maintained for five weeks. By switching the direction of 

applied voltage, potentiation and depression are also controlled.[3]  

 

Figure 2.5. Mechanism of electrochemical reaction synaptic transistors. 
Reprinted with permission[47] 

Ion migration: 

A similar mechanism to modulate the source-drain conductance is based on ion 

migration by controlling the bias on the electrolyte gate. Although both electrochemical 

reaction and ion migration involve ions inside the electrolyte gate materials, the movable 

ions do not dope inside the semiconductive layer for the ion migration mechanism. 

Instead, ions only accumulate on the electrolyte and channel layer interface, resulting in 

an electrical double layer (EDL). The capacitive coupling by EDL will influence the 

channel's conductance, resulting in modulating the channel conductance and realizing 

synaptic functions. Since there is no electrochemical doping involved in the ion 

accumulation, the modified state only lasts for a short time.[48] Figure 2.6 depicts a liquid-

gated EDL IGZO-transistor. A mixer of ethyl alcohol with potassium chloride (KCl) works 

as the gate electrolyte. Under a gate bias, self-ionized hydronium (H3O+) ions or hydroxide 
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(OH−) ions are facilitated by KCl to the interface to form an EDL. As a result, the 

performance of paired-pulse facilitation (PPF) was monitored as short-term synaptic 

plasticity.[49] 

   

 

Figure 2.6. Schematics of ion migration synaptic transistors. Reprinted with 
permission[49] 

Ferroelectricity: 

For ferroelectric transistors, the conductance was also modulated by controlling 

the dipole alignment of the gate material.[50] As illustrated in Figure 2.7, ferroelectric layer 

zirconium-doped hafnium oxide (HfZrOx) fabricated between the semiconductive layer 

indium gallium zinc oxide (IGZO) and the gate electrode titanium nitride (TiN), resulting in 

a metal-ferroelectric-metal capacitor (MFM). Depending on the bias applying on the gate 

electrode, it induces an electron accumulation or depletion at the interface between 

HfZrOx and IGZO, which will influence the conductance of ferroelectric transistors. The 

capacitance of formed MFM reduces when there is a negative bias on the gate while 

increasing under positive bias.[51] Moreover, this modulation was maintained when the 

bias voltage was retrieved. 
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Figure 2.7. Mechanism of ferroelectricity synaptic transistors. Reprinted with 
permission[51] 

 

2.1.3. Application of Neuromorphic System 

Neuromorphic Systems with Sensory Functions 

Pressure Sensing 

The touching sensation in biological systems was emulated by a tactile-perception 

system. This biomimetic is constructed by integrating a pressure sensor with an organic 

synaptic transistor, as shown in Figure 2.8 (a).[13] The inputted pulse touching induced 

signal was applied on the gate, which influenced the conductivity of synaptic transistors. 

As a result, the detected signal was processed by the artificial synapse in the form of a 

synaptic current. Moreover, a complete signal perception procedure was also replicated 

by a sensory neuron, as shown in Figure 2.8 (b).[14] A biological sensory neuron is 

constructed by a receptor, axon, and synapse with the functions of stimulus sensing, 

signal transmitting, and signal processing, respectively. Thus, to entirely mimic the whole 

procedure, researchers demonstrated a neuromorphic tactile processing system 

(NeuTap) with a tactile sensor, ionic cable, and synaptic transistor.  
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Figure 2.8. Application for tactile sensation. (a) Organic transistor-based tactile 
perception system. Reprinted with permission[13] (b) artificial 
sensory neuron. Reprinted with permission[14]  

Light Sensing 

In the biological system, calcium ions (Ca2+) play an essential role, such as signal 

transmission between synapses.[52] Moreover, light illumination also controls the flux of 

Ca2+.[53] Therefore, various studies have been carried out to mimic this process. For 

example, the resistance of CH3NH3PbI3 (MAPbI3) was switched under an electric field by 

forming iodine vacancies. Moreover, the formation process was modulated under light 

illumination. Thus, MAPbI3-memristors-based neural networks were utilized to detect light 

(500 nm and 635 nm) intensity as nociceptors, as shown in Figure 2.9.[15]  

 

Figure 2.9. Memristors-based optogenetics-inspired neural networks for light 
density detection. Reprinted with permission[15] 
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Neuromorphic Systems with Motor Effector 

As biological neuromorphic systems, despite sensing, neuromorphic systems also 

control artificial effectors.[6] Several neuromorphic systems were utilized to actuate 

artificial effectors. 

Tactile Sensorimotor Synapse 

Figure 2.10 illustrates an artificial afferent nerve with a pressure sensor was 

connected with a cockroach leg as bio reflex arc.[54] The artificial afferent was constructed 

by a resistive-based pressure sensor, a ring oscillator, and a synaptic transistor which 

converted and transmitted the pressure information. Eventually, the output current was 

amplified as a voltage that was utilized to control the movement of a cockroach leg. 

 

Figure 2.10. Artificial afferent nerve controls the motion of a cockroach leg. 
Reprinted with permission[54] 

Optoelectronics Sensorimotor Synapse 

The vision-based response to the environment has also been studied. For example, 

light cognition and muscle manipulation were united through an optoelectronic 

sensorimotor system.[55] As depicted in Figure 2.11, a polymer-based artificial muscle 

was actuated by the optical stimulation through an artificial synapse. Thus, human-

inspired light cognition and light-driven actuation were successfully emulated, which 

enlarged the possibility for bio-inspired controlling for prosthetics and robotics. 
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Figure 2.11. Bio-inspired light-controlled muscle manipulation by an 
optoelectronic sensorimotor neuromorphic system. Reprinted with 
permission[55] 

Nociceptors Sensorimotor Synapse 

The human sense of pain was mimicked by a memtransistor-based neuromorphic 

nociceptor, as shown in Figure 2.12.[4] The sign detected by a pain detector was 

transmitted through an afferent pathway to the artificial spinal cord or the artificial brain, 

where an efferent stimulus was produced to control the artificial muscle. Moreover, this 

control strategy was successfully implemented to control the motion of robotics.  
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Figure 2.12. Memtransistor formed neuromorphic systems as nociceptors. 
Reprinted with permission[4] 

2.2. 3D Printing Technologies 

3D printing, so called additive manufacturing, origins from the rapid prototyping 

method for three-dimensional components in the 1980s.[56] It is developed for the 

fabrication of prototypes and complex structures cost-efficiently. In addition, current 3D 

printing technologies provide another feature of design-free. With the development of 

design software, fabrication, and controlling technic, various 3D printing approaches have 

already been innovated.[56] Regarding the state of materials, 3D printing technologies are 

classified as filament-based based fused filament fabrication (FFF), resin-based 

stereolithography (SLA), paste-based direct ink writing (DIW), and powder-based 

selective laser sintering (SLS). 

2.2.1. Filament-based Fused Filament Fabrication (FFF) 

Fused deposition modeling is carried by heating filament when it passes through 

the printer head. Then, the melted filament coming out from the nozzle is deposited on the 

substrate or already printed structure layer by layer. By controlling the pattern of each 

layer through the nozzle's motion, a three-dimensional part is achieved layer by layer. This 

method is typically carried out for the fabrication of mechanical parts. Meanwhile, polymer-
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based filaments are the most common material used by FFF due to the low melt 

temperature for low energy source requirements. In addition, PLA-based functional 

materials, such as conductive PLA filaments, magnetic PLA filaments, even wood PLA 

firmaments, are also available in the market. Furthermore, metal components were 

obtained by FFF, which requires high-energy power sources, such as plasma, and 

electron/laser beam.[57]  

2.2.2. Resin-based Stereolithography (SLA) 

 3D Systems, Inc. firstly demonstrated the resin-based stereolithography (SLA) 

technology in 1986.[58] Same as FFF, the model is virtually sliced to different layers by 

computer-aided software.[58] Then, the slice document will control the scanning beam 

shape for each layer and project to the liquid resin, as depicted in Figure 2.13. The material 

for SLA usually refers to a photocurable resin that is crosslinked under an ultraviolet (UV) 

laser. After complete one layer, the platform lowers a distance as the virtual layer thickness. 

It is possible to be lifted up if the position of the scanner beam comes from the bottom. 

After printing, the prefabricated sample needs to be washed with solvent, followed by a 

further UV curing treatment to confirm the solid-state of the printed samples. Since the 

resolution of fabricated parts is dependent on the resolution of projected UV lights, the 

cutting projecting technologies advanced the resolution up to the micrometer range.[58] 

With the projection micro stereolithography technique, an ultra-light and -stiff 

microarchitecture with nano feature was demonstrated.[59]  

 

Figure 2.13. Schematics of stereolithography device. Reprinted with 
permission[58] 
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2.2.3. Powder-based Selective Laser Sintering (SLS) 

Two powder-based additive manufacturing systems, powder feed system and 

powder feed system, have been applied as metal forming, as shown in Figure 2.14.[57] A 

high-energy beam (electron or laser) is necessary for metal fabrication by melting the 

powder and forming 3D structure components point by point.  

The process of printing by SLS is similar to FFF that the designed 3D components 

are firstly sliced into different layers under the defined layer thickness and filled with 

chosen patterns for each layer. Then, a laser is scanning on the bed surface for powder 

bed systems, following the route of the filling pattern on each layer. After complete one 

layer, the powder bed goes down, and a fresh powder layer will be laminated by a powder 

supply system. The system will continuously print layer by layer until a 3D component is 

achieved. A power supply system is more similar to FFF since the only variation is 

alternating filaments with powder.  

 

Figure 2.14. Two types of powder-based SLS systems. (a) Powder bed systems, 
and (b) Powder feed systems. Reprinted with permission[57] 

2.2.4. Paste-based Direct Ink Writing (DIW)  

Unlike filament, resin, and powder-based 3D printing methods for 3D structural 

components, the paste-based direct ink writing (DIW) method is typically applied to 

fabricate planar patterns on surfaces with functional materials. For DIW, pastes are stored 

in a contained and extruded through a nozzle under the force of compressed air or screw 

with a set speed, as shown in Figure 2.15.[60,61] 3D structural electronics and sensors 
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were also printed layer-by-layer.[60] Moreover, with laser or UV light assistant, 3D 

structural objects were sintered after printed.[62,63] 

 

Figure 2.15. Paste-based direct ink writing (DIW). (a) Extrusion force from 
compressed air. Reprinted with permission[60] (b) Force from screw 
extrusion. Reprinted with permission[61] 
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Chapter 3.  
 
3D Printed Electrochemical Sensor 

This chapter discusses a 3D printed electrochemical sensor for detecting 

environmental signals as a bio-sensory afferent. A Poly (vinyl chloride) (PVC) based-ion 

selective electrode sensor (ISEs) was fabricated by the DIW method for ion concentration 

monitoring. The performance of the fabricated ISEs was optimized by increasing the 

stability of reference electrodes. Inorganic transistors were also fabricated by the 3D 

printed method. Two types of electrodes design were studied by comparing their electrical 

performance. Then, a 3D printed ISEs was connected to the backside of a 3D printed 

inorganic transistor as hybrid ion-selective field effect transistors (ISFETs). As a result, the 

ions produced potential was working as the gate bias of the transistor. Thus, the ion 

concentration-related potential was used to influence the conductance of the inorganic 

transistors. The sensitivity and selectivity of the hybrid ISFET were also studied through 

an interference experiment. After approving the selectivity, the 3D printed hybrid ISFET 

was finally utilized to detect the ammonium ion concentration in artificial saliva. 

The chapter includes sections derived from the journal paper: C. Bao, M. Kaur, 

and W. S. Kim. Toward a highly selective artificial saliva sensor using printed hybrid 

field effect transistors. Sensors and Actuators B: Chemical 285 (2019)186-192. Note: 

Used with permission from Elsevier. 

3.1. Abstract 

Ion-selective field effect transistors (ISFETs) have been widely used in biological 

and environmental sensing applications. However, the rigid feature of common ISFETs 

blocked the real-time monitoring applications. Here, we report a feasible 3D printing 

method to fabricate flexible ISFETs by hybridizing printed organic ion-selective electrodes 

and inorganic transistors. The fabricated ISFETs demonstrated high sensitivity, ranged 

about 100 mV/decade, towards ions such as ammonium (NH4
+), potassium (K+), and 

calcium (Ca2+). Furthermore, the fabricated hybrid ISFETs showed their distinct selectivity 

from the mixture of various interference ions as artificial saliva. This capability provides an 
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integrated platform for a comprehensive ion analysis by closely monitoring interrelated 

saliva parameters as wearable healthcare solutions manufactured by 3D printing methods. 

3.2. Introduction 

Ion-selective field-effect transistors (ISFETs) are integrated devices consisted of 

ion-selective membrane electrodes and field-effect transistors. ISFETs have been 

developed for decades demonstrated high sensitivity.[64,65] ISFETs are reported to 

detect the pH value,[66–68] followed by the measurement of other ions.[69] Recently, 

major applications are focused on biomedical,[70–76] and environmental monitoring 

fields.[77] Based on the type of ion-selective membranes, ISFETs are categorized into 

polymer-membrane ISFET, glass-membrane ISFET,[78,79] nanotube-membrane 

ISFET,[80,81] and enzyme-membrane ISFET.[82,83] Among these, lots of applications 

have been developed with polymer-membrane ISFETs, because of their substrate 

adaptability and feasible formability. Poly (vinyl chloride) (PVC) is the most widely used 

among other polymer membranes.[84,85]  

Despite the wide usage of PVC membranes, the direct contact of membrane on 

the FET’s gate causes significant issues, such as the degradation of polymeric 

semiconducting layers or polymeric gate insulators by drop-casted membrane 

solutions.[84] One effective way to overcome this problem is using a hybridizing method, 

by connecting the ion-selective membrane electrode directly with an extended gate. 

Compared with conventional ISFETs, the hybrid ISFETs have the advantage of high 

stability and selectivity by overcoming the disadvantage of chemical or biological instability 

for the monitoring of the environment.[68,86–92] A double-gate method has also been 

introduced to improve the pH detecting sensitivity,[93] while back-gate type ISFETs are 

usually utilized for the nanowire type ISFETs.[94–96] 

Recently, the demand for real-time health monitoring requires the appearance of 

wearable devices. There has been a lot of attention among several research groups on 

the possibility of using flexible ISFETs.[65,97–99] Flexible ISFET-based biosensors have 

been fabricated on polyethylene naphthalate (PEN) substrate for pH detection.[100] In 

order to control FETs’ pattern dimensions precisely, lithography processes have been 

introduced to fabricate FETs with channel length in the scale of micrometers using 

vacuum-based sophisticated instruments.[73,101] Also, the printing method, such as 
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screen printing, has been utilized to fabricate ion-selective electrodes.[72,102–104] 

However, lithography methods need sophisticated equipment, and the screen printing 

lacks local registration of multi-layers. These drawbacks are solved wisely with the 3D 

printing method because it offers a flexible manufacturing process available for hybrid 

integration of smart 3D designs with cost-efficient equipment. The 3D printing method, 

especially direct writing, we utilized here, is a deposition method used for any kinds of 

surface properties with precise position arrangement. This technique utilizes solid paste 

compared to conventional inkjet printing, which relies much on the substrate’s surface 

properties. Different 3D printing processes, such as the aerosol jet printing method 

introduced to fabricate flexible pH sensors,[105] and an e-tongue application for soil 

analysis[106] were also reported recently.[107–110]  

The reliable tracking of important ions such as K+, NH4
+, and Ca2+ is one of the key 

indicators for the human body’s metabolism monitoring.[80,111,112] Real-time health 

monitoring is available by detecting these ions’ changes in blood, urine, sweat, or saliva, 

et al. Among them, saliva has the advantage of being conveniently extracted by a non-

invasive way. ‘Passive drool’ has been widely used to detect objects.[113] Artificial saliva 

is usually prepared for the detection of salivary uric acid,[113] and heavy metal ions such 

as Hg, Cu, and Zn for tracing dental metal erosion.[114] The selectivity of K+ and Na+ ions 

by the nanotube-based sensor has also studied using synthetic saliva.[115]  

In this thesis, we firstly report a feasible 3D printing method to fabricate flexible 

ISFETs via a direct connection between the oxide FETs and ISEs to form hybrid ISFETs. 

3D printed FETs and ISEs are separately verified for confirmation. Then, the sensitivity 

and selectivity of the hybrid ISFETs were further investigated. Finally, the possibility of the 

hybrid ISFETs for NH4
+ detection in artificial saliva from the mixture of interference ions 

was demonstrated. This expands the application of the 3D printed hybrid ISFETs in the 

field of non-invasive real-time health monitoring as one of the next-generation electronic 

tongues. 
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3.3. Fabrication and Characterization 

3.3.1. Fabrication 

Printed Field Effect Transistor (FET) Fabrication 

In order to secure semiconductor material’s chemical stability, zinc tin oxide (ZTO) 

was fabricated on a silicon wafer.[116] The ZTO solution was prepared by mixing 20 grams 

of 2-methoxyethanol, 0.3 mol of zinc acetate dehydrate, 0.3 mol of tin (II) chloride, and 0.3 

mol of acetylacetone following by magnetic stirring for 12 h at room temperature. Then, 

the ZTO semiconductor layer was fabricated by spin-coating of the ZTO solution on UV 

ozone treated, single-side polished silicon wafer <100>, followed by 30 min-150 ℃ pre-

baking and 60 min-500 ℃ hard baking. Finally, source and drain FET electrodes were 3D 

printed on the semiconductor coated silicon wafer by a direct writing printer (V-One, 

Voltera, Canada) with a slow feed rate of 100 mm/s, followed by curing at 150 ℃ for 10 

min. Interdigitated electrodes were 2.5 mm in width, and the serpentine-shaped electrodes 

had 2mm in radius. 

Ion-Selective Electrode Fabrication 

Working and reference electrodes were 1mm in width and printed on polyimide 

(PI) substrate by the same 3D printer with the same curing parameters for FET. The silver 

paste was formulated with 0.4 g of polyurethane, 0.2 g of custom prepared silver 

nanoparticles,[117] and 2g of silver flake (Inframat Advanced Materials, US), mixed with 

1 ml of N, N-dimethylformamide (DMF), and 4 ml of tetrahydrofuran (THF). The detecting 

area on the working electrode was 6 mm in diameter, fully covered by an ion-selective 

membrane to avoid shorting loop between the working and reference electrode. 

ISFET Fabrication 

The integration of ISEs and FETs was carried out by scratching the backside of 

printed FETs with a diamond glass knife, followed by connecting to the working electrode 

of the printed ISEs directly before baking. 

Ion-Selective Membrane Fabrication 

After integrating hybrid ISFETs, 60 µl ISE solution was drop-casted on the 

detecting area of working electrodes followed by a 24 h evaporation in a fume hood. The 
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basics material for polymeric membrane was PVC-THF solution made by dissolving Poly 

(vinyl chloride) (PVC) into Tetrahydrofuran (THF). For ammonium ion membrane, 

additional 1 mg sodium tetrakis [3,5-bis (trifluoromethyl) phenyl]borate salt (NaTFPB), and 

80.6 mg bis(2-ethylhexyl) sebacate with 2.4 mg nonactin as ionophore were added into 

PVC-THF solution while calcium membrane used 1.43 mg N,N-dicyclohexyl-N0,N0-

dioctad ecyl-3-oxa- pentanediamide (ETH-5234, selectophore purity grade) as ionophore 

with 92 µL plasticizer 2-nitrophenyl octyl ether (2-NPOE). For potassium ion membrane, 

1 mg potassium tetrakis (4-chlorophenyl) borate (KTpClPB) with ionophore 4 mg 

valinomycin, and 129.4 mg plasticizer dioctyl sebacate (DOS) were dissolved in PVC-THF 

solution.[84,118] All membranes were conditioned in 1 M corresponding solution before 

use.  

Silver Chloride Coating 

The silver chloride layer on the reference electrode was coated by placing a droplet 

of Clorox ® bleach (8.25%) on the end of the reference electrode for 10 min, followed by 

DI water washing to avoid the residual solution interference for later testing.[119] 

Preparation of Artificial Saliva 

Basic artificial saliva for ammonium interference study was made by mixing sodium 

chloride (13.2 mg), potassium chloride (96.4 mg), calcium chloride (17.2 mg), potassium 

phosphate monobasic (65.0 mg), urea (20.4 mg), and lactic acid (17.4 mg) together in 

100ml DI water.[120] Then, different concentration of ammonium ion solution was 

prepared with the basic artificial solution. 

3.3.2. Characterization 

The electrical performance of FETs and ISFETs was carried out on semiconductor 

probe station 4200-SCS (Keithley, USA). Each concentration solution was transferred 

from the vial to the sensor area by micropipette, followed 1 min data recording. The open 

circuit potential of ISEs was collected by potentiostat CHI1205B (CH Instruments, Inc., 

USA) with a 0.1s sample interval for 1min. The images of printed FET electrode were 

performed by microscope NJF-120A with 4X objective lens (HINOTEK, China) and 

captured by software ScopeImage 9.0.   
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3.4. Results and Discussion 

Interdigitated electrodes (IDEs) have been widely used in biosensor and chemical 

sensing due to their simplicity, high contact area, and multi-physical reactions.[121–123] 

Serpentine-shaped source and drain electrodes are alternative choices for securing 

uniform channel in FETs.[116] Both channel types have been fabricated by the direct-

writing-based 3D printing method demonstrated in Figure 3.1a and Figure 3.1b. It is clearly 

indicated that a uniform channel was obtained easily with a serpentine-shaped structure 

compared with IDE design because the serpentine-shaped design reduces pauses and 

anti-stringing during the writing process that leads to a larger and irregular channel width 

at the end of each line, as shown in Figure 3.1a and Figure 3.1b. Although the channel 

length is changed by design, the variation of printed channel length in IDE is much larger 

than that of serpentine structure, as shown in Figure A1. Moreover, the change of channel 

length was investigated before and after baking of silver paste. Variation with 9 µm was 

observed because of volume shrinkage during thermal baking, as shown in Figure A2. As 

a result, this shrinkage is reverse-engineered for obtaining an aimed channel length during 

the design stage.  

The electrical performance between those two-channel designs is also compared 

in Figure 3.1c ~ d. Although both FETs have similar electrical performance, the 

reproductivity of FET fabrication with a uniform channel guarantees a stable performance 

with a serpentine shape structure. Therefore, serpentine-shaped source and drain 

electrodes for FETs were selected to demonstrate 3D printed ISFETs. 
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Figure 3.1. Preparation of two different hybrid FET designs. (a) and (b) Top view 
of printed FETs with IDE and serpentine-shaped channel (Inert images 
are the schematic of IDE and serpentine shapes, respectively). (c) and 
(d), and (e) and (f) Output and transfer curves of printed IDE and 
serpentine structure, respectively. 

After the verification of the printed FETs, printed ISEs were also characterized 

before being combined with printed FETs. Three types of PVC membrane were fabricated 

for NH4
+, K+, and Ca2+ ions after being saturated in the corresponding 1 M solution. As 

shown in Figure 3.2a, the NH4
+ membrane showed a linear response in the range of 10-6 
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~ 1 M that was matching with the Nernst equation. Similar trends are observed for K+ and 

Ca2+ ion membranes with a detection range of 10-6 ~ 1 M and 10-4 ~ 1 M, respectively, as 

shown in Figure 3.2b and Figure 3.2c. 

In order to make the reference electrode (RE) to be stable enough to improve the 

stability of ISEs for repeated usage, a silver chloride (AgCl) layer was coated on the RE. 

The performance comparison of different ISEs is shown with and without AgCl in Figure 

3.2d. It is clear that the AgCl improved the linear relation between open circuit potential 

and ion concentration significantly. And this enhanced the detecting stability of the 

fabricated ISE. Moreover, the change of potential during the detection range with AgCl 

coating was much larger than that without the AgCl layer.[119] For NH4
+ ISE, the variation 

of potential increased from 0.28 V to 0.40 V after AgCl coating. Especially, the average of 

each level of NH4
+ concentration grew from 70 mV to 100 mV, enhanced with 43 %.  

Therefore, the apparent RE performance improvement with AgCl coating enhanced the 

selectivity of ion-selective membranes. The improvement for K+ was 47 % from 73 mV to 

107 mV, and that of Ca2+ membrane was 10 % from 60mV to 66mV, respectively. Based 

on this improved result, AgCl was applied for the fabrication of hybrid ISFET, as shown in 

Figure 3.3a. 
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Figure 3.2. Open circuit potential characterization (O. C. P.). (a), (b) and (c), 
results of O. C. P for NH4

+, K+ and Ca2+ ion-selective membrane 
respectively. (d) Improved results of sensing stability for three ion-
selective membranes with AgCl coated RE (the inset shows the actual 
membrane-coated electrodes). 

Figure 3.3b and Figure 3.3c show the design and actual images of fabricated 

hybrid ISFET arrays with ion-membrane coated gates. The performance of ISFETs was 

measured by a three-probes semiconductor characterizing system. The stability of printed 

hybrid ISFET was evaluated by recording the output voltage drift over a long period before 
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being carried out for ion concentration detection, as Figure 3.3d shown. It’s only 10 

seconds before the drain voltage reaching to a relatively stable value which could be kept 

for 600s. 

The hybrid ISFETs are designed as shown in the schematic, Figure 3.3a. It 

illustrates how the separately printed ISEs and FETs are integrated together into a single 

device. When a positive voltage is applied to the gate, negative electrons in the 

semiconductor are pulled to the bottom of the gate. After enough electrons get 

accumulated, the channel between the source and drain opens, causing a current to flow 

inside the channel, with applied gate voltage to drain. Additional voltage is produced on 

the gate when an ion-selective membrane is integrated with FET through the extended 

gate. Therefore, the sum of the applied voltage and the voltage produced by ion-selective 

membrane influences the electrical performance of FET, namely the conductivity of the 

semiconductor channel. As a result, the current between drain and source will vary with 

ion concentration since the potential produced by ion-selective membrane changes when 

the ion concentration fluctuates. Based on this mechanism of ISFET, the drain voltage 

was recorded after applying a constant gate voltage (Vg = 1 V) and drain current (Id = 100 

x 10-12 A) by semiconductor probe station, as shown in Figure 3.3e. Ion concentration was 

increased from 10-5 M to 1 M before down to 10-5 M again with a decade step.  

From Figure 3.3e, it is found that the drain voltage varies with the concentration of 

NH4
+ ions. It is assumed that the potential change induced by ion concentration variation 

is compensated by the fluctuation in drain voltage to maintain a constant drain current. 

The linear relation between drain voltage and concentration is shown in the calibration 

curve, as Figure 3.3f showing, which is similar to Figure 3.2d. The sensitivity slope for 

NH4
+ - ISFET is 98mV/decade while it was 100 mV/decade for NH4

+ - ISE. These similar 

results between ISFETs and ISEs confirmed the aforementioned ISFET mechanism that 

the applied gate voltage plus the potential produced by ISEs influence the performance of 

transistors. Regarding K+ -ISFET and Ca2+ -ISFET as shown in Figure 3.3g and Figure 

3.3h, the sensitivity slope is 104 mV/decade and 42 mV/decade, respectively. This result 

is similar to the slope of their corresponding ISEs, 107 mV/decade and 66 mV/decade, 

respectively. The short circuit of the PVC membrane was excluded by extra experiments, 

as shown in Figure A3. 
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Figure 3.3. Characterization of ISFET arrays. (a) Schematic of ISFET. (b) 
Schematic of ISFET array design. (c) Top view of the fabricated ISFET 
array. (d) Drain voltage drift vs. time. (e) Drain voltage drift depending 
on NH4

+ ion concentration. (f), (g) and (h) Change of the drain voltage 
for NH4

+, K+, and Ca2+ sensors depending on ion concentrations 
respectively with a constant drain current and applied gate voltage. 

The interference study was performed to confirm the selectivity of the fabricated 

ISFET arrays. The separated method determines the selectivity for different ISFETs. The 

selectivity of NH4
+-ISFET was conducted by detecting pure primary NH4

+ ion solution 

followed by pure interfering ions, including K+ and Ca2+ solution. The electromotive force 

(EMF) between the working and reference electrodes in ISEs is defined by the Nikolsky 

equation, as shown in Equation 3.1[124]: 

𝐸 = E0  + 𝑆 log 𝛼                                                                                  (Eq. 3.1) 

For interfering ions, the Nikolsky equation is modified as Equation 3.2: 
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𝐸 = E0  + 𝑆 log(𝐾𝛼)                                                                     (Eq. 3.2) 

where 𝐾  is the selectivity coefficient, and 𝑆 is the sensitivity slop of calibration 

curve for ISEs, as shown in Equation 3.3:  

𝑆 = 2.3026
𝑅𝑇

𝑍𝐹
                                                                            (Eq. 3.3) 

where 𝑅, 𝑇, 𝑍, 𝐹 are gas constant, absolute temperature, charges numbers, and 

Faraday constant, respectively. Based on Equation 3.2, the absolute EMF value of ISEs 

for the primary ion is larger than that produced by interference ions due to the main transfer 

function of the membrane for the primary ion. From Equation 3.3, the sensitivity slope of 

the primary ion is the same as that for interference ions with the same charge while it is 

half with doubled charges. Regarding the results in Figure 3.4a for ISFETs, the sensitivity 

slope for the primary NH4
+ is 95.77 mV/decade, which is nearly the same as that for the 

K+ ion solution, which is 101.08 mV/decade. While it is twice that for Ca2+ solution as 63.95 

mV/decade, due to the double charges of Ca2+ ion. Moreover, the absolute value for the 

primary NH4
+ ion at each concentration is also higher than that for the interference K+ and 

Ca2+ ions. The same method is used for K+ -ISFET and Ca2+ -ISFET, as shown in Figure 

3.4b and 3.4c. The primary sensitivity slope for K+ -ISFET was 114.32 mV/decade with 

interference ion slopes of 91.88 mV/decade for NH4
+, and 53.52 mV/decade for Ca2+. For 

Ca2+ -ISFET, the primary sensitivity slope was 58.58 mV/decade, while the interference 

slope for NH4
+ was 72.22 mV/decade and for K+ was 71.88 mV/decade. This demonstrated 

that the EMF theory governing ISEs matches well with the fabricated ISFET arrays.  

Moreover, the average minimum voltage differences at each concentration between the 

primary and interference ions were 40 mV, 118 mV, and 75 mV for NH4
+, K+, and Ca2+ 

membrane, respectively obtained by a separated interference study method. The voltage 

difference was benefited to distinguish the signal produced by primary ions when 

interference ions were existing. 

Nevertheless, the actual solution in field usually contains multiple interference ions. 

Therefore, a fixed interference method was introduced to mimic real online ion 

concentration change monitoring. Since artificial saliva was widely used in the quantitative 

study,[120,125–128] an artificial saliva solution with a mixture of several ions (including 

K+, NH4
+, and Ca2+ ions together) and distinct NH4

+ ion was designed and prepared to 

verify whether the fabricated hybrid ISFETs selectively detect the distinct ion from 
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interference ions using NH4
+ -ISFET under a constant interference ion concentration 

shown as Figure 3.4d. The calibration curve for Vd-Log for NH4
+ concentration was 

obtained, as shown in Figure 3.4e. A clear linear relationship between the drain voltage 

and NH4
+ concentration was observed in the range of 10-4 ~ 1 M for NH4

+ -ISFET. It 

demonstrated distinct selectivity of the fabricated ISFETs even with interference of 

multiple ions. 

 

Figure 3.4. Interference study of ISFETs with different ion-selective membranes. 
(a), (b) and (c) Selectivity of NH4

+, K+, and Ca2+ type ISFET respectively 
(solid black square, solid red circle, and solid blue triangle represent 
NH4

+, K+, and Ca2+ ions, respectively). (d) Schematic of the application 
for selective ion detection in artificial saliva. (e) Drain current change 
depending on NH4

+ concentration in artificial saliva. 

3.5. Conclusion 

In this chapter, we report the ion-selective sensors fabricated with 3D printed 

hybrid transistors. The proposed serpentine-shaped channel design demonstrated the 

improved reproductivity of uniform channels. The fabricated ISFETs showed reliability with 

a negligible variation of slope value for potential vs. ion concentration curves as ISEs. In 

order to confirm the selectivity of ISFETs, an interference study was performed. Moreover, 
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the high selectivity of ISFETs with a mixture of interference ion concentration in artificial 

saliva was demonstrated. This expands the possibility of wearable ISFETs for real-time 

monitoring in bio-medical applications. 
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Chapter 4.  
 
3D Neuromorphic Sensory System-Electrochemical 
Sensing 

This chapter presents a 3D neuromorphic system with bio-inspired signal 

perception. Electrochemical detection was selected as a demonstration here. The 3D 

neuromorphic sensing system was constructed by an electrochemical sensor, a 3D 

oscillator, and a synaptic transistor to replicate the whole signal processing procedure in 

the biological system, including sensing, signal transmission, and signal processing. 

The 3D oscillator was utilized for signal transmission, which was designed based 

on simulation results and fabricated by different 3D printed methods. The individual 

components of the 3D oscillator were parametrically studied by comparing the simulated 

and experimental results. The inorganic synaptic transistor was fabricated by the DIW 

approach. The mechanism of the synaptic transistor was explored by realizing the 

nonvolatile effect. Then, a 3D neuromorphic electrochemical sensing system was 

integrated gradually through certificating the fabricated electrochemical sensor, 3D 

oscillator, and synaptic transistor step by step. The learning and memory of the 3D 

neuromorphic system was also discussed and finally utilized to detect low ion 

concentration in artificial soil.  

The chapter includes sections derived from the journal paper: C. Bao, S. K. Seol, 

and W. S. Kim. A 3D integrated neuromorphic chemical sensing system. Sensors 

and Actuators B: Chemical 332 (2021) 129527. Note: Used with permission from 

Elsevier. 

4.1. Abstract 

Neuromorphic systems are essential for next-generation neuro-robotics and 

neuro-prosthetics with biological signal processing and memory functions. In this work, we 

propose a 3D integrated neuromorphic system for chemical sensing with 3D printed 

components, including a sensor, an electrical oscillator, and a synaptic transistor, which 

mimic sensory receptors, neurons, and synapses in biological systems, respectively. The 

3D neuromorphic system was fabricated by 3D printing of multiple materials, resulting in 
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significant improvements in the volumetric efficiency of the system. Through this system, 

different ion concentrations are detected, self-activated, and transmitted. Finally, the 

electrochemical neuromorphic sensing function is demonstrated by the integrated 3D 

neuromorphic system with artificial sensory receptors, artificial neurons, and artificial 

synapses for application in the detection of low concentrations of soil nutrients in smart 

farms. 

4.2. Introduction 

Current wearable systems with flexible electronics have attracted significant 

attention for real-time monitoring applications in the past decades.[129–131] The 

demonstrated systems are usually composed of two-dimensional or planar components. 

To adapt to uneven surfaces, individual components of 2D electronics and connecting 

traces usually require adaptability and flexibility, which is a challenge for the 

implementation of advanced wearable systems.[132,133] Therefore, emerging systems 

with 3D integrated electronics have been considered owing to fewer requirements for 

flexibility in their individual components and conductive traces.[134,135] Likewise, 3D 

structural designs ease the interconnection of planar flexible circuits. As the next 

generation of humanoid robots or prosthetics requires mimicking multiple sensing abilities, 

3D neuromorphic systems with such functions are demonstrated as artificial sensory 

systems. The 3D integration of sensor, processor, and actuator parts by in situ embedding 

was realized without considering the deformation of devices and achieved with high 

volumetric efficiency.[135] Thus, integrated 3D neuromorphic systems have a great 

potential to be applied as neuro-robotics and neuro-prosthetics to emulate the functions 

of human body organs. 

3D printing is a promising fabrication method to implement 3D integrated 

neuromorphic systems because of its adaptive customization and specific tailoring 

capability. This method has been significantly innovated in the electronics field, particularly 

for 3D shaped components, including 3D sensors[60] and passive and active 3D electronic 

components.[136,137] Furthermore, 3D integrated circuits composed of commercial 

electronics have also been provided by this fabrication method.[134,135] For instance, by 

pre-fabricating channels or embedding conductive traces, an integrated circuit is realized 

on a 3D cube with improved volumetric efficiency by NASA’s Johnson Space 

Center.[134,135,138,139] However, although 3D shaped structural electronics have been 
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studied by the 3D printing method, a fully additive manufactured 3D integrated circuit has 

not been achieved yet, including 3D artificial neuromorphic systems.  

The emergence of bio-inspired neuromorphic systems is primarily attributed to the 

development of the Internet of things and powerful computational capabilities, such as 

deep learning. However, current von Neumann-based processors face the limitation of 

low speed and high energy consumption because data are separately stored and 

processed in sequence.[140,141] Furthermore, Moore’s law also restricts the minimization 

of transistors on chips to satisfy the energy and area efficiency. Thus, bio-inspired 

neuromorphic algorithms and systems have been developed based on intrinsic features 

of parallel and analog processing and memory, mainly the learning function.[24]  

To obtain the bio-inspired memory and learning function, artificial synapses have 

been invented to surmount the restraints of the von Neumann bottleneck and Moor’s 

law.[13,41] In addition, biological functions have been achieved by regulating the 

conductivity of artificial synapses.[41] By scaling up artificial synapse technologies, 

neuromorphic systems framed with multi-artificial synapses have been successfully 

implemented for pattern perception by 2T memristor arrays[142] and 3T synaptic transistor 

arrays.[18,143] A more complicated memristive neuromorphic circuit has been utilized to 

navigate a Braitenberg vehicle.[144] 

Furthermore, to emulate the sensing capabilities of the human body, spiking 

neuromorphic systems integrated with sensory receptors provide bio-inspired sensing 

functions to emulate visual[145,146] and tactile perception sensing.[147] For instance, a 

neuromorphic system with a photodetector and an artificial synapse transistor has been 

demonstrated to activate the movement of an artificial muscle under light pulses as 

biological spikes.[55] However, the reported neuromorphic systems is self-activated 

without artificial spikes because sensory signals from receptors are usually in electrical 

direct current (DC) format. In contrast, in spike-based biological systems, sensory 

information is converted into spikes, which enable the information processing and learning 

function in synapses. Therefore, an auxiliary spike generator that converts detected DC 

signals to pulse-type alternating current (AC) signals should be integrated between the 

sensory receptor and the synapse to form a self-activating bio-inspired neuromorphic 

system. Thus, few studies have been performed on such neuromorphic systems that 

completely emulate biological functions, including sensing, signal conversion, and signal 
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transmission. For instance, a biomimetic somatosensory system established with a tactile 

receptor, a neuron, and an artificial synapse has been utilized to identify target movement 

and braille letters.[54] Owing to the low energy consumption and high response speed, 

neuromorphic systems with full bio-inspired functions are implemented to emulate 

biological organs, such as skin, nose, tongue, ear, and eyes, which respond to 

environmental stimuli, providing the basic human senses of touch, smell, taste, audit, and 

vision, respectively. Specifically, the emulation of the physical nose and tongue by 

neuromorphic chemical systems is applied to monitor external chemical information in the 

environment, such as pH value or heavy ion concentration in water or soil, which is crucial 

for food safety and the agricultural industry.[148] However, very few self-activating 

neuromorphic chemical systems have been reported to date.  

In this work, a 3D integrated neuromorphic chemical system is proposed, as 

depicted in Figure 4.1. Three crucial components, including an ion-selective electrode 

(ISE), an electrical oscillator, and a synaptic transistor, were built together as a system for 

an artificial receptor, an artificial neuron, and an artificial synapse for sensing, signal 

conversion/transmission, and signal processing, respectively. The artificial receptor is 

activated by environmental stimuli, followed by converting the detected signal to an 

oscillated signal through the artificial neuron and then transmitted to a potentiated signal 

by the artificial synapse. Finally, through such three steps, the biological sensing function, 

including signal conversion and transmission between neurons, is fully emulated by the 

demonstrated neuromorphic chemical system. The proposed 3D neuromorphic system 

was built as an integrated 3D structural electronics by the 3D printing method in an 

embedded set-up, allowing ease of design flexibility and customized functions. In the 

demonstration, a low concentration of potassium ions from soil was monitored by the 

training method of the proposed 3D neuromorphic system. 
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Figure 4.1. Schematics of the 3D integrated neuromorphic system for chemical 
sensing. The neuromorphic systems contain an ion-selective 
electrode, electrical oscillator, and synaptic transistor for mimicking 
biological receptors, neurons, and synapses, respectively. 

4.3. Fabrication and Characterization 

4.3.1. Fabrication 

3D Printable materials  

The printable magnetic material for the inductor core was prepared by mixing 2 g 

urethane triacrylate (oligomer), 0.5 methacrylic acid (monomer), 0.08 g 2,2’- azobis (2-

methylpropionitrile) (AIBN) (radical initiator), and 0.08 g Luperox® A75 Benzoyl peroxide 

(thermal initiator) from Sigma-Aldrich as a matrix material  by a SpeedMixer (DAC 150.1 

FVZ-K, FlackTek, Inc.). In sequence, it was mixed with magnetic Mn-ferrite powder with a 

diameter of 1-10 µm (Powdertech International Corp.). The silver paste was prepared by 

mixing 40 wt% silver flakes (Inframat® Advanced Materials LLC, USA) with the mentioned 

matrix material. The electrolyte on the synaptic transistor gate was prepared by mixing 

0.16 g of Poly (ethylene oxide) (PEO) and 0.02 g of LiClO4 in 1.8 mL acetonitrile. The ISE 
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membrane solution was prepared by dissolving 65.6 mg Poly (vinyl chloride) (PVC), 129.4 

mg dioctyl sebacate (DOS), 4 mg valinomycin, and 1 mg potassium tetrakis (4-

chlorophenyl) borate (KTpClPB) (KTpC1PB) into 2 ml Tetrahydrofuran (THF). Two types 

of K+ analytes were prepared. For the system evaluation, KCl was dissolved in DI water 

to obtain a series of solutions with different concentrations, while commercial fertilizer with 

a nitrogen/phosphorous/potassium (NPK) ratio of 6-20-20 was prepared for neuromorphic 

system applications. 

3D Integrated device 

3D shaped substrates were printed by an Ultimaker-3 Extended (Ultimaker, 

Netherlands) with transparent nylon. Then, 3D inductors, capacitors, and resistors were 

prepared through a nozzle with 300 µm in diameter, embedded, and printed on the surface 

of a 3D nylon cuboid using a 3D DIW system (SHOT mini 100Sx and ML-808GX, Musashi 

Engineering, Inc.) to form electrical oscillators. After printing on nylon substrates, the 

printed inductors, capacitors, and resistors were built together. The curing temperature 

was 120 °C for the conductive traces and 150 °C for magnetic cores and resistors. ISE 

electrodes and synaptic transistors were also fabricated by 3D DIW systems (V-One 

printer, Voltera, Canada) and SHOT mini 100Sx and ML-808GX (Musashi Engineering, 

Inc.), respectively. After curing, 60 μl K+-ISE solution was used to cover the WE of ISE by 

the drop-casting method, while 10 μl electrolyte solution was dropped on the channel area 

between the source and drain electrode of synaptic transistors. Then, the coated samples 

were placed in a fume hood overnight. Finally, the fabricated oscillators, ISEs, and 

synaptic transistors were connected by 3D printed conductors for the completion of 3D 

integrated neuromorphic systems.  

4.3.2. Characterization of devices 

The fabricated inductors and capacitors were characterized with a 4980A precision 

LCR meter (Agilent Technologies, USA), while resistors were tested by a source meter 

Keithley 2400 (Keithley Instruments, USA). The resonant frequency of the integrated LC 

was evaluated with a ZND vector network analyzer (Rohde & Schwarz, Germany). The 

oscillation properties of the fabricated Colpitts oscillators were confirmed by an 

oscilloscope SDS1000DL (SIGLENT Technologies America, Inc., Ohio, America). The 

OCP of ISE was recorded using a potentiostat (CHI1205B, CH Instruments, Inc., USA) 
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with a 0.1 s interval. The electrical performance of synaptic transistors and neuromorphic 

systems was evaluated using a probe station with a semiconductor parameter analyzer 

(4200-SCS, Keithley, USA).  

4.4. Results and Discussion 

4.4.1. Fabrication of Embedded Electrical Oscillators by 3D Printing 
Method 

As a chemical sensing platform, ISE was chosen and printed as an artificial 

receptor based on the electrochemical sensing mechanism described in previous 

work.[149] Two electrodes, a working electrode (WE) and a reference electrode (RE), 

were built on the ZTO semiconductor layer above a silicon wafer by the direct writing 

printing method for a 3D printed ISE. Owing to the selective character of the ion-selective 

membrane on the WE, the potential created between WE and RE was influenced by the 

ion concentration in the analytes, which could be supplied as a triggered signal from 

environmental chemical stimuli for the neuromorphic system, namely activation. Usually, 

the signals in a biological system are transmitted in the form of spikes, which are critical 

for signal processing and memory/learning functions. However, the ion concentration 

detected by the ISE is a DC signal. Thus, to emulate the signal transmission process in 

the artificial neuromorphic system, the DC signals (open circuit potential (OCP)) from the 

ion concentration should be converted to AC form as artificial spikes for the learning and 

memory functions by spike plasticity.[3,150,151] Therefore, an electrical oscillator was 

prepared to connect with the ISE, as shown in Figure 4.1. The activation produced by 

environmental stimuli through the ISE is converted to an AC signal by the 3D shaped 

oscillator, namely oscillation.  

The electrical oscillator in this study is composed of 3D printed electronic 

components, including interdigitated capacitors, inductors, and resistors, as shown in 

Figure 4.2a. Although components with planar structures can be massively fabricated by 

printing methods on flexible substrates for wearable devices, planar electronics face the 

limitation of tuning their properties to obtain desirable performance. Thus, 3D printed 

electronics overcome such a shortage by expanding property-tuning opportunities. 3D 

inductors have already been demonstrated with self-sustained 3D conductive structures 

by the 3D printing method.[136] However, the dimensions of the inductors cannot be 
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expanded because the 3D structure is supported by the uncured material, restricting the 

inductance in the range of the nano-Henry scale. Thus, in our design, an inserted shape-

compatible magnetic core for the proposed inductors provides extra support for the semi-

circular structure, which increases the possibility of fabricating inductors to a large size. It 

is expected that 3D inductors with magnetic cores result in a higher inductance value.  

For 3D printed inductors, the theoretical inductance of solenoidal inductors is 

calculated using Equation 4.1[152]: 

𝐿 = 𝜂
𝜇𝑁𝐿

2𝜋𝑟2

𝑙
                                                         (Eq. 4.1) 

where 𝜇  is the permeability, 𝑁𝐿  is the number of turns, 𝑟  is the radius, 𝑙  is the 

length, and 𝜂 is the ratio of 𝑙 / 𝑟. Thus, the inductance is proportional to the permeability 

and the square of the number of turns. Therefore, a well-known method to improve 

inductance is to insert a magnetic core with high permeability inside a solenoidal inductor. 

As a common magnetic core material, ferrite is exclusively used for the preparation of 

printable magnetic paste.[153,154] Ideally, the higher the ferrite concentration in the paste, 

the better. In this study, Mn-ferrite was adopted as the magnetic core material. The relation 

between permeability and inductance was simulated, as shown in Figure 4.2b. A linear 

relation was obtained when the relative permeability was below 20, while saturation was 

reached when the magnetic permeability was approximately 60. Thus, the effort to 

improve the magnetic properties of the inductor core should be switched to enhance other 

parameters of the core materials. In addition to enhancing the magnetic properties of 

inductors, magnetic cores are also used to support the conductive traces structurally. The 

direct contact between written coils and the magnetic core eliminates the wall between 

them, maximizing the enhancement of magnetic properties, which is impractical for 3D 

printed inductors filled with ferrofluids.[155] To fabricate a 3D magnetic core as a designed 

structure, we investigated the printability of the magnetic paste with a high concentration 

of Mn-ferrites. As shown in Figure A4, only a small weight percentage window, specifically 

a paste with 82.5 wt% Mn-ferrite, shows suitable printability and shape-maintaining ability 

to print a designed core shape. The fabricated procedure for 3D shaped inductors is 

illustrated in Figure A5, where the bottom conductive traces are extruded on a substrate, 

followed by printing a 3D shaped magnetic core above. The top conductive traces are 

extruded on top of the fabricated magnetic core to connect with the bottom traces. Finally, 
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with the optimized weight percentage of Mn-ferrite, a 3D inductor with a radius of 5 mm 

and a pitch of 1 mm was successfully obtained.  

As shown in Equation 4.1, the inductance increases with the square of the turns of 

the wire for solenoid inductors. However, with the current 3D printing method, 3D inductors 

are fabricated on flat substrates by following the order: bottom conductive traces, 3D 

shaped magnetic core, and top conductive traces. Thus, the cross-section of the 

fabricated inductors is semi-cylindrical, which is different from that of the solenoid 

inductors. To verify the circular inductance equation for the proposed semi-circle 

inductors, a series of inductors with different numbers of coils were tested and simulated. 

The inductance change depending on the turns of the wire was in accordance with the 

simulation result, in which the inductance increases with the number of coils, as shown in 

Figure 4.2c. Both simulation and experiment provide a minimum value at 5 turns, with an 

inductance of 144 nH and 177 nH, respectively. The inductance increases with the number 

of turns. 

To design 3D printed capacitors, a capacitor with interdigitated electrodes (IDEs) 

was considered. The total capacitance of the IDEs is calculated by Equation 4.2[156]:  

𝐶 = (𝑁𝑐 − 3)
𝐶𝐼

2
+ 2

𝐶𝐼𝐶𝐸

𝐶𝐼+𝐶𝐸
,        𝑁𝑐 > 3                                            (Eq.4.2) 

where 𝑁𝑐 is the number of IDEs, and 𝐶𝐼 and 𝐶𝐸 are the capacitance between the 

internal electrode and outer capacitance relative to the ground, respectively.  

For an individual capacitor, the capacitance is calculated by Equation 4.3[157]: 

𝐶 = 𝜀𝑟
𝐴

4𝜋𝑑
                                      (Eq.4.3) 

where 𝜀𝑟 is the relative static permittivity, 𝐴 is the overlap area of the two plates, 

and 𝑑 is the separation between the plate. Equation 4.2 indicates that the capacitance 

increases with the increase in IDEs numbers. Both simulation and experimental results 

supported this theory, as shown in Figure 4.2d. Both Figure 4.2c and Figure 4.2d indicate 

a certain divergence between the simulation and experimental results where it may come 

from the shape difference between numerical models and printed shapes. The printed 

capacitors were designed with a period of 1 mm and a finger length of 10 mm. Among the 

three fabricated capacitors with different IDEs numbers, the largest capacitors for the 
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virtual and printed models were obtained when the IDEs numbers were equal to 15, with 

2.0 pF and 5.6 pF, respectively. Furthermore, as shown in Equation 4.3, the extra dielectric 

material, such as BaTiO3, increases the capacitance with the same number of IDEs pairs 

owing to its larger permittivity than air.[158] The capacitance of 15 electrodes increased 

to 7.6 pF with BaTiO3. For the design of the 3D printed resistor, the resistance is adjusted 

by controlling the thickness and length of the prints. A 1 kΩ resistor is obtained when the 

length is 40 mm with a thickness of 0.2 mm. To verify the printed capacitors and inductors, 

an inductive-capacitive (LC) resonator was constructed with a 3D inductor and a capacitor, 

as shown in Figure 4.2e. The resonant frequency of the fabricated resonator is located at 

2.36 GHz, which is close to the simulation result of 2.26 GHz by Maxwell-ANSYS, with the 

simulation model shown in Figure A6. The resonant frequency discrepancy between the 

simulation and characterization may be a result of the non-ideal shape of the fabricated 

samples accompanying the environmental noise.  
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Figure 4.2. Additively fabricated 3D printed components. (a) Schematics of 
capacitor, inductor, and resistor. (b) Simulation between inductance 
and relative permeability of magnetic core material for 3D shaped 
inductors. (c) Inductance comparison between simulation and 
experimental results for 3D shaped inductors with different wire 
turns. (d) Capacitance change with different IDE numbers without 
BaTiO3 and with 10 wt% BaTiO3 for 3D shaped capacitors (Inset: IDE 
capacitor with 15 electrodes, the white filling material is BaTiO3). (e) 
LC circuit’s resonance comparison between simulation and 
experiment (Inset: LC resonator fabricated on glass slides with a 15-
electrodes capacitor and a 15-turns inductor).  

To provide self-activating spikes for artificial synapses, an oscillator was created 

to convert the signal perceived by ISEs. Oscillators are classified into inductor/capacitor 

(LC),  resistor/capacitor (RC), and crystal oscillators.[159] Owing to the character of low 

phase noise, two basic types of LC oscillators have been derived, including Hartley and 

Colpitts oscillators.[136,160] The Colpitts oscillator was chosen in this study because it 

has more frequency stability compared to Hartley oscillators. The equivalent circuit was 

designed using LTspice software, as shown in Figure 4.3a, where the capacitance, 

inductance, and resistance were 6 pF, 1.4 µH, and 2.2 kΩ for three 3D printed 

components, respectively, while the transistor was alternated by a commercial transistor 

spice model (2N3904). Figure 4.3b depicts a 3D oscillator based on the designed 

equivalent circuit, where all electronic components are embedded in a 3D cuboid. The 
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nylon cuboid was fabricated as a substrate for the oscillator circuit by the fused filament 

fabrication (FFF) method. All passive components, including resistors, inductors, and 

capacitors, were fabricated onto the printed cuboid by the direct-ink-writing (DIW) method. 

As shown in Figure 4.3c, the bottom pattern constructed with capacitors (i) was firstly 

fabricated on the printed square substrate, followed by the middle layer of inductors (ii) 

and top resistors (iii). Finally, by connecting all components with conductive traces through 

the DIW method, an embedded LC Colpitts oscillator was obtained, as shown in Figure 

4.3d. For comparison, a facial oscillator was designed and fabricated by the 3D printing 

method, with all components located on the surfaces of the nylon cube, as shown in Figure 

A7. Figure A8 indicates that a larger volumetric efficiency was achieved for the embedded 

oscillator because the height was decreased from 30 to 20 mm. The theoretical output 

from the equivalent oscillator was an AC signal with a frequency of 24 MHz, as shown in 

Figure 4.3e. The measured result was observed from the fabricated 3D shaped oscillator 

with a frequency of 28 MHz, as shown in Figure 4.3f. With such oscillator, the detected 

DC signal by the artificial receptor-ISE was successfully converted to an AC signal, used 

to mimic the nerve impulses transported between neurons to achieve learning and 

memory functions. 



50 

 

Figure 4.3. Characterization of a 3D integrated electrical oscillator. (a) Equivalent 
circuit of Colpitts oscillator. (b) Schematic of the 3D integrated 
electrical oscillator. (c) Fabrication procedure for the embedded 
oscillator. (d) Image of the printed 3D oscillator. (e) LTspice 
simulation of AC signal produced by Colpitts circuits. (f) Experimental 
output from the 3D shaped oscillator. 

4.4.2. Characterization of Synaptic Transistors 

Emulation of sensing and signal conservation has been accomplished so far. The 

next step is to emulate intelligent behaviors similar to those of the physical system. Thus, 

artificial synapses have been proposed and studied. In previous studies, two-terminals 

(2T) memristors and three terminated transistors have been developed as artificial 

synapses to overcome the constraints of the von Neumann bottleneck and Moor’s 

law.[13,41] 2T memristors with a sandwich structure which is constructed by a function 

layer placed between a top electrode and a bottom electrode exhibit the advantage of low 

power and analog computing compared with conventional complementary metal–oxide–

semiconductors. Therefore, current neuromorphic processors are mainly formed by 

scaling up 2T memristors as a crossbar architecture.[24] However, 2T devices also have 

shortcomings such as separated biological memory and processing functions,[161,162] 

nonlinear switching properties, write noise, and high device conductance.[140] Therefore, 
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3T artificial synaptic transistors have recently gained considerable attention owing to their 

spatiotemporal memory/processing, and linear switching conductance. Additionally, 

several mechanisms have been proposed, including charge tunneling and trapping, 

ferroelectricity, ion migration, and electrochemical reactions.[41]  

Ion migration induced electrical double-layer (EDL) is formed by ion accumulation 

at the interface between the semiconductor channel and the electrolyte gate under a bias, 

while electrochemical doping and de-doping are realized by ion exchange between the 

ions inside the electrolyte and the semiconductor material. Furthermore, EDL and 

electrochemical process mechanisms are affected together depending on the 

frequency[163] or relative bias amplitude.[164] Unlike the field effect transistor in ISFETs, 

synaptic transistors are designed with an ionic electrolyte gate. Figure 4.4a schematically 

illustrates the operation mechanism of the proposed synaptic transistor with LiClO4 

electrolyte, including four stages. In the original state (stage i) without bias on the transistor 

gate, Li ions are uniformly distributed inside the electrolyte. When a positive bias is applied 

to the transistor gate, positive Li-ions accumulate at the interface between the electrolyte 

and channel to form an EDL (stage ii). With the increase of Li+ ions due to sufficient bias 

duration or amplitude, Li+ ions are doped inside the semiconductor channel, resulting in 

higher conductivity. When the gate bias is removed, the accumulated ions diffuse back to 

the electrolyte due to the high Li+ ion concentration gradient at the EDL (stage iii). 

However, doped ions cannot be extracted from the channel. Thus, the conductivity is still 

larger than that of the original state due to the remaining ions even without a gate bias, 

namely the nonvolatile effect. With the nonvolatile effect, a negative bias should be applied 

to the gate to extract the doped ion back to the electrolyte to restore the original conductive 

state (stage iv). Thus, the conductivity of synaptic transistors is regulated by the applied 

pulses on the electrolyte gate, where Li+ ions work as neurotransmitters in biological 

systems. 

Based on the proposed processing mechanism, two prototypes of zinc-tin oxide 

(ZTO) - based synaptic transistors with the LiClO4 electrolyte gate were demonstrated, as 

shown in Figure 4.4b and 4.4c. In Figure 4.4b, the 3D printed serpentine source and drain 

electrodes were fabricated on top of the ZTO layer by the DIW with silver paste, followed 

by covering with a dielectric material for the remaining area except the channel opening 

with a channel length of 100 µm. After the drop-casting electrolyte on the exposed channel 

area, a gate electrode was printed on top of the dried electrolyte surface. However, the 
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prototype encountered difficulties in encapsulating the silver electrodes without covering 

the channel area. Therefore, a second prototype with a straight source and drain 

electrodes that are easily encapsulated with a thin dielectric layer was proposed. Finally, 

a printed synaptic transistor was demonstrated, as shown in Figure 4.4c, with a channel 

dimension of 0.4 × 2 mm. To verify the neuromorphic behavior of the LiClO4 gated ZTO 

synaptic transistor, the potentiation based on the nonvolatile effect was demonstrated, as 

shown in Figure 4.4d. It is clearly illustrated that the amplitude of conductivity (A2) 

triggered by the second pulse is larger than the conductivity (A1) by the first pulse because 

of the remained ion inside the channel, with a ratio (A2/A1) of 2.5. As a result, the 

potentiation and depression were described in Figure 4.4e and Figure 4.4f. Figure 4.4e 

shows the increased amplitude of the current with a consecutive positive bias applied to 

the electrolyte gate. After 35 consecutive striking pulses, the amplitude of the current 

increased to 4.60 × 10-11 A. On the contrary, during the depression performance, 28 

consecutive negative pulses applied on the electrolyte gate restored the amplitude of 

current to the original value as a refreshing approach for the synaptic channel after 

potentiation, as shown in Figure 4.4f. Compared with potentiation, fewer pairs of pulses 

are needed to restore the current to the original state due to the force formed by the doped 

and accumulated Li+ ions at the EDL.  
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Figure 4.4. 3D Printed Synaptic Transistor. (a) Proposed mechanism of synaptic 
transistors with four stages. (b) Synaptic transistor prototype #1. (c) 
Optimized synaptic transistor prototype #2. (d) Nonvolatile effect. (e) 
and (f) Potentiation and depression performance of the synaptic 
transistor, respectively. 

4.4.3. Chemical Sensing by Integrated Neuromorphic Systems 

Finally, a 3D integrated neuromorphic system was demonstrated, as shown in 

Figure 4.5a. The neuromorphic system includes a sensor, a 3D electrical oscillator, and a 

synaptic transistor that act in sensing, signal conversion/transmission, and signal 

processing, respectively. ISE sensors are used to monitor the ion concentration in the 

environment, which is represented as OCP. Then, such an ion concentration-related DC 

signal is converted to an AC signal as artificial spikes by a connected 3D electrical 

oscillator. Finally, concentration-linked spikes are applied to the electrolyte of the synaptic 

transistor, and chemical information is reflected as the conductivity fluctuation. Thus, the 

procedure is gradually confirmed to describe the proposed signal processing in the 3D 

integrated neuromorphic system. First, K+-ISE was selected for monitoring the K+ ion 

concentration inside the soil sample. Figure 4.5b shows that the OCP increases with the 

K+ ion concentration in the range of 10-4 to 1 M. A linear relationship between the average 
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OCP and K+ ion concentration was also obtained, as shown in Figure A9a. Figure 4.5c 

shows the performance of the demonstrated oscillator when applied with different ion-

concentration-related OCPs. This indicates that the amplitude of the output AC signal and 

the average baseline is modulated by different K+ ion concentrations. A linear relationship 

between the average baseline and the K+ ion concentration was also achieved as well as 

amplitude as shown in Figure A9b and Figure A9c, in the range of 10-4 to 1 M. Finally, the 

obtained ion concentration-related spikes were applied to the electrolyte gate as an 

artificial gate. The conductivity fluctuation with time under different ion concentrations was 

monitored, as shown in Figure 4.5d. A linear relationship between ion concentration and 

conductivity was obtained, as shown in Figure 4.5e. The largest conductivity (1.46 x 10-10 

A) was obtained under 1 M K+ solution, while the minimum was 9.18 x 10-11 A for a 10-4 M 

solution. This shows that the conductivity of the synaptic transistor is also modulated by 

different ion concentrations. Thus, the signal processing procedure through the proposed 

neuromorphic system has been verified, providing sensing, signal conversion 

/transmission, and signal processing functions. In the neuromorphic research community, 

the training method is carried out to modulate the synaptic weight of synaptic transistors 

for signal processing. The training state can be maintained for later signal processing due 

to the nonvolatile effect. To realize the biological learning behavior, a further step has been 

studied by comparing the conductivity before and after training, as shown in Figure 4.5f. 

Based on the result that a solution with a higher ion concentration resulted in a larger 

conductivity with a sensitivity of 1.34 x 10-11 A/decade, as shown in Figure 4.5e, a 10-4 M 

solution was chosen as the control sample, while a 1 M solution was used as the training 

solution to observe the nonvolatile effect. The conductivity of the control solution pre-

training was 1.2 x 10-10 A. After training with a 1 M K+ solution, the conductivity of the 

control solution increased to 2.8 x 10-10 A owing to the nonvolatile effect. 10 min later, the 

conductivity decreased to 1.9 x 10-10, which is still higher than the initial state 1.2 x 10-10 

A. Approximately 20 min later, the synaptic transistor returned to the original state, which 

indicates that the nonvolatile effect lasts for about 20 min. Accordingly, memory behavior 

has been verified through the observation of the nonvolatile effect.  

The 3D neuromorphic system’s learning concept was further investigated for ion 

concentration monitoring in smart agricultural applications. Figure 4.5g schematically 

shows the procedure for soil sample extraction under plants, which includes extraction, 

filtering, and dissolving processes.[165] A theoretical 10-4 M K+ solution was prepared 
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using fertilizer for the simplified processes. However, it is anticipated that an actual K+ ion 

concentration is considerably lower than 10-4 M because of the non-exchangeable K+ ions 

in the fertilizer.[166] The learning capability of the proposed neuromorphic system was 

performed to monitor such a low-concentration solution. Figure 4.5h shows the 

experimental results obtained by the training method, where the dashed line is the 

threshold. Before training, the conductivity in the low-concentration solution was smaller 

than the threshold line. Then, during the training process with a 1 M K+ ion solution, the 

conductivity was higher than the threshold value. After training, the conductivity under the 

same low-concentration solution significantly increased to more than the threshold value 

because of the memory effect, as mentioned before. Through such a training method, an 

increased conductivity with a low-concentration solution was obtained based on the 

nonvolatile effect. Thus, the demonstrated training method was applied to increase the 

limit of detection (LOD) for ion concentration monitoring inside the soil. The concentration 

of solution involved here is 10-4 M, which is already close to the LOD 10 ppm (10-5 M) by 

most standard soil chloride approaches.[165] Moreover, the conductivity achieved with a 

low concentration solution is comparable to the conductivity with a high concentration 

solution. This means that less material consumption is needed to obtain a certain output 

threshold compared to the situation without training. Thus, the learning function of the 

integrated 3D system was verified by the training method. 



56 

 

Figure 4.5. Neuromorphic performance of 3D integrated ion sensing system. (a) 
Actual image of the 3D integrated neuromorphic system. (b) 
Performance of ISE. (c) AC signal output from the integrated ISE and 
electrical oscillator. (d) Performance of the 3D integrated 
neuromorphic system for sensing various K+ ion concentrations. (e) 
Normalization of output from the fabricated 3D integrated 
neuromorphic system. (f) Conductivity monitoring for the 3D 
neuromorphic system, including the conductivity of pre-training, 10 
min, 15 min, and 20 min after training. (g) Schematics of the soil 
extraction process. (h) Comparison of the output before and after 
training by the 3D integrated neuromorphic system. 

4.5. Conclusion 

In summary, we have experimentally verified the feasibility of a 3D integrated 

neuromorphic system by the 3D printing method with 3D inductors, capacitors, and 

resistors. The proposed neuromorphic system has integrated functions of sensing, signal 
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conversion/transmission, and signal processing. To realize signal conversion, LC Colpitts 

oscillators with 3D components were designed and embedded inside and on the surface 

of a 3D printed cuboid using the DIW approach. The frequency of the fabricated electrical 

oscillator was 28 MHz, similar to the theoretical simulation result of 24 MHz. Reliable signal 

transmission with the synaptic transistor was achieved based on the Li+ ion accumulation 

and doping/de-doping mechanism. Two basic behaviors, potentiation and depression, 

were observed in the fabricated synaptic transistors. Finally, the ion-selective electrode 

was introduced as a sensor and integrated with the fabricated oscillator and synaptic 

transistors to complete an electrochemical neuromorphic system.  

The signal from various chemical inputs through the 3D integrated neuromorphic 

system was gradually confirmed on the 3D integrated system. First, chemical information 

was detected by a 3D ISE, which showed a linear relationship with the ion concentration 

in soil. Then, the sensing information was transmitted through the electrical oscillator, 

resulting in an AC signal that also showed a linear response between ion concentration 

and its amplitude. Finally, the processed AC spikes autonomously triggered the integrated 

synaptic transistor. Through signal monitoring and assessment, the memory feature of the 

integrated 3D neuromorphic system was confirmed as the memory period of 

approximately 20 min. With such a memory capability, the fabricated neuromorphic 

system was utilized to detect a solution with low concentration by the training method. 

Such a method provides the advantage of lowering LOD and saving materials, which 

expands the application of online nutrient monitoring in smart agriculture applications. 

Moreover, the developed 3D neuromorphic system is extended for other sensing functions 

by alternating with diverse sensory receptors. And the spatial and temporal signal 

transmission feature are fully gained by intensifying artificial transistors. 
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Chapter 5.  
 
Multi-axis Robot 3D Printed Neuromorphic Humanoid 
Hand for Grasping Unknown Objects 

This chapter presents a novel multi-axis robot printing system that is constructed 

as an alternative to the current DIW printing method. The described system was utilized 

to fabricate electronics with vertical walls and tilted surfaces. An infrared (IR) laser was 

also carried out to sintering the printed conductive traces. A potentiometer-based tactile 

sensor was designed as the fingertips of a humanoid hand, and the performance was also 

characterized. A 3D neuromorphic tactile sensing system with reflex arc based on tactile 

sensing information is also discussed. A portable neuromorphic system was designed with 

pluggable features and fabricated by various 3D printed approaches. Then, it mounted on 

the humanoid hand. The touch sense as human beings were replicated through the tactile 

sensor. A full bio-inspired signal perception function was realized by transmitting the 

detected signal through the tactile sensor to the neuromorphic system, followed by 

processing by the artificial synapse. Also, a bio-inspired reflex arc was demonstrated by 

using the neuromorphic humanoid hand to gripe objects with unconsciously increased 

force through training. 

The chapter includes sections derived from a submitted manuscript: C. Bao, T. -

H. Kim, A. Hassanpoor Kalhori, and W. S. Kim. Multi-axis Robot 3D Printed 

Neuromorphic Humanoid Hand for Grasping Unknown Objects. 

 

5.1. Abstract 

We present a 3D neuromorphic humanoid hand designed for providing an artificial 

unconscious stimulus response, based on training. The humanoid hand system mimics 

the reflex arc for a quick and unconscious response by managing complex spatiotemporal 

information. The 3D structural humanoid hand is integrated with a portable neuromorphic 

device and 3D printed tactile sensor using a novel multi-axis robot 3D printing technology. 

The 3D neuromorphic robot hand provides bio-inspired signal perception together with the 

biomimetic reflex arc function of a neuromorphic humanoid hand, allowing it to hold an 
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unknown object with an automatically increased gripping force. The proposed system 

offers a new approach for realizing an unconscious response with an artificially intelligent 

robot. 

5.2. Introduction 

Neurons, including those comprising the peripheral nervous system and central 

nervous system, efficiently and quickly manage complicated environmental situations.[1] 

The received spatial and temporal information are parallelly operated on at an ultra-high 

speed of 1013 per second, and only one watt is required before decision-making.[7] This 

is owing to the unique parallel processing and memory functions of the approximately 1011 

neurons in the brain.[2,3] Therefore, it is beneficial to mimic this fast mechanism using a 

signal-processing unit. Several studies have reported on such emulations. The first 

generation of emulations focused on developing brain-inspired algorithms with parallel 

calculations for simulations.[6] For example, similar to the advances in artificial 

intelligence, neuromorphic computing has achieved significant progress in recent 

decades. The second generation of emulation was demonstrated at the hardware level, 

i.e., by replicating the biological parallel calculation functions of the human brain.[6] 

Different state-of-the-art devices were developed for emulating parallel calculations, such 

as central processing units, graphics processing units, and tensor processing units.[10] 

However, the developed algorithms and hardware were entirely dependent on 

complementary metal-oxide-semiconductor transistors; accordingly, they still faced the 

high energy consumption concerns for the traditional von Neumann’s architecture and 

limitations of Moore’s law.[8,9] The third type of emulation comprised a brain-inspired 

novel non-volatile device called an artificial synapse for realizing "in-memory 

computing".[9,10] In these devices, artificial synapses executed computation and memory 

in the same area utilized for constructing bio-inspired neuromorphic systems.[11] The 

artificial synapse-constructed neuromorphic systems possessed many advantages, such 

as high energy efficiency,[12] time-saving,[10] and fewer components.[4] Owing to the 

aforementioned advantages, neuromorphic devices have been integrated with various 

sensors for diverse applications, such as a chemical sensing function demonstrated 

through electrochemical sensing neuromorphic systems.[167] In another example, 

learning and non-volatile memory functions were utilized to enhance the output signal level 

for an application for artificial soil detection. An ideal neuromorphic system not only 



60 

demonstrates signal reception, but also controls artificial effectors (such as humanoid 

hands), e.g., by refining a control procedure.[6] In one study, an artificial afferent nerve 

with a pressure sensor was employed for the control of a cockroach leg.[54] Furthermore, 

a conscious response has been demonstrated using an artificial stimulus-response 

system, and the response time was reduced through training.[168] However, in biological 

systems, not all environmental stimuli are processed by the brain.[169] Instead, synapses 

between the neurons and spinal cord produce a faster unconscious response as a simple 

reflex arc, thereby reducing the brain’s tasks. Therefore, providing a neuromorphic system 

with a reflex arc function requires further research, so as to simplify the procedure for the 

control of a robotic hand. 

Artificial skin has been highlighted as a type of biomimetic touch sensor. Different 

force or tactile sensors have been proposed for the sensor parts, including capacitance-

based and resistance-based sensors.[170] A force-sensitive resistor (FSR)-based sensor 

has commonly been used as a tactile sensor, owing to its low cost, small size, and high 

sensitivity to force.[171] However, the low accuracy of an FSR remains a disadvantage, 

as its sensing mechanism relies on a pressure/force-induced deformation.[172] For 

example, the active layer in the FSR is deformed depending on the applied force, and thus 

the active layer is exposed to potential plastic deformation.[173] Thus, there is a need for 

a force-sensitive resistor without deformation of the active layer. Utilizing the sensing 

mechanism of a potentiometer is a possible solution, as it shows a variable resistance 

change without physical deformation of the active layer by changing the length of the 

conducting path. However, there remains another challenge for a tactile sensor to be used 

as a potentiometer for changing the force direction. In particular, an axial force needs to 

be changed to a torque to calculate the variable resistance. Thus, 3D origami structures 

are promising candidates for rotational converters.[174,175] In particular, the Kresling 

origami, formed by a series of tessellated triangles, shows rotating characteristics when 

compressed.[176] In addition, its rotating behavior can be tuned by modifying the angular 

design of the tessellated triangle(s), allowing for customization of the force 

sensing.[176,177] Applying the origami structure to the tactile sensor allows for force 

conversion without requiring other components, such as gears or axial shifters. Indeed, 

employing such a structure simplifies the entire tactile sensing system for various 

applications.[178]  
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Owing to its advantages in regards to custom and facile fabrication, 3D printing 

has been widely adopted for prototyping. Thus, various 3D printing technologies have 

been developed, such as fused filament fabrication (FFF), digital projection lithography, 

direct ink writing (DIW), and selective laser sintering. Among these, the DIW method for 

paste printing has attracted significant attention for the preparation of functional 

materials.[60,61,136,179–181] DIW-printed structures are mainly dependent on the 

properties of the printed materials, whereas in situ sintering with a laser facilitates the 

fabrication of 3D structures. For example, freestanding structures have been achieved 

using laser-assisted methods.[62] Circuits made from copper have been demonstrated on 

a 3D surface using a laser-assisted DIW method.[182] However, 3D printing on curvilinear 

surfaces while keeping the nozzle vertical to the surface is difficult in the typical vertical 

printing by DIW, owing to the limited freedom of current three-axis DIW printers. One novel 

solution is to add more freedom of motion to the printers by using a multi-axis robot arm. 

Robot arms are widely used in the industry for more complex applications, such as welding 

for automobiles. Nonetheless, to the best of our knowledge, this work is the first DIW 

printing method with a six-axis industrial robot arm. 

Here, we present a DIW approach using a multi-axis robot arm, as shown in Figure 

5.1a. The six-axis robot arm enables the seamless fabrication of conductive traces on 

vertical and tilted surfaces in a single printing process. Moreover, the 3D printed conductor 

can be sintered in situ using an infrared laser (IR) laser with optimized parameters, as 

shown in Figure 5.1b. Unlike conventional three-axis 3D printing systems, the 

demonstrated six-axis robot 3D printing can fabricate 3D electronics on curvilinear 

surfaces. A sensory humanoid hand is integrated with origami fingers and unique origami 

tactile sensors. A portable neuromorphic system is added for bio-inspired signal 

transmission and processing. Finally, the 3D structural neuromorphic humanoid hand is 

trained to demonstrate a reflected arc function by gripping an object with an unconsciously 

increased force, based on the learning and non-volatile memory functions of the 

neuromorphic system. 
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Figure 5.1. Schematics of the six-axis robot 3D printing method. (a) Motion of 
robot 3D printing to different types of surfaces by the six-axis robot. 
(b) Schematics of printing procedure with in-situ laser sintering. 

5.3. Results 

5.3.1. Robot 3D printing for structural electronics 

Multi-axis robot arms are widely used in industries, as they are designed with 

several controllable freedoms. Therefore, integrating DIW printers with a six-axis robot 

arm is a promising solution for solving the shortage of current DIW printers that can 

vertically print features on planar surfaces. Meanwhile, an IR laser or UV light has been 

proven to be advantageous for paste-based DIW.[62] Therefore, an innovative laser-

assisted six-axis robot printing system is illustrated in Figure 5.2a. The novel system 

comprises a six-axis robot, IR power control system, and DIW dispenser. A power control 

system constructed with an IR laser and function generator is used to manage the applied 

laser for sintering the printed conductive traces. The DIW nozzle and IR lasers are 

mounted on a printed head together, and are controlled by the robot. The IR laser sinters 

DIW-printed conductive traces. The bottom-left image Figure 5.2b shows the as-printed 

conductive traces, whereas the right-side image shows the fully sintered sample. The 

sintering level depends on the heat generated by the IR laser and is modulated by the 

function generator, including the pulse width and power. As shown in Figure 5.2c, the 

maximum temperature of the substrate increases with the pulse width at a fixed frequency 

and laser power. The temperature is 121.5 °C under a pulse width of 1 ms, whereas it 
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increases to 174.4 °C under a pulse width of 2 ms. This is because a longer pulse width 

increases the duration of the laser spot on the sample, resulting in a higher temperature. 

However, the temperature must be lower than the temperature that the substrate materials 

can withstand. Accordingly, the exposure duration is also modulated by adjusting the 

speed of the robot motion. A higher robot speed reduces the duration of the laser spot on 

the printed sample, resulting in a slower sintering speed. Therefore, repeated sintering or 

rescanning is necessary for the complete sintering of the conductive paste. To examine 

the sintering effect, the resistance change of the printed line is monitored at a printing 

speed of 4 mm/s, as shown in Figure 5.2d. The resistance drastically decreases from 40 

s onward, owing to the partial sintering. After 80 s, the printed line is fully sintered, because 

the resistivity has reached a stable value. The efficiency of the sintering is illustrated in 

Figure 5.2e, where it is expressed as the total duration time per millimeter. It is found that 

increasing the scanning speed improves the sintering efficiency. 

The printing route of the DIW printing head is controlled by the six-axis robot arm. 

Owing to the six degrees of freedom, the robot system can be used to print on different 

types of surfaces. The right side of Figure 5.2f is a schematic of a 3D-shaped oscillator 

fabricated for the portable neuromorphic system. Conductive traces are designed on each 

vertical wall. In a conventional DIW printer, the vertical walls must be placed upward before 

further printing, followed by sintering. Repeating these procedures until the completion of 

printing all of the other walls requires energy. Seamless printing is not possible using a 

conventional DIW printer. However, the six-axis robot integrated with the same DIW 

controlling system is feasible for printing seamlessly in a single printing process while 

keeping the nozzle consistently vertical to the walls. Furthermore, tilted surfaces can also 

be fabricated by multi-axis robot printing, as shown in Figure 5.2g. The 3D Miura-ori 

origami finger has serpentine valleys on its surface.[183,184] Thus, a conventional 3D 

printing process on such architectured surfaces is challenging, even when printing a 

simple conductive path. However, the multi-axis robot printing process allows for the 

fabrication of a complex kirigami conductive path on the 3D origami finger. Moreover, 

kirigami patterns are well-known as stretchable structures against bending 

behaviors.[183] The robot fingers undergo repeated bending forces. Therefore, both the 

3D origami fingers and kirigami conductive path provide strength for the repeated bending 

conditions. Indeed, the kirigami conductive path shows a synergic relationship with the 3D 

origami module, owing to the advantages of the multi-axis robot printing. The multi-axis 
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robot printing system successfully fabricates the conductive traces. Through in situ laser 

sintering, the printed conductive traces on the vertical walls and tilted surfaces are 

seamlessly fabricated, as shown on the left sides of Figure 5.2f and 2g. 

 

Figure 5.2. Fabrication of conductive traces on complex surfaces. (a) Setup of 
the six-axis robot 3D printing. (b) Image of the laser spot and sintering 
(top: in-situ scanning; bottom left: as-printed conductive trace; 
bottom right: sintered conductive trace). (c) Relation between pulse 
width and induced temperature at a frequency of 100 Hz. (d) 
Resistance changes with scanning at a speed of 4 mm/s. (e) Relation 
between scanning speed and sintering efficiency. (f) Left: sample 
printed by six-axis robot on the vertical wall of a 3D shaped oscillator. 
Right: design of 3D shaped oscillator. (g) Left: the kirigami conductive 
path on a 3D origami finger using six-axis robot. Right: design of the 
kirigami conductive path on the tilted surfaces.  

5.3.2. Sensory humanoid hand with origami fingers and tactile 
sensors 

The origami finger comprises an array of 3D Miura-ori structures for the humanoid 

robot hand. The 3D origami finger was optimized based on two different criteria: 1) 
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maximum bending in one direction, and 2) minimized plasticity after large-cycle bending. 

A central composite design based on a statistical method was used for the optimization 

process.[184] The optimized finger frames were assembled as shown in Figure 5.3a. A 

tactile sensor with variable resistance is integrated on the fingertip. The Kresling origami 

was used as an active sensor frame, as shown in Figure 5.3b. The resistor length was 

changed between the 1st and 2nd paths, depending on the rotation degree of the origami 

structure.[177] The resistance of the conductive path changed linearly. When the 3D 

origami was compressed, the resistor length between 1st and 2nd paths gradually 

decreased, owing to the simultaneous rotation of the origami. Therefore, the resistance 

decreased, as shown in Figure 5.3c. In addition, the rotating feature of the 3D origami was 

tunable by changing the angular designs (α and β angles) of repeated triangles in the 

origami.[176,177] At different angles of β = 38–41°, a higher value of β shows a more 

rotatable behavior under compression, as shown in Figure 5.3d. Among other angular 

designs, the higher linearity of rotation under compression reflects the optimal design, as 

a larger rotating degree reflects a larger length change of the conductive path. Thus, the 

linearity of the rotated angle at different angular designs could be estimated using 

Equation 5.1. 

𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 (%)  =    𝐷𝑖𝑛(𝑚𝑎𝑥) /𝐼𝑁𝑓.𝑠. ×  100                                  (Eq. 5.1) 

In the above, Din(max) and INf.s. are the maximum strain deviation and strain at the 

full scale, respectively. The nonlinearity values of the 3D origami with β = 38°, 39°, 40°, 

and 41° are 6.74 %, 6.42 %, 6.20 %, and 7.09 %, respectively. The angle of α is fixed at 

30°. Among the range of the angle parameters, the 3D origami with β = 40° shows the 

lowest nonlinearity; thus, it was selected as the final design for the 3D origami sensor. 

Then, the conductive path (R: 3.8 × 103 Ω∙m) was printed on the top of the inner wall of 

the 3D origami. The resistance changes at different compressions are shown in Figure 

5.3e. When the 3D origami sensor was compressed, a change in the resistance was 

observed, as shown in Figure A10. The sensitivity of the 3D origami sensor was calculated 

using Equation 5.2, as follows:  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  𝛥𝑅𝑚𝑎𝑥 / 𝛥𝑆𝑚𝑎𝑥                                                         (Eq. 5.2) 

Here, ΔRmax is the resistance difference between the original and compressed 

states of the 3D origami, and ΔSmax indicates the maximum compressed length of the 
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origami. The calculated sensitivity of the sensor is 53.13 Ω/mm. In addition, the gauge 

factor (GF), defined as GF = |ΔR/R0|/ ε, was evaluated, where ε and ΔR are the strain of 

the sensor and changed resistance after compression, respectively. A GF of 2.5 was 

obtained from the 3D origami at a 35% strain. In some studies, the GF has been reported 

to be as large as 100.[185] However, the fabricated sensor represents a material-

independent case for the active layer; therefore, it is expected that the GF of the sensor 

can be further improved once the proper materials are employed. After integrating the 3D 

origami sensor into the humanoid robot hand, we investigated the tactile sensing 

performance of the hand, as shown in Figure 5.3f. Before gripping, the highest resistance 

was observed, and once the robot hand started to grip a ball, the compressed 3D origami 

sensor on the fingertip caused the resistance to decrease drastically. The resistance 

changes before and after gripping are studied. Thus, we demonstrated a tactile sensing 

robot with a 3D origami sensor. In addition, the kirigami conductive path[183] on the 

origami finger was used to integrate the pressure sensing fingertip and multimeter, 

minimizing the wire integration. Thus, we secured additional space for additional 

functionalities with the tactile sensing performance of the robot, and potential problems 

(such as disconnection between the sensors and processor) were prevented during the 

bending of the finger; this was attributed to the six-axis robot DIW printing on the complex 

origami surface of the finger. Thus, a sensory humanoid robot hand was prepared using 

the demonstrated tactile sensing function. 
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Figure 5.3. 3D printed humanoid hand with 3D origami tactile sensor. (a) 
Schematics of the humanoid robot hand with 3D origami fingers 
equipped with the tactile sensor on the fingertip. (b) Variable 
resistance sensor developed by 3D Kresling origami. (c) The rotating 
behavior of the origami, and its resistive length changes under 
compression. (d) The rotating angles of the 3D origami at different 
angular designs. (e) The resistance changes of 3D origami tactile 
sensor under compression. (f) Resistance changes before and after 
the gripping a ball. 

 

5.3.3. Neuromorphic humanoid hand 

For neuromorphic robot systems with complete biological sensory neuron network 

sequences, three different types of functions are required: sensing, signal transmission, 

and processing functions. Therefore, a portable neuromorphic system, including signal 

transmission and processing, was developed and integrated with the fabricated robotic 

hand as a neuromorphic humanoid hand, as shown in Figure 5.4a. The tactile sensors on 

the fingertips were connected to the neuromorphic system as the input stimuli. The 

portable neuromorphic system was built with a 3D-shaped oscillator and zinc-tin-oxide 

(ZTO)-based synaptic transistor for bio-inspired signal transmission and processing, as 
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explained in a previous study.[167] As shown in Figure A11, the 3D oscillator and synaptic 

transistor were mounted on a printed circuit board. All of the electronic components of the 

neuromorphic system were designed to be replaceable and modulated into a single 3D 

structural board; as such, they were considered as portable neuromorphic devices. 

Portable designs for electronic devices allow for minimizing the additional integration 

required for robot applications. In addition, with portable devices, we expect that the 

devices can be utilized for a universal robot system, i.e., not just for the 3D origami robot 

hand. Moreover, the maintenance of the entire robot system is easier, as it requires only 

releasing two screws to disassemble the neuromorphic system from the robot.  

In this system, the received signal undergoes a few steps on the demonstrated 

neuromorphic humanoid hand. First, the force detected by tactile sensors on the fingertips 

is transmitted to the neuromorphic system, followed by its conversion into spike-form 

signals (such as those in biological systems) by the oscillator. The influence of the touch 

signal on the output from the oscillator is simulated. As shown in Figure A12a, the tactile 

sensor is connected between the power source and gate electrode of the transistor. Thus, 

the pressure-induced resistance change affects the actual power supplied to the gate, 

resulting in variations in the output AC signal from the oscillator. The amplitude 

significantly decreases when the resistance is large. A similar experimental result is 

obtained as shown in Figure A12b, and as summarized in Figure 5.4b. The amplitude 

drops from 1.6 V to 0.8 V when the resistance is increased from 25 Ω to 100 Ω. Similar 

results are obtained when the tactile sensor is connected to the source electrode of the 

transistor, as shown in Figure A12c and Figure A12d. 

Second, the performance of synaptic transistors is confirmed before processing 

the converted signal. Because synapses accomplish memory and learning functions in 

biological systems, synaptic transistors work as artificial synapses for replicating these 

functions. As shown in Figure 5.c, two electrodes are fabricated on a ZTO semiconductive 

layer, followed by encapsulating the device to avoid electrochemical reactions between 

the electrodes and gate electrolyte. Moreover, to constrain the hydrophilic electrolyte just 

above the electrodes, a circular wall is fabricated with the facilitation of a digital camera 

magnifier for accurate nozzle alignment, as shown in Figure A13. The non-volatile memory 

and learning behaviors of synaptic transistors are accomplished by ion-accumulation at 

interfaces and ion-doping to the semiconductive layer.[167] As a result, under a 
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continuous pulse positive bias, the postsynaptic current increases with time, as shown in 

Figure 5.4c.  

Finally, the converted signal is transmitted to the synaptic transistor for processing. As 

mentioned before, a higher pressure on the tactile sensor results in a lower resistance, 

leading to a larger output signal from the oscillator. Then, the output spike signal is applied 

to the gate of the synaptic transistor of the integrated neuromorphic system. In general, a 

higher positive bias on the synaptic transistor results in a larger current, as more ions 

accumulate at the interface and are doped inside the semiconductive channel. This 

phenomenon can be confirmed using the integrated neuromorphic systems, as illustrated 

in Figure 5.d. An increasing force enlarges the postsynaptic current owing to a smaller 

resistance under a larger force, and vice versa. Moreover, when applied to a constant 

force, the postsynaptic current also increases with time owing to the non-volatile effect, as 

shown in Figure 5.4e. This increase lasts until the force is retrieved. 
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Figure 5.4. Neuromorphic humanoid hand. (a) Left: design and image of the 
integrated neuromorphic humanoid hand; Right: details of the 3D 
portable neuromorphic system, constructed by a 3D shaped 
oscillator and a synaptic transistor. (b) Relation between the 
amplitude of the output signal from the 3D shaped oscillator and 
resistance. (c) Non-volatile memory effect of synaptic transistor. d, 
Synaptic current change with variable force. (e) Synaptic current 
change with a constant force. 
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5.3.4. Reflex arc function through artificially intelligent robot hands 

In biological systems, after receiving a signal from a sensory neuron network, the 

brain makes a decision as a response to environmental stimuli to actuate organs. 

However, another type of response-unconscious response is also performed through 

reflex arcs in biological systems, without a neural response from the brain.[169] A bio-

inspired neuromorphic humanoid hand must be equipped with such functions to act as an 

artificially intelligent robot. 

In general, an environmental stimulus can be captured, transmitted, and processed 

by integrating the tactile sensor with the demonstrated neuromorphic system. However, 

to fully replicate a bio-inspired reflex arc, the actuation function needs to be realized as an 

unconscious response. In general, the degree of an unconscious responses depends on 

experience. For example, the gripping force for one person to grip an unknown object at 

the first time is different from the force to grip it a second time. This is because experience 

is obtained by gripping the unknown object. Thus, a suitable force can be applied for 

secondary gripping after obtaining the experience. In other words, the experience obtained 

through training influences the degree of the reflex arc. Therefore, by realizing the bio-

inspired reflex arc function for an unconscious response, the fabricated neuromorphic 

humanoid hand becomes a bio-inspired artificially intelligent robot. Figure 5.5a illustrates 

a strategy for this artificially intelligent robot to grip objects by training. First, the signal is 

detected on the fingertips, followed by transmission and processing by the neuromorphic 

system. Then, the output from the neuromorphic system is applied to the motors, which 

manipulate the gripping motion of the fingers on the humanoid hand. Before training, the 

initial gripping force based on previous experience is not strong enough to hold the object. 

However, after a few training cycles, the neuromorphic system increased the gripping 

force unconsciously by an amount sufficient to hold the object.  

The proposed strategy is verified through the following steps. First, the robot hand 

is trained three times using the same force. As shown in Figure 5.b, the output from the 

oscillator is nearly the same in each case, as the force on the tactile sensor is constant as 

a repeated input for each training. However, the motor driving voltage from the 

neuromorphic system is gradually increased with the training time owing to the non-volatile 

effect mentioned above, as shown in Figure 5.c. Figure 5.d illustrates the detailed training 

procedure for the neuromorphic humanoid hand by grasping an unknown object. Before 
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training, the ball is dropped, owing to the weak gripping force. After the first training, the 

bending of the finger is larger than the initial state and creates a stronger touch on the 

ball, thereby representing a stronger gripping force. After two more trainings, the depth of 

touch is increased to produce a much stronger gripping. Finally, the motor is driven to 

produce sufficient force to hold the ball. Thus, a bio-inspired artificially intelligent robot with 

a trainable reflex arc is demonstrated. 

 

Figure 5.5. Artificially intelligent robot through unconscious response. (a) 
Procedure for realizing unconscious response. (b) Relation of the 
output from the oscillator under repeated trainings. (c) Relation of the 
output from the neuromorphic system under repeated trainings. (d) 
Images of gripping motions: Slipping a ball before training, 1st training, 
2nd training, 3rd training, and final holding of a ball. 

5.4. Methods 

5.4.1. Preparation and characterization of humanoid hand. 

An FFF 3D printer with a direct-drive type (Tl-D3 pro, Tenlog, ltd) was used to 

prepare the architectured 3D origami fingers and potentiometric sensors of the humanoid 
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robot hands. The filament for the 3D printer was a commercial Ninjaflex TPU85A (Fenner 

Drivers, Inc.). The origami structures were designed using Solidworks as a 3D CAD file; 

then, the file was converted to g-codes using the Cura slicer program (Ultimaker, Ltd.) for 

the 3D printing process. The nozzle size of the hotend was 0.2 mm. The print speed, infill, 

layer height, temperature, and width for the printing process were 30 mm/s, 0.1 mm, 223 

°C, and 0.2 mm, respectively. A commercial polylactic acid (Ulimaker, Ltd) filament was 

used for the sensor frames and palm, and the FFF 3D printer (with a bowden tube type 

(Ultimaker 3)) was utilized for printing. The g-code preparation was the same as described 

above. After printing, each part was carefully assembled and integrated into a commercial 

six-axis robot arm (Niryo One, Niryo Inc.). The finger motion was actuated and controlled 

by strings connected to DC motors. 

The active layer of the touch sensor for detecting the external force was fabricated 

using a DIW printer (SHOT mini 100Sx, Musashi Engineering, Inc.) at a speed of 1 mm/s, 

followed by curing at 80 °C for 1 h. A highly resistive paste (3.8 × 103 Ω∙m) was prepared 

for the active layer using the solution process. 2 g Urethane triacrylate (oligomer), 0.08 g 

2,2’- azobis (2-methylpropionitrile) (radical initiator), and 0.08 g Luperox A75 benzoyl 

peroxide (thermal initiator) were dissolved in 0.5 g methacrylic acid (monomer). Then, 40 

wt% of silver flakes were added and mixed using a SpeedMixer DAC150.1 FVZ-K 

(FlackTek, Inc.). The viscosity of the silver paste was controlled by heating to 65 °C.   

5.4.2. 3D printing of a portable neuromorphic system.  

The 3D oscillator substrate was fabricated using an FFF printer (Ultimaker S3, 

Ultimaker), whereas the conductive traces were fabricated using a six-axis robot DIW 

printing system (SHOT mini 100Sx and ML-808GX, Musashi Engineering, Inc.). The IR 

laser (5 W, 808 nm) (IRM808TA-5000FC + ADR-180A Shanghai Laser & Optics Century 

Co. Ltd.) was modulated using a function generator (SDG2042X, SIGLENT Technologies 

North America, Inc.). The printing route was controlled by an industrial six-axis robot (R-

30iB, FANUC America Corporation) using simulation software (RoboDK, RoboDK Inc.). 

The printed circuit board (PCB) of the neuromorphic system was designed using the 

software Altium Designer, and was printed using a PCB printer (V-One, Voltera). The 

synaptic transistor was prepared using electrolytes with poly (ethylene oxide) (PEO) (0.16 

g), lithium perchloride (LiClO4) (0.02 g), and methanol (1.8 mL), followed by drop-casting 

on the gate of the synaptic transistors. The output of the oscillator was monitored using 
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an oscilloscope (SDS1052DL, SIGLENT Technologies North America, Inc.). 

Simultaneously, the synaptic transistor and portable neuromorphic system were 

characterized using a source meter (Keithley 2400, Keithley Instruments), and were 

monitored through a self-made program by LabView. 

5.4.3. Training for sensory humanoid hand 

The neuromorphic humanoid hand was connected to the 3D printed six-axis robot 

arm (Niryo One, Niryo). The motion of the arm was controlled using the Niryo One Studio 

software. Meanwhile, the gripping motion of the neuromorphic humanoid hand was 

controlled by the developed neuromorphic system. 

5.5. Conclusion 

We demonstrate a multi-axis robot DIW method for structural electronics. The six-

axis robot DIW method can print conductive traces on vertical and tilted surfaces 

seamlessly, while keeping continuously vertical to the curvilinear surfaces. We 

demonstrate a unique DIW method for the fabrication of conductive traces by optimizing 

parameters such as the speed of robot motion to improve the efficiency of the 3D printing 

process.  

A sensory humanoid hand with a novel origami touch sensor showing adjustable 

resistance sensing is 3D printed. It is designed with origami fingers and origami tactile 

sensors. A portable neuromorphic system is integrated with a 3D printed oscillator and 

synaptic transistor for the transmission and processing of signals. The 3D structural 

neuromorphic robot hands are ultimately created by integrating the fabricated sensory 

humanoid hand with a portable neuromorphic system providing a proception function, 

including the detection, transmission, and processing of signals. 

Finally, the neuromorphic humanoid hand can control its motion unconsciously, as the 

artificially intelligent robot mimics the reflex arc performance. The robot hand is trained to 

replicate the learning progress of gripping a ball, similar to the gripping motion of human 

hands. Different gripping forces are monitored through the compressed depths to the soft 

ball with different steps, such as before training, during training, and after training. The 

neuromorphic humanoid hand demonstrates an increased gripping force sufficient to hold 
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an unknown object. Thus, an artificially intelligent robot band is exhibited with the 

capability of learning an unconscious response through training. 
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Chapter 6.  
 
Conclusions and Future Works 

In this chapter, the major milestones of this thesis are summarized. The 

contribution from this thesis to the research field of neuromorphic systems is reiterated. 

Then, the contributed journal and conference publications based on this PhD thesis 

research are listed. Finally, the potential future works are discussed. 

6.1. Conclusions 

This thesis focuses on the development of bio-inspired 3D printed neuromorphic 

systems. Neuromorphic systems are designed with the bio-inspired device for signal 

perception, where sensors served as artificial organs to detect the environmental stimulus; 

and 3D oscillators served as artificial neurons to convert and transmit the detected signal; 

and synaptic transistors served as artificial synapses to process the signals. When the 

neuromorphic system is integrated with an electrochemical or tactile sensor, the proposed 

neuromorphic system detects ion concentrations or gripping forces. Then, it provided 

decision-making based on the learning and memory functions through training to magnify 

output automatically. Overall, it is concluded that the developed neuromorphic sensing 

system shows the potential to replicate the signal perception function of human beings. 

The demonstrated novel multi-axis robot 3D printing provides a new approach for 3D 

structural printing.  

Conclusion is summarized with three aspects of research milestones: 

1. 3D Printed Electrochemical Sensor 

• ISEs was designed and fabricated as an artificial receptor for selective ion 

detection. The performance of three different membranes for NH4
+, K+, and Ca2+ 

ions was studied. The device demonstrated sensitivity as 100, 104, and 42 

mV/decade for NH4
+, K+, and Ca2+ membrane, respectively. 
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• ZTO-based oxide FETs were fabricated with 3D printed silver electrodes. The 

serpentine design demonstrates the optimal FETs outputs thanks to the uniform 

channel for stable performance.  

• Printed ISEs and FETs were integrated as ISFETs by connecting the extended 

WE to the backside of FETs. Through interference study, the three ion-selective 

membranes showed a higher sensitivity for primary ions than interference ions.  

2. 3D Neuromorphic Sensory System-Electrochemical Sensing 

• 3D shaped inductors were designed with a 3D shaped magnetic core and 

fabricated by the 3D DIW printing system. Both the simulation result by Maxwell-

ANSYS and the experimental result confirmed that inductance increased with 

the number of wire turns. Capacitors were designed and printed with a 3D IDE 

structure. The resonant frequency of the LC resonator constructed with the 

fabricated 3D inductor and IDE capacitor was 2.36 GHz, similar to the simulated 

frequency of 2.26 GHz by Maxwell-ANSYS. 

• 3D LC oscillator, constructed with the printed 3D inductor, IDE capacitor, and 

resistor, was used to transmit the signals as artificial neurons. The resonant 

frequency was simulated by the LTspice software, which was similar to the 

experimental measurement. 

• ZTO-based synaptic transistors were fabricated as artificial synapses for signal 

processing. The potentiation and depression performance were monitored, 

which were related to the non-volatile memory function. The mechanism of 

synaptic transistors with the non-volatile effect was further investigated as the 

ion accumulation and doping for the demonstration of training. 

•  The fabricated sensor, artificial neuron, and artificial synapse were integrated 

as a neuromorphic sensory system with bio-inspired perception function, 

including sensing, signal transmission, and signal processing, respectively. The 

signal perception process was confirmed step by step. The neuromorphic 

system exhibited the learning and memory effect through carefully designed 

experiments, which were eventually utilized to detect small concentrations of K+ 

ions in the artificial soil. 
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3. 3D Structural Neuromorphic Tactile Sensing System  

• The 3D origami tactile sensor was integrated with the developed neuromorphic 

system. By integration of the 3D neuromorphic tactile sensing system with the 

fingertips, the 3D neuromorphic humanoid hand was demonstrated for 

intelligent tactile sensing.  

• A portable neuromorphic system was developed on a PCB board, which 

provided convenient replacement and integration advantages. By mounting it 

on the humanoid hand, a neuromorphic tactile sensing system was achieved 

with the bio-inspired perception function.  

• The unconscious response of the neuromorphic tactile sensing system was 

demonstrated. By training the neuromorphic system through gripping of the 

humanoid hand, the output voltage was automatically increased. After training, 

the motor produced enough force to hold a ball with the increased output voltage 

from the neuromorphic system. The bio-inspired unconscious response was 

replicated without any program control units.  

6.2. Contributions 

This thesis contributes to the area of neuromorphic sensing systems where 3D 

sensors, 3D LC oscillators, and synaptic transistors are introduced based on 3D printing 

technologies. The bio-inspired perception function was achieved by the integrated 

neuromorphic sensing system, including sensing, signal transmission, and signal 

processing.  

This thesis proposes a neuromorphic tactile sensing system. With the learning and 

memory function, the neuromorphic tactile sensing system was utilized to control the 

motion of the 3D printed humanoid hand, realizing the bio-inspired unconscious response. 

The contributions of this thesis are: 

• The work on the ISE sensor by 3D printing method provides an alternative 

design and fabrication method for electrochemical sensors with high sensitivity 

and selectivity.   



79 

• Design and fabrication of 3D structural electronics, including inductors, 

capacitors, even 3D LC oscillators, provide an alternative procedure in the 3D 

electronics field by the 3D printing method.  

• LC oscillators are used for signal transmission, including converting the signal 

to spike form signal as neurons. This study presents a novel way to fabricate 

artificial neurons. 

• As artificial synapses, 3D printed ZTO-based synaptic transistors were 

demonstrated with the non-volatile memory effect, resulting in the neuromorphic 

system's training function.  

• A novel 3D printing system, using a multi-axis robot to control the motion of a 

DIW printer, provides a new tool for the paste-based DIW printing field.  

• The neuromorphic system is designed as a portable system, where the 

oscillator and synaptic transistor are replaceable conveniently when they are 

degraded. By integrating with sensors, the neuromorphic sensing system shows 

the function of bio-inspired signal perception.  

• A 3D printed humanoid hand with the portable neuromorphic tactile sensing 

system was demonstrated for the unconscious response of tactile sensing.  
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6.4. Opportunities for Future Work 

The work of this thesis is intended to develop neuromorphic sensing systems by 

the 3D printing method. There are some other research directions that can be further 

studied as the extension of this study: 

1. Other types of sensors: This thesis has already demonstrated a neuromorphic 

system adapted to electrochemical senor and tactile sensors. Other types of sensors 

can be further integrated with the proposed neuromorphic system to replicate the 

rest of the human senses with a complete bio-signal perception procedure, such as 

smell, sight, sound, et al.  

2. Multiple input and output signals: Since the information transfer between actual 

neurons and synapses is spatial and temporal, much work can be further carried out 

to create new neuromorphic sensing systems that deal with multiple input signals 

and multiple output signals. 

3. Artificially intelligent robots: Using the neuromorphic tactile sensing system to 

control the humanoid hand by training is the first attempt to obtain an artificially 

intelligent robot for the demonstration of unconscious response. Other types of 

neuromorphic sensing systems can be further integrated with humanoid fingers to 

achieve more intelligent robots.  
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Appendix. 
 
Supplementary Figures 

 

Figure A1. Comparison of two electrode designs. (a) It shows IDE structure. (b) 
it shows the serpentine shaped electrodes. Although the channel 
length is nearly similar to 72 µm for IDE and 89 µm for serpentine 
channel structure, respectively, the uniformity of channel length is 
different. For IDE, the channel length varies from 57 µm to 85 µm. 
However, the channel length of serpentine design is between 84 µm 
and 94 µm. This shows the advantage of serpentine design over IDE 
in order to obtain a uniform FET channel by the 3D printing method. 

 

 

Figure A2. Change of channel length after thermal curing. It shows channel 
length variation before and after curing. Before baking, the average 
channel length is 84 µm. However, the channel length enlarged to 93 
µm, which shows an around 10 µm increment because of the 
electrode’s volume shrinkage by curing procedure. 
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Figure A3. Comparison of ISFETs and the short circuit of ISFETs. It shows the 
performance of short circuit ISFETs by connecting the working 
electrode and the reference electrode directly. The voltage of short 
circuit ISFETs merely increases with the ion concentration compared 
with the ISFETs. 
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Figure A4. Printability study of Mn-ferrite with different concentrations. (a) 80 
wt%, (b) 82.5 wt%, and (c) 85 wt%, respectively. 
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Figure A5. The fabricated procedure for 3D shaped inductors. 

 

 

 

 

Figure A6. The computational model established in Maxwell-ANSYS for the 
simulation of the resonant frequency. 
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Figure A7. 3D Electrical oscillators. (a) Design of the 3D electrical oscillator. (b) 
Sample image of the fabricated oscillator.  

 

 

Figure A8. Comparison of volume difference. (a) Facial oscillator, and (b) 
embedded oscillator, respectively.  
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Figure A9. Characterization of ISE and the integrated ISE with the electrical 
oscillator. (a) Relation between OCP and K+ ion concentration. (b) 
Relation between oscillator output and K+ ion concentration. (c) 
Relation between amplitude and K+ ion concentration. 
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Figure A10. Resistance change of the potentiometric pressure sensor at the 
compression. Photos present that the resistance is gradually reduced 
once the sensor is compressed. 

 

 

 

Figure A11. Design of the  integrated neuromorphic system. (a) PCB layout for the 
neuromorphic system. (b) 3D structure of the mounted neuromorphic 
system. 
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Figure A12. Simulation and experiments for integration of pressure sensor and 
oscillator. (a), (c) Simulation and experimental results for the relation 
between the output signal and resistance when tactile sensor 
connected at the gate electrode of the transistor. (b), (d) Simulation 
and experimental results for the relation between the output signal 
and resistance when tactile sensor connected at source electrode of 
the transistor. 
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Figure A13. The facilitation from a digital camera magnifier for the fabrication of 
synaptic transistors. (a) Set up for the digital camera magnifier. (b) 
Alignment of the nozzle. (c) fabricated synaptic transistor for 
constraining liquid electrolyte. 

 


