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Abstract 

 

Non-volatile Memory Devices and Integrated Sensors for 

Multifunctional Stretchable and Bioresorbable Electronics 

 

Donghee Son 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

Over years, major advances in healthcare have been made through research 

in the fields of nanomaterials and microelectronics technologies. However, the 

mechanical and geometrical constraints inherent in the standard forms of rigid 

electronics have imposed challanges of unique integration and therapeutic 

delivery in non-invasive and minimally invasive medical devices. Here, we 

describe two types of multifunctional electronic systems.  

The first type is wearable-on-the-skin systems that address the challenges 

via monolithic integration of nanomembranes fabricated by top-down approach, 



II 

 

nanotubes and nanoparticles assembled by bottom-up strategies, and stretchable 

electronics on tissue-like polymeric substrate. The system consists of 

physiological sensors, non-volatile memory, logic gates, and drug-release 

actuators. Some quantitative analyses on the operation of each electronics, 

mechanics, heat-transfer, and drug-diffusion characteristic validated their 

system-level multi-functionalities. 

The second type is a bioresorbable electronic stent with drug-infused 

functionalized nanoparticles that takes flow sensing, temperature monitoring, 

data storage, wireless power/data transmission, inflammation suppression, 

localized drug delivery, and photothermal therapy. In vivo and ex vivo animal 

experiments as well as in vitro cell researches demonstrate its unrecognized 

potential for bioresorbable electronic implants coupled with bioinert therapeutic 

nanoparticles in the endovascular system. 

As demonstrations of these technologies, we herein highlight two 

representative examples of multifunctional systems in order of increasing 

degree of invasiveness: electronically enabled wearable patch and endovascular 

electronic stent that incorporate onboard physiological monitoring, data storage, 

and therapy under moist and mechanically rigorous conditions. 
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Chapter 1. Introduction 

 

 

1.1 Organic flexible and wearable electronics 

 

Recent progresses in flexible and wearable electronics are mainly driven by 

the efforts to reduce the power consumption of circuit components, to enhance 

device operating speeds and signal-to-noise ratios. Those real-time 

physiological measurement technologies are closely related to exploit interfaces 

on the human skin. Recently, flexible smart phones or wearable watches 

equipped with various sensing modules to detect physiological signals, such as 

electrocardiogram (ECG), electromyograph (EMG), body temperature, and 

motion-induced strain have attracted enormous attention due to their 

multifunctionality and portability. Although the flexible and wearable devices 

have proven their practicality, several limitations, such as low flexibility, low 

signal-to-ratio, high cost of the materials, and high power consumption still 

remain. Therefore, many research groups have extensively studied to overcome 

these problems. 
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Organic materials for flexible and wearable electronics: flexible and 

stretchable electrode  

A conducting electrode composed of a mixture of single wall carbon 

nanotube (SWNT), an ionic liquid, and 4-methyl-2-pentanone is processed by a 

jet-milling homogenizer1. The SWNT-based paste can be patterned on PDMS 

substrate using screen printing (Figure 1.1a). Figure 1.1b, c indicate a plot of the 

conductivity as a function of stretchability since the SWNT content was 

changed from 1.4 to 15:8 wt%. The optimized composition of SWNTs enables 

the SWNT composite electrodes to have an extraordinarily high stretchability 

upto 118% and conductivity of 9.7 S cm-1. These flexibility and stretchability of 

SWNT composite electrodes show higher conductivity than the conventional 

conducting rubber in different stretched modes. The SWNT composite electrode 

was applied to the electrode of the organic light-emitting diode (LED) to verify 

the electrical performance. The organic LED integrated with the SWNT 

composite electrode display higher brightness compared to the LED integrated 

with conventional conducting rubber, which evidences that the SWNT 

composite electrode with high conductivity and stretchability are crucial for 

flexible and wearable applications. 

Conductive, transparent, and stretchable film coated by spraying SWNTs 

can be directly fabricated onto a substrate of PDMS. Figure 1.1e shows a series 
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of schematic diagrams depicting the changes in morphology of SWNTs on a 

PDMS substrate with strain, as well as corresponding AFM images2. At strain of 

≈170%, the resistance of the SWNT film irreversibly increased by several 

orders of the magnitude. Stretching capability of the film with elastic properties 

is shown in figure 1.1f,g. Biaxially stretched SWNT films were reversibly 

stretchable in any direction. These SWNT films embedded in PDMS are also 

highly transparent with bending-induced strains (Figure 1.1h). 

 

Organic materials for flexible and wearable electronics: carbon 

nanotube-based sensor 

The SWNT network film can be fabricated onto the PDMS substrate as an 

electrode of the transparent and stretchable capacitive sensor, which is capable 

of sensing local pressures (Figure 1.2a-c)2. The crosstalk among adjacent pixels 

in the 64-pixel device is low. And when the pressure is applied, the change in 

capacitance registered by the pixel is also five times higher than the average of 

that registered by the four adjacent pixels (Figure 1.2d). Although the sensor 

with both stretchable and transparent properties is difficult to maintain high 

performances with strains, the skin-like SWNT pressure sensor shows high 

transparency and high spatial sensitivity. 
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As one of the channel materials, semiconducting SWNT (s-SWNT) with 

high mobility, high flexibility, and low cost can be applied to operate flexible 

field effect transistors, which are basic modules for wearable active-matrix 

devices. Figure 1.2e shows optical and SEM images of fabricated 16 × 16 pixels 

and s-SWNT junctions, respectively3. The cross-sectional, exploded, and 

circuitry schematics of the s-SWNT active matrix with pressure sensing 

modules and the OLED are shown in Figure 1.2f-h. The full system fabricated 

on a polyimide substrate is heterogeneously integrated with 16 × 16 pixel arrays 

of s-SWNT TFTs, OLEDs, and pressure sensors. The interactive s-SWNT-based 

e-skin can be used to spatially map and visually display the applied pressure 

profiles (Figure 1.2i). 

 

Organic materials for flexible and wearable electronics: film-based 

sensor 

Semiconducting organic film-based active matrix equipped with pressure 

sensitive rubber is used to analyze local strains on the surface of the artificial 

skin. The fabrication process of spin-coated organic film is simple to control its 

thickness, which is a key factor for the switching property. Figure 1.3a shows 

transfer curves of the pentacene film-based TFT with a sensing module under 

different pressures4. The spatial map is measured by the active matrix sensors 
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(Figure 1.3b). The electrical performances are well-maintained with radius R 

varying from 50 to 2 mm, which corresponds to tensile strain from 0.1% to 

1.5%, respectively (Figure 1.3c). The image of the sensor array on a soft 

substrate is shown in figure 1.3d. The pressure map image obtained by using the 

active matrix sensor is shown in Figure 1.3e along with a photograph of the 

‘‘rubber lips’’, which is used to apply pressure. Even though the resolution of 

the present device is too low to be compared with that of real “lip” image, it is 

enough to verify the shape of the lip. Although these active matrix sensors show 

good performances, the device has limitations, such as a heavyweight design 

and low conformability. In general, ultra-thin organic transistor or other 

components maintain their electrical properties since their thin passivation layer 

protects the device from ambient oxygen or water molecules, which are prone to 

cause malfunctions. Here, an ultra-lightweight pressure sensor array is 

fabricated on a polyethylene naphthalate (PEN) foil (Figure 1.3f-h)5. The device 

coated with the parylene film shows passivation ability enough to prohibit the 

influx of environmental gases. Figure 1.3i indicates an image (left) and a 

corresponding drain current map of a metallic ring placed on the sensing device 

(right). The spatial map of pressure information shows good sensitivity of the 

device. The device can be laminated onto the noncoplanar structures of a human 

upper jaw model (Figure 1.3j). 
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Figure 1.1 a, Stretchable conducting electrodes on a PDMS sheet. The insets 

indicate SWNTs dispersed in conducting paste and the magnified image of the 

electrode. The SEM images of the electrode (bottom). b, Conductivity of 

stretchable electrode as a function of stretchability. c, Stretchability and 

conductivity as a function of carbon nanotube content. d, Luminance of a 

display cell array. e, Morphological evolution of the SWNT film with different 

strains. f, Percentage change of resistance versus time stretching from 0 to 50%. 

g, Resistance versus stretching cycles. h, Image of the sensor composed of the 

SWNT film. 
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Figure 1.2 a, Fabrication processes for the arrays of transparent, compressible, 

capacitive sensors by spray-coating method. b, Photographical image of a64-

pixel array of the pressure sensor. c, Image of the same device on a display. d, 

Map of the pressure distributions based on the change in capacitance. e, Optical 

image of a fabricated pixel before the integration of the OLED and pressure 

sensitive rubber. A SEM image of the SWNT junctions. f, Schematic of user-

interactive e-skin. g, Exploded view of the e-skin. h, Circuit diagram of the e-

skin matrix and i, corresponding spatial mapping array with different pressures. 
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Figure 1.3 a, Transfer characteristics are measured for a sensor cell under 

application of various pressures from 0 to 30 kPa. b, Pressure map image with a 

rectangular rubber block. c, The transfer curves of a pentacene transistor with 

different radii (right). d, Image of the artificial skin. e, A pressure image of a 

kiss mark is taken by using the fabricated sensor array. f, Schematic of 

pentacene transistor. g, Illustration of a transistor with pressure sensing nodes. h, 

Circuit diagram of the artificial skin matrix. i, Images of pressure sensor array 

(left) and corresponding spatial map (right). j, Conformal contact of the array on 

a model of the human upper jaw. 
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Organic materials for flexible and wearable electronics: organic logic 

circuits 

Semiconducting organic materials, such as carbon nanotube and pentacene, 

are expected to be used in the development of transistors and logic circuits for 

future devices, including low-cost, printable and wearable electronic devices. 

Here, this section covers the fabrication of high-performance thin-film 

transistors and integrated circuits on flexible and transparent substrates. Figure 

1.4a shows an image of various device arrays composed of SWNT TFTs and 

integrated circuits, including inverters, ring oscillators (3, 11, and 21 stages), 

NOR and NAND gates, reset–set flip-flops, and delay flip-flops on a 

polyethylene naphthalate (PEN) substrate6. A structural image and IV 

characteristics of single SWNT transistor are shown in figure 1.4b,c. Figure 

1.4d indicates the voltage transfer curves and gain characteristics of the SWNT 

inverter. Figure 1.4e-f show diagrams and graphs for a 21-stage ring oscillator 

with an output buffer on a PEN substrate where 44-SWNT-TFTs are integrated. 

The output voltage begins oscillating spontaneously at VDD = 22 V, and the 

oscillation frequency reaches 2.0 kHz at a VDD of 24 V. This value is 

significantly better than that reported in recent research. Besides, basic 

NOR/NAND gates and an integrated circuit (master–slave delay flip-flops) 

fabricated on the PEN substrate are also shown in figure 1.4g-j. Although 
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SWNT-based transistor and logic gates show good electrical performances, 

some drawbacks with an electrical hysteresis issue still remain in the devices, 

which causes degradation of the switching speed of the SWNT-based transistors. 

 Bottom-gate, pentacene-based transistor (P-Tr) shows not hysteresis 

effects in transfer curves (Figure 1.5a-c)7. Therefore, the P-Tr-based logic gate 

indicates good performances (gain of 40) (Figure 1.5d). Figure 1.5e shows an 

optical image (top, left) and a circuit diagram (bottom, left) of a 21-stage ring 

oscillator. The circuit oscillation with a signal delay per stage of 4.5 ms with flat 

and bent modes (right). The results indicate that high performanced P-Tr-based 

logic circuits can be used as a core component of the active devices. Even 

though SWNT or pentacene-based electronic devices show reliable operations, 

the organic materials are hard to handle compared to the inorganic materials in 

an ambient condition, which is the main reason to replace the organic materials 

with inorganic materials (Figure 1.6). 
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Figure 1.4 a, Image of SWNT devices fabricated on a flexible and transparent 

PEN substrate. b, Illustration of the SWNT transistor. c, Transfer curves of the 

SWNT transistor at Vd= -0.5 V (Lch/Wch=100/100 μm). d, Voltage transfer 

curves and gain characteristics of an inverter. Insets show optical micrograph, 

circuit schematic diagram of the inverter. e, Optical image (top) and circuit 

diagram (bottom) of a 21-stage ring oscillator. f, Output measurements of the 

ring oscillator with an oscillation frequency of 2.0 kHz at VDD = -4V. g-j, 

Schematics and corresponding input-output characteristics of the NOR (g,h,) 

and NAND (i,j,) gates, respectively. 
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Figure 1.5 a, Images of a flexible polyimide substrate with functional organic 

TFTs and organic complementary circuits. b, Illustration of the pentacene 

transistor. c, Transfer curves of p-type (left) and n-type (right) channel 

transistors. d, Schematic diagram of the inverter circuit (left). The frames on the 

right show voltage transfer curves and gain characteristics of the inverter. e, 

Optical image (top, left) and circuit diagram (bottom, left) of a 21-stage ring 

oscillator. The circuit oscillation with a signal delay per stage of 4.5 ms with flat 

and bent modes (right). 
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Figure 1.6 Comparison with literature data. 
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1.2 Inorganic flexible and wearable electronics 

 

Inorganic materials for flexible and stretchable electronics: flexible 

and stretchable nanomembrane 

In general, inorganic film-based devices are fabricated on wafers and the 

subsequently diced and integrated into micro/nanoelectronic circuits in order to 

perform data storage, signal verification, and recording. The film technologies 

can be applied to the flexible and stretchable electronics by transfer printing 

processes. The transfer-printed metallic and semiconducting nanomembranes 

with wavy geometries are of growing interests because they play key roles in 

producing high-performance flexible and stretchable electronic systems. In 

addition, pop-up electrodes are a new development to offer extremely high 

stretchability. This section covers the inorganic materials and mechanical design 

strategies for classes of electronic and bioelectronic devices. 

Figure 1.7a shows SEM images of flat and wavy gold stripes on the PDMS 

substrate8. The wavy patterns are formed by local strains at the interface 

between the prestretched substrate and the gold film. This wavy structures 

enable the electrode to be stretched up to ~100% without electrical degradations 

(Figure 1.7b). The stretchability of the interconnection can be enhanced by 

using the pop-up bridge-like design (Figure 1.7c,d)9, which enables the 
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electrode to be stretched up to ~140%. The principle of enhanced stretchability 

is as follows. When external strain is applied along the x-directions, these 

noncoplanar electrodes effectively compensate the applied strains through the 

height difference. Stretchable semiconducting and piezoelectric nanomembranes 

can also be fabricated onto the elastic rubber by the same processes. Figure 

1.7e-j show SEM images and a schematic of bucked PZT/Si/ nanomembranes 

transfer-printed onto the PDMS substrate10-12. These noncoplnar structures of 

the metallic and semiconducting nanomembranes are very crucial to achieve 

stretchable electronic devices.  
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Figure 1.7 a, Images of gold electrodes on PDMS substrates with pristine (top) 

and stretched (bottom) modes. b, Electrical resistances of flat (top) and buckled 

(bottom) gold electrodes with different strains. c, Schematics of fabrication 

process for noncoplanar stretchable electronics with deformations. d, SEM 

images of the noncoplanar stretchable interconnects. . e, A SEM image of PZT 

ribbons transfer printed to rubber substrate with zero prestrain. f, Buckled PZT 

ribbons with prestrained conditions. g, SEM images of Si ribbon structures 

formed on a PDMS substrate pre-strained to 50% and patterned with different 

widths. h, Schematic illustration of the process for fabricating stretchable 

Silicon devices on rubber substrate. i, Optical images of wavy Si ribbons on 

PDMS. j, A SEM image of 4 wavy Si ribbons. 
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Inorganic materials for flexible and stretchable electronics: flexible 

and stretchable multiplexed sensor arrays. 

Inorganic nanomaterials such as zero-dimensional (0D) quantum dot, 1D 

nanowire/nanotube, and 2D nanomembrane/nanoribbon structures have drawn 

attention to high performance electronic devices since they are reliable on the 

ambient conditions and compatible with the conventional mico-/nano-

fabrication processes compared with the organic materials. In this section, 1D 

ZnO nanowires and 2D Si nanomembranes for multiplexed pressure sensor 

arrays based on the two-terminal metal-semiconductor-metal structure are 

introduced. 

Although conventional architectures, such as 3D integrated circuits and 

wrap-gate vertical transistors, have presented efficient approaches in achieving 

high-density assembly of nano-scale devices, it is hard to fabricate the gate 

electrode and manage the interconnection layout to control an individual cell 

effectively within a high density matrix. To overcome the problems resulted 

from the complex fabrication processes, a simple capacitor-like structure is 

newly developed by combining vertically aligned ZnO nanowires with 

micro/nanofabrication processes. A schematic of a wrap-gate nanowire FET and 

a 3D strain-gated vertical piezotronic transistor (SGVPT) is shown in figure 

1.8a13. The SGVPT shows a piezoelectronic effect which modulates local 
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contact characteristics and charge carrier transport by strain-induced ionic 

polarization charges at the interface of a metal-semiconductor contact region 

(schottky barrier). The piezoelectronic effect made by modulations of schottky 

barrier heights according to the local stress or force is different from the 

voltage-gated operation of a traditional field effect transistor. Based on the 

piezoelectronic effect of the SGVPT, representative data from 23 taxels in a 

typical single-channel line scan (1 × 92) measurement for a SGVPT array 

device are shown in figure 1.8b,c. The current data from each taxel under 1 V 

bias, with and without external pressure (20 kPa) applied to a localized region 

(around taxels 45 and 46), are recorded and plotted with colors representing the 

ratio of the response amplitude for each taxel. The measured sensing range of a 

few kPa to ~30 kPa for a SGVPT array is well matched to the range of human 

finger pressure applied to sense texture and shape of the objects, 10 to 40 kPa. 

The area density of the SGVPT array is 8464 cm-2, which is higher than that of 

organic material-based sensor arrays. 

Even though nanowire-based sensor arrays show high density and high 

sensitivity performances, they have some drawbacks, which are electrical 

malfunctions caused by nonuniform growth rates of the nanowires and 

environmental heat-induced schottky barrier modulations. Single-crystalline 

silicon shows highly uniform electrical performances and high piezoresistive 
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effects. Si nanomembranes derived from silicon-on-insulator substrates are 

fabricated on the flexible substrate by using transfer printing processes. A 

schematic and a circuit diagram of Si nanomembrane strain sensor arrays are 

shown in figure 1.8d14. The Wheatstone bridge (WB) design with four separate 

Si resistors enables the sensor to precisely sense the local pressures by verifying 

the changes in voltage drops across the four Si resistors. Figure 1.8e,f show the 

effective gauge factor (~43) and local strain map of the Si nanomembrane strain 

sensors. Also, the simulation results of the WB structure-based Si sensor prove 

the measurements right. The reliability results of the Si sensor in figure 1.8h 

show that the changes in output voltages do not vary with different bending 

radii from 25 to 12 mm with up to 1000 cycles. The bending tests of the Si 

sensor indicate the good flexibility.  

Besides, the sensitivity to variations in temperature is also tested in Si 

sensor arrays. Figure 1.8i,j show fractional changes in resistance and voltage of 

a Si sensor as a function of temperature from 40 °C to 80 °C. For strain gauges 

in WB configurations, the same temperature coefficient of resistance (TCR) 

associated with four Si resistors yields the minimal temperature effect in the 

unstrained condition, although the temperature can affect the device 

performance in the strained state. Thus, high quality electrical data with 

decoupled ambient thermal fluctuations can be delivered by the WB design. 
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Figure 1.8 a, Schematic illustrations for structures of three-terminal and two-

terminal transistors. The magnified illustration of strain-gated vertical 

piezotronic transistor array. b, Topological profile images (top view) of 23 

selected taxels in a 1 × 92 piezotronic devices (single channel; top frame) and 

their corresponding current responses (middle and bottom frames). c, Single-

channel conductance measurement. d, Top-view image and circuit diagram of a 

wheatstone bridge (WB) and Si resistor. e, Changes in resistance of a Si resistor 

versus tensile strain. f, Contour map data of strain distribution of the devices. g, 

Changes in output voltage of a WB versus strains. h, Voltage output from a WB 

measured at different stages of bending tests. i, Changes in resistance of a Si 

resistor versus temperature. j, Changes in output voltage of a WB versus 

different temperatures. 
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Inorganic materials for flexible and stretchable electronics: flexible 

and stretchable transistors, LEDs and logic gates 

Making single-crystalline silicon complementary metal-oxide 

semiconductor (Si-CMOS) integrated circuits (ICs) reversibly flexible and 

stretchable is a prerequisite in realizing wearble electronic devices. This section 

covers transistors, logic gates, LEDs, other sensors taken from stretchable 

strategies, such as multilayer neutral mechanical plane designs, wavy structural 

layouts, and serpentine interconnects. Figure 1.9a,b show images and electrical 

measurements of of wavy Si-CMOS inverters formed with different tensile, 

uniaxial applied strains of ~3.9%15. The Poisson effect results in compression in 

the orthogonal direction, which leads to increases and decreases in the 

amplitudes and periods of waves with this orientation, respectively. Voltage 

transfer curves and transistor transfer characteristics (inset) of the inverter show 

high performances (gain of ~100) at supply voltages (VDD) of 5V, consistent 

with circuit simulations that use the individual transistor responses. In addition, 

the effective mobilities of 290 cm2/Vs and 140 cm2/Vs for the n- and p-type 

MOSFET are also shown in figure 1.9b inset. The right frame of figure 1.9b 

summarizes the voltage at maximum gain (VM) for different strains along x- 

and y- directions. More complex stretchable circuits can be fabricated by using 

these inverters as the core components. Figure 1.9c,d show optical images (top, 
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middle) and electrical measurements (bottom) of Si-CMOS ring oscillators that 

use three inverters under unstrained and strained conditions. The electrical data 

show the stable oscillation frequencies of ~3.0 MHz at supply voltages of 10 V, 

even under severe wavy deformations and strains of 5% and larger. Figure 1.9e,f 

show images and oscillation characteristics of a differential amplifier. The 

amplifier is designed to have a voltage gain of ~1.4 for a 500-mV peak-to-peak 

input signal. The data measured at different tensile strains along the red arrow 

show gains that vary by less than ~20%. Even though these devices are highly 

flexible and stretchable, the flexibility is not high enough to be conformally 

laminated onto the surface of the skin by soft contact. 

A different approach is introduced Figure1.9g, in which the electrodes, 

electronics, sensors, power supply, and communication components are 

configured together into ultrathin, low-modulus, lightweight, and stretchable 

skin-like membranes. The devices and interconnects exploit ultrathin structures 

(<7 mm), neutral mechanical plane configurations, and optimized geometrical 

designs. The active components use established electronic materials, such as 

silicon and gallium arsenide, in the form of wavy nanomembranes. The results 

are high-performance electronic systems that offer reversible and elastic 

responses to large strain deformations with effective moduli (<150 kPa), 

bending stiffnesses (<1 nN m), and areal mass densities (<3.8 mg/cm2) that are 
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in orders of the magnitude smaller than those possible with the conventional 

electronic devices. These mechanical characteristics render materials hold 

strong adhesion on skin via van der Waals forces alone, without any adhesive 

tapes. Figure 1.9h indicates platinum-based temperature sensors built with 

serpentine interconnections (left) and in-plane strain gauges based on 

carbonblack-doped silicones (right). Figure 1.9i shows that the gate of a fully 

serpentine (FS) MOSFET is connected to an extended FS electrode for efficient 

coupling to the body potential. This FS MOSFET is used in the on-site signal 

amplifications. Images of LEDs/photodetectors based on AlInGaP (left) and Si 

photovoltaic cells (right) are shown in figure 1.9j. These strategies suggested 

here is able to attach high-performance electronic functionality on the surface of 

the skin. Thus, future wearable devices might be applicated by these 

technologies.  
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Figure 1.9 a, Optical images of buckled Si-CMOS inverters under tensile 

strains along the x and y directions. b, Measured and simulated voltage transfer 

curves (left) and threshold voltage characteristics (right) of Si-CMOS inverter, 

respectively. c, Images of ring oscillator with pristine and stretched modes. d, 

Voltage output of the ring oscillator versus time. e, Images of a differential 

amplifier with pristine and stretched modes. f, Frequency domain responses of 

an oscillator at various applied strains. g, Image of a representative sample for 

epidermal electronics. h, Images of a temperature and a strain sensor. i, Optical 

micrographs of a silicon MOSFET for local amplification. j, Optical images of 

an array of micro-scale Al/In/Ga/P LEDs (left) and photodetectors (right).  
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1.3 Flexible non-volatile memory devices 

 

Flexible floating-gate memory 

A current flash memory device has an ability of non-volatile data storage 

which can be divided into two types of the charge trap layers, based on how the 

floating gate is conducting (floating gate memory, FGM) or insulating (charge-

trap flash memory, CTFM) materials. Compared to CTFM, the FGM shows 

very long retention and high operation voltages. The good property of retention 

results from FG materials, such as noble metals having high work functions. 

Figure 1.10a shows an image and a schematic for the structures of organic 

metal/oxide/semiconductor (MOS)-based FGM transistors16. The FG layer 

(Aluminum film) is sandwiched between the tunneling oxide (Tox) and blocking 

oxide (Box) layers. Tox (AlOx+self-assembled monolayers (SAM)) is used as 

potential barrier for electron tunneling quantum transports between the 

semiconductor substrate and the FG layer. Box (AlOx+SAM) is also used in 

thicker potential barrier than the Tox layer to prevent a back-tunneling effect 

from the control gate. The FGM transistor with thick dielectrics causes bad 

gate-controllability due to the low effective field, compared to that with the thin 

SAM dielectric layer. The structure of the FGM transistor is shown in figure 

1.10c. The electrical operation is governed by electron or hole trapping 
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processes through the Fowler-Nordheim (FN) tunneling effect, which causes 

threshold voltage shift of the FGM device (Figure 1.10d). Controlling the 

thickness and quality of the various insulating layers can optimize low operation 

voltages. 

To improve the ability of data storage, a 2D structure of previous FG can 

be replaced with 0D structures, which have the high surface-to-volume ratio 

(Figure 1.10e)17. Metal nanoparticle-based FG enables more electrons or holes 

to be trapped on the surface of the FG. In addition, the application of metal 

elements with high work functions to the FG can also be a good option. A TEM 

image of self-assembled gold nanoparticle (SGN) film is shown in Figure 1.10g. 

The TEM result shows that the SGN film as a core materials of the FGM is 

highly uniform. Figure 1.10h shows schematics describing the band bending of 

the SGN-FGM under applied positive/negative biases on the control gate. Holes 

are trapped in the SGN film by tunneling (the band gap of Al2O3 (Tox) is ~8.8 

eV) under a negative gate bias (PGM operation). The ERS operation (positive 

gate bias) discharges holes from the SGN-FG layer to the channel layer by FN 

tunneling through the Tox layer. The electrical performance of a single SGN-

FGM transistor is characterized under ambient conditions (Figure 1.10i). Figure 

1.15i indicates the transfer curves and switching speed characteristics of the 

SGN-FGM transistor at different positive/negative gate voltages. These results 
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indicate the effectiveness of charging/discharging of the charge carriers 

into/from the SGN-FG layer. 
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Figure 1.10 a, Images of an organic floating gate transistor device comprising 

26 by 26 cells. b, Illustration of the pentacene-based floating gate memory. c, 

Cross-sectional TEM image of the memory. d, Transfer curves of the memory 

with erasing and programming modes. e, Schematic of the gold nanoparticle-

integrated floating gate memory. f, Image of the flexible floating gate memory. 

g, Top-view TEM image of gold nanoparticle assembly. h, Band diagrams on 

different operation modes. i, Transfer characteristics and charging/discharging 

sensitivity of the memory on erasing and programming modes. 
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Flexible resistance random access memory 

A single structure of RRAM similar to that of capacitor consists of 

top/bottom metal electrodes and insulator. The RRAM device designs show 4 

types of structures, which indicate 1 resistor (1R), 1 transistor (1T)/1R, 1 diode 

(1D)/1R, and 1 selector (1S)/ 1R. This section covers efficient methods for 

realization of the RRAM array with the high cell density and non-disturbed 

multiplexing ability. 

Figure 1.11a shows a flexible RRAM device array with the 

AgNW/MoOx/MoS2/AgNW 1R structure18. The MoS2 film assembled by 

modified Langmuir-Blodgett film processes is transfer-printed on the inkjet-

printed AgNW networks. MoOx is then formed on the surface of the MoS2 via 

thermal oxidation. Especially, the composition of Mo ions is devided into Mo5+ 

and Mo6+ states, which make the MoOx film conducting or insulating (Figure 

1.11b), respectively. When the Mo6+ ions on the top surface of the MoOx forms 

the schottky barrier at the MoOx/AgNW interface, the MoS2 RRAM device 

shows bipolar resistive switching in IV characteristics (Figure 1.11c). These 

results imply that the switching mechanism conform to the schottky emission 

conduction theory, in which heat is a driving force to enable mobile charge 

carriers to leap the schottky barrier. A plot of the resistive switching voltage of 

the MoS2 RRAM as a function of the MoS2 film thickness shows that MoS2 
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RRAM has no dependence on the film thickness, because the resistive switching 

dominantly occurs at the interface between AgNWs and MoOx. Meanwhile, the 

scan rates are highly correlated to the resistive switching voltages (Figure 1.11e). 

The graphene oxide film also shows good resistive switching 

characteristics. A schematic of the cross-bar array on the flexible substrate is 

shown in figure 1.11f19. Figure 1.11g indicates the corresponding IV curves, 

which are bipolar resistive switching. The inset shows an image of flexed 

graphene oxide RRAM device arrays. The reliability of the RRAM device is 

tested during bending cycles of ~1000 with bending radii ranging from 7 mm to 

20 mm (Figure 1.11h,i). Figure 1.11j shows a suggested resistive switching 

mechanism, in which mobile oxygen ions form the interfacial 

insulating/conducting layer at the top electrode applied by positive/negative 

voltages. The resistance states of the RRAM cell by these operations can be 

reversible. 

Although these 1R-type RRAM arrays show attractive electrical 

characteristics, the neighboring cell operations in the large-scale area can 

disturb the individual cell access. Thus, RRAM array should protect the sneak 

path effect. The RRAM structures suggested in Figure 1.12 are promising 

candidates for large-scale RRAM demonstrations20. First, flexible 1T-1R arrays 

with a Al/a-TiO2/Al RRAM cell structure are demonstrated in Figure 1.12a-e. 
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Figure 1.12a,b indicate schematics of the Si nanomembrane-based 1T-1R array 

and a single cell. The transfer curves and IV characteristics of the RRAM device 

connected to the Si TFT show good performances (Figure 1.12c-e). The 

electrical operations of the RRAM cell are controlled by the Si TFT, which can 

impede undesired external voltages. Thus, 1D-1R or 1S-1R structures are also 

highly efficient to protect electrical malfunctions by virtue of adopting the same 

procedures (Figure 1.12f-m)21,22. 
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Figure 1.11 a, Schematic and images of MoS2 resistive memory. b, XPS data 

for compositional analysis of Mo5+ and Mo6+ under different annealing 

conditions. c, Bipolar IV curves of the memory. d, The memory shows no 

dependency on the thickness of MoS2. e, Threshold voltage of the memory as a 

function of scan rate. f, Schematic of the graphene oxide RRAM array. g, 

Bipolar IV curves of the memory. h, Endurance data with bending cycles and i, 

bending-induced strains. j, Schematic illustrations and simple band diagrams for 

the operational mechanism of the memory with LRS and HRS, respectively. 
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Figure 1.12 a, Schematic illustration of the 1 transistor and 1 RRAM array 

structures. b, Schematic of the Si MOSFET. c, Vd-Id and Vg-Id curves of the 

MOSFET. d, IV curves of the Al/TiO2/Al RRAM. Inset shows double log-log 

plots of the RRAM cell. e, Transfer curves of the 1T-1R with HRS and LRS. f, 

IV characteristics of 1 resistor (R), 1 diode (D), and 1R-1D. g, IV curves of the 

1T-1R with different strains. h, Endurance data with bending-induced strains. i, 

Schematics and data storage verifications of 1R array and j, 1D-1R array. k, 

Schematic illustrations of laser lift-off process of the 1 selector (S)-1R array. l, 

IV curves of the 1S and m, 1S-1R. 
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1.4 Bioresorbable materials and devices 

 

Bioresorbable stent 

Percutaneous coronary intervention (PCI) was introduced as an effective 

and safe treatment surgical method for single vessel and multivessel coronary 

atherosclerotic diseases in 1979. Since then, PCI has been widely used to treat 

cardiovascular diseases. Although PCI is an effective surgical procedure, its 

critical problems, such as restenosis, still remain, which is defined as the 

renarrowing of the treated vessel lumen to >50% occlusion, usually within 6 

months after the PCI procedure. Especially, the inflammatory responses to the 

endothelial denudation and subintimal hemorrhage caused by the balloon 

angioplasty are estimated to be strongly correlated to the renarrowing 

phenomenon, because they result in the onset of several proliferative processes, 

including vascular smooth muscle cell (VSMC) proliferation and migration, 

extracellular matrix formation, and neointrimal hyperplasia. However, the 

causative mechanisms of restenosis have not yet been fully identified.  

The introduction of drug-eluting stent (DES) was seen as an alternative to 

restenosis treatment and, initially, DES alleviated the incidence of restenosis 

significantly. Even though DES is a good approach toward the prevention of 

restenosis, in-stent restenosis (ISR) still remains as a problem, which is 
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associated with foreign material in the coronary arteries. In light of the ISR-

related issues including polymer-induced inflammation, thrombosis, and 

restenosis, the development of bioresorbable polymers has been a pivotal focus 

of the study. Figure 1.13a shows an image of the poly-lactic acid (PLA)-based 

stent, which has a zig-zag helical coil design with straight bridges. In the 

resorption process, hydrolysis of bonds of lactide components generates lactic 

acid that enters the Krebs cycle and is metabolized to carbon dioxide and 

water23. This PLA stent can cause polymer-induced inflammations because it 

has no antiproliferative drugs. The PLA-based sirolimus-eluting stent shown in 

figure 1.13b is advanced model to treat the inflammation associated with PCI 

and with polymer degradation24. However, these polymer-based stents do not 

hold sufficient radial strength for an appropriate duration. The magnesium alloy 

(WE-43) stent has sinusoidal in-phase hoops linked by straight bridges, which 

are solid for vessel recoil (Figure 1.13c). The metal stent is also bioresorbable 

and can be coated with therapeuctic polymers. Figure 1.1d,e show the effect of 

DES on the ISR. The DES with ammonium tetrathiomolybdate (TTM) shows 

high efficiency for the ISR compared with the control. 

The therapeutic and bioresorbable stent platforms, mentioned above, are 

limited to diagnose and/or monitor endovascular diseases, because they have no 

functions of internal data processing and wireless transmission. Figure 1.13f 
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shows a strainless steel stent with integrated fully wireless implantable 

cardiovascular pressure sensors25. The suggessted stent demonstrates fully 

wireless-pressure-sensing functionality with an external 35-dB·m RF powering 

source across a distance of 10 cm. The measurements made in a regulated 

pressure chamber demonstrate the ability of the wireless stent platform to 

achieve pressure resolutions of 0.5 mmHg over a range of 0–50 mmHg using a 

channel data-rate of 42.2 kb/s. However, these electronic components and 

strainless steel stent might cause ISR issues due to non-bioresorbability. Thus, 

all electronic components should be composed of bioresorbable materials in 

order to prevent inflammation-induced ISR. This approach will be covered in 

the next section. 
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Figure 1.13 a-c, Images of polymer (a), polymer-drug (b), and magnesium 

alloy (c) stents. d, In-stent diameter stenosis measured by quantitative coronary 

angiography, minimal lumen area measured by intravascular ultrasound, and 

neointimal volume measured by histomorphometry. e, Representative histology 

of a control (left) and a tetrathiomolybdate (TTM)-treated (right) animal. f, 

Images of an electronic device-integrated on stainless stent. 
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Bioresorbable electronics 

Bioresorbable materials such as metals (Zn, Mg, Mo, W), semiconductors 

(Si, ZnO, MgO), and polymers (PLA, PLGA, PCL) can be applied to the 

interconnection, active switching channel, and substrate, respectively. Electronic 

circuits based on the bioresorbable materials can exploit these transient 

behaviors including implantable medical sensors and therapeutic actuators that 

resorb in the body to avoid adverse long-term effects. Figure 1.14a,b show an 

image and a schematic of a bioresorbable electronic platform that includes 

transistors, diodes, inductors, capacitors, and resistors, with interconnects and 

interlayer dielectrics, all on a thin silk substrate26. All of the components are 

dissolved when immersed in water solution. 

Figure 1.14c shows images of an LC (inductor-capacitor) oscillator 

composed of Mg electrodes and MgO dielectric layers (top, left), an array of Si 

nanomembrane diodes with Mg resistors (top, right), a p-type MOSFET array 

(bottom, left), and an inverter composed of n-type transistors (bottom, right). 

The corresponding data are shown in figure 1.14d. The electrical characteristics 

of the inductor are well matched to that of the LC oscillator. In addition, the 

resulting transfer curves for an n-channel device include saturation and linear 

regime mobilities of 560 cm2/V·s and 660 cm2/V·s, respectively. Vd/Id curves 

show good gate controllability at different gate voltages. The voltage transfer 
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curves indicate that the inverter has the high gain value of ~7.8. The Mg antenna, 

one of the wireless core components is immersed in deionized (DI) water at 

room temperature (Figure 1.14e)27. The Mg interconnection and silk substrate 

completely disappear in ∼2 hours by hydrolysis and simple dissolution, 

respectively. In addition to these electronic circuits, a self-powered device 

composed of bioresorbable materials (ZnO-Mg) is shown in figure 1.14f-k28. 

The power generation of the device is obtained from external mechanical 

forces-induced charge separations. 
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Figure 1.14 a, Image of a transient electronic device that includes transistors, 

diodes, inductors, capacitors, and resistors, with interconnects and interlayer 

dielectrics, all on a thin silk substrate. The bottom frames show images of the 

time sequence of dissolution in DI water. b, The exploded image of the transient 

system, with a top view in the lower right inset. c, Image of an LC (inductor-

capacitor) oscillator composed of Mg electrodes and MgO dielectric layers (left) 

and an array of Si nanomembrane diodes with Mg resistors (right). The bottom 

frames show a p-type MOSFET array and an inverter composed of n-type 

transistors. d, Data measurement of the S21 scattering parameter of an inductor 

(blue), capacitor (black), and LC oscillator (red) at frequencies up to 3 GHz (top, 

left). IV curves of diodes connected to three different Mg resistors (top, right) 

are shown. Vd-Id curves of the n-type transistor (bottom, left). Voltage transfer 

curves and gain characteristics of the inverter (bottom, right). e, A set of images 

of an Mg-based antenna on a silk substrate illustrate the process of dissolution 

in DI water.. f, Measurements of dissolution kinetics of a diode encapsulated 

with 500 nm-thick MgO. i, Optical image of a ZnO/silk energy harvester. k, 
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Output voltage versus time, and output current versus time during cycles of 

bending. 
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Chapter 2. Multifunctional wearable devices 

for diagnosis and therapy of movement 

disorders 

 

 

2.1 Introduction 

 

Wearable sensor-laden devices that provide continuous measurement of 

key physiological parameters coupled with data storage and drug delivery 

constitute a radical advance in personal healthcare. Health monitoring devices in 

the form of wearable pads, wrist-bands and straps that provide long-term 

continuous recordings of electrophysiological activity and acute physiological 

responses have significantly improved our understanding of diseases, including 

heart failure1, epilepsy2 and Parkinson’s disease3,4. Although conventional 

monitoring devices capture compelling physiological data, the form factors of 

existing devices restrict seamless integration with the skin1, giving rise to 

wearability challenges and signal to noise limitations2,4. 
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Electronic systems that incorporate inorganic and organic nanomaterials in 

flexible and stretchable configurations5-9 are particularly powerful alternatives 

to bulky health monitoring devices, due to improvements in comfort and lesser 

social stigmas, which together drive compliance. This emerging class of 

electronics includes sensors, light emitting diodes, and associated circuit 

components that interface with internal organs (e.g. heart10,11, brain12,13), skin14, 

or through artificial skin scaffolds15-17. A key constraint of these flexible and 

stretchable electronics for the wearable biomedical devices, however, is in their 

inability to store recorded data in memory modules during continuous, long-

term monitoring. Another desirable feature missing in emerging wearable 

devices is the ability to deliver advanced therapy in response to diagnostic 

patterns present in the collected data18. 

Resistive random access memory (RRAM), constructed from oxide 

nanomembranes (NMs), is an emerging class of high performance non-volatile 

memory19-21. RRAM devices are composed of stiff and brittle electronic 

materials, which tend to be mechanically incompatible with curvilinear, 

dynamically deforming, soft tissues. Although organic non-volatile memory has 

enabled flexible data-storage devices22,23, there remain restrictions, such as high 

power consumption, insufficient reliability, and lack of stretchability.  
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In this paper, we demonstrate wearable bio-integrated systems with 

optimised performance of data storage, diagnostics, and drug delivery 

functionality in stretchable formats, which is enabled by the integration of 

bottom-up nanoparticles (NPs) and top-down nanomembranes (NMs). This 

nanoparticle-integrated system includes novel wearable low-power consumption 

non-volatile resistance memory devices, and programmable thermal actuators 

for controlled transdermal NP-assisted drug delivery along with well-known 

stretchable sensors (e.g. temperature and strain sensors). This system establishes 

new engineering design rules and guides for multifunctional healthcare system. 

Potential applications of these wearable patches range from monitoring 

physiological cues in patients of motion-related neurological disorders 

(movement disorders) to controlled drug delivery in response to diagnostic 

feedback. For example, let’s suppose that a Parkinson’s disease patient wears 

the current multifunctional device. Movement disorders, such as tremors, can be 

measured (Si NM strain sensors) and the monitored data will be stored in the 

integrated memory devices (Au NP RRAMs). The pattern of stored data will be 

analysed and categorised into specific disease modes. Then the corresponding 

feedback therapy (drug delivery from m-silica NP) will proceed transdermally 

with optimised rates (heater). The skin temperature will be simultaneously 
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monitored (temperature sensor) to prevent skin burns during thermal control of 

the drug delivery rate. 

 

*The contents of this chapter were published in Nature 

Nanotechnology 

(2014, 9, 397-404) 
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2.2 Experimental Section 

 

Detailed switching mechanism of the wearable memory: The bipolar 

switching characteristics in I-V curves of RRAM can be attributed to the 

accumulation and depletion of oxygen. This accumulation and depletion depend 

on the bias polarity near the interface between top Al electrode and TiO2 

switching layer, where the oxygen-deficient TiOx layer is formed (Figure 1.16, 

top). The interface between the bottom Al electrode and TiO2 switching layer 

remains intact due to the presence of more stable AlOx layer (Figure 1.16, 

bottom). Many RRAM devices are activated by the electroforming process, 

which makes conduction paths between cathode and anode. However, the initial 

set voltage of TiO2-based memories is similar with following set voltages, and 

therefore, there is no need of the electroforming process. Additionally, Au NPs 

in TiO2/Au NPs/TiO2 structure produces charge trap sites1, by which the low 

current level in MINIM can be explained. However, Au NPs are surrounded by 

alkyl chains (oleylamine ligands) and these ligands may also generate the 

charge trap sites. To clarify this ligand effect on the formation of charge trap 

sites, SAM (stearic acid, which is similar to oleylamine ligands) is used to 

functionalise TiO2 NM surface (MISIM structure, Figure 1.5). However, MISIM 

structure did not show the decrease of switching current (Figure 1.4a). 
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Consequently, the ligand effect is negligible for the generation of charge trap 

sites. On the contrary, the increase of the number of Au NPs layers in the 

MINIM structure from one layer to three layers decreases the switching current 

further (Figure 1.4a). As a result, the number of layers of Au NPs is important 

for controlling the operation current, while the ligands have minimal influences. 

 

Reliability tests (endurance, retention) of the wearable memory: The 

endurance operation is conducted by consecutive DC voltage sweeping from -4 

V to 3 V. Each of high-resistance state (HRS) and low-resistance state (LRS) 

currents measured at the read voltage of -0.5 V shows stable operation (Figure 

1.4e,g). In retention measurements, the individual resistance states are 

programmed by DC voltage bias. The high-resistance state (HRS) and low-

resistance state (LRS) states are well sustained at read voltage of -0.5 V. 

 

Cumulative probability plots of high-resistance state (HRS) and low-

resistance state (LRS) in MIM and MINIM: Cumulative probability is a 

critical parameter in verifying the uniformity of resistive switching operation. 

Cumulative probabilities of high-resistance state (HRS) and low-resistance state 

(LRS) resistances are measured under compliance currents of 1 mA and 50 μA 

in 50 cells of the array, respectively. The on/off ratio between high-resistance 
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state (HRS) and low-resistance state (LRS) in MIM and MINIM is 

approximately 10. Both MIM and MINIM show a good uniformity within the 

array. 

 

Finite element modelling (FEM) of the strain distribution of 

stretchable memory: Multilayer stretchable memories are modelled as shell 

elements of multiple integration points in commercial finite element software 

ABAQUS. The elastomer substrate is modelled using 3D elements which bonds 

to only the intersections of the serpentine network. Strain distribution after 25% 

horizontally applied strain is shown in Figure 1.7i, 1.8. The maximum strain 

stayed below 0.008% in the intersection (switching layer, TiO2 NM) and below 

0.04% in the serpentine interconnects, which are both far below the failure 

strain of inorganic oxides (~1%). 

. 

Analytical modelling of the gauge factor of Si strain sensor: The Si 

strain gauges are modelled as 2D plane strain problem. When the substrate is 

subjected to a uniform tensile strain eapp, the normalised average strain in the Si 

NM is predicted to be 

HEhEhE

HE

sPIPISiSi

s

app

avg

++
=

e

e
 (S1), 
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where sE , H, SiE , hSi and PIE , hPI are the plane strain modulus and thickness 

of the substrate, Si and polyimide respectively. The substrate is 40:1 PDMS (Es 

= 48 kPa) with a thickness of H = 1.5 mm. The Si NM with a thickness hSi = 80 

nm is along the <110> direction with doping concentration (p-type) of 9.7´1018 

/cm3, hence ESi = 168 GPa, GFSi = 112. The Si NM is sandwiched between two 

identical polyimide (EPI = 2.5 GPa) layers of total thickness hPI = 2.4 mm. With 

above parameters, appavg /ee  is calculated to be 0.0045. Hence the effective 

gauge factor of the stretchable strain gauge is given by 

0.50.0045112GFGF
app

avg

Si =´=
e

e
=  (S2), 

which is in good match with the experimental measurement (Figure 1.9b). 

. 

FEM of 3D thermal profile of the resistive heater: Finite element 

simulations have been performed via COMSOL 4.2 to determine the 

temperature distribution when the wearable heater is turned on to accelerate the 

transdermal drug delivery. The skin is modelled as a multilayer substrate with 

different thermal properties in each layer as illustrated in Supplementary Fig. 

1.15a. Thickness (h), heat capacity (C), heat conductivity (k), density ( ), blood 

perfusion rate (wb) and metabolic heat generation (Q) of each skin layer used in 

our model are given in Table S1.  

 

 H 
(mm) 

C 
(J kg-1 K-1) 

K 
(W m-1 K-1) 

  
(kg m-3) 

   
(s-1) 

Q 
(W m-3) 

Epidermis 0.1 3589 0.235 1200 0 0 



57 

 

Papillary 
dermis 

0.7 3300 0.445 1200 0.0002 368.1 

Reticular 
dermis 

0.8 3300 0.445 1200 0.0013 368.1 

Fat 2 2674 0.185 1000 0.0001 368.3 
Muscle 8 3800 0.51 1085 0.0027 684.2 

Table S1. Normal themophysical property values and layer thicknesses of the 

skin. 

 

The governing equation of the heat transfer in each skin layer is:  

 

  
  

  
=     +       (  −  ) +   (S3), 

 

where 	  = 1060	  /   and   = 3770	J/kg	   represent the mass 

density and the heat capacity of blood, respectively. As for the skin patch and 

the PDMS encapsulation, there is no blood perfusion or heat source. Therefore, 

equation (S3) decays to the basic heat transfer model in solids: 

  
  

  
=      (S4), 

with material properties listed in Table S2. The Joule heating model for the 

heater is given by 

  
  

  
=     +  (∇ )  (S5a), 

and 

    
 

  
(∇  ) = − ∇    (S5b), 

where V is the electrical potential, s and er denote the electrical conductivity 

and the relative permittivity of the heater material, respectively. The heater 

properties listed in Table S2 are calibrated using the experimental results given 

in Fig. 1.13b, which shows the surface temperature distribution of the heater 
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fabricated on a glass slide obtained from an infrascope. If DC power is supplied, 

0/ =¶¶ tV . 

 
h 

(mm) 
C 

(J kg-1 K-1) 
K 

(W m-1 K-1) 
  

(kg m-3) 
  

(S m-1) 
   

PDMS 
encap. 

0.1 1200 0.17 965 - - 

Heater 0.05 129 317 19.3´103 1.395´107 1 
Skin  
patch 
(PU) 

0.4 3100 0.2 1100 - - 

 

Table S2. Thermo-physical property values of PDMS capsulation, heater and 

skin patch. 

 

Skin is considered infinitely large such that open boundary conditions are 

applied to lateral surfaces. Temperature at the bottom surface of muscle layer is 

set to equal the core temperature of Tb = 37 °C. Convective cooling between the 

surface of the PDMS encapsulation layer and the environment is taken into 

consideration as well as the effect of the surface-to-ambient radiation. The 

environmental temperature is measured to be 15 °C. By applying the Joule 

heating model, equation (S5), in the heater and the heat transfer model, 

equations (S3) and (S4), in other parts, we can simulate the heat generated in the 

heater due to Joule effect being transferred through the skin patch to the skin in 

both transient and stationary states. The stationary state can be simply 

degenerated from equation (S3) by setting 0/ =¶¶ tT . Supplementary Figure 
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1.15b displays the 3D temperature distribution of the skin in stationary state. 

The maximum temperature at the patch-skin interface is 49.2 °C in the 

stationary state when the heater is supplied with a power of 0.23 W. Figure 

1.13c displays the 3D temperature distribution after 20 minutes heating using 

the transient model and Fig. 1.13g plots the temperature profile as a function of 

time. The red curve shows the maximum temperature in the heater which is 

located at the top surface of the patch, while the orange curve represents the 

maximum temperature at the patch-skin interface. As we can see from the plot, 

after the skin patch being heated for 10 minutes, the temperature in the 

patch/skin interface reaches a plateau and then increases slowly as heating time 

increases (less than 0.5 °C/min). If we set the safe temperature of the human 

skin (the temperature at the bottom of epidermis layer) to be 45 °C, we can keep 

supplying power to the heater for 20 minutes without burning the skin. The blue 

curve also shows the diffusivity of the drug for the transdermal drug delivery, 

which increases exponentially as the temperature increases. 

 

Diffusion of Rhodamine B dyes into the pig skin as a simulated 

transdermal drug delivery: Rhodamine B dyes (≥95%, Sigma Aldrich, USA) 

are loaded on m-silica NPs, which are transfer-printed to the hydrocolloid side 

of the skin patch. The skin patch is applied to the prepared pig skin (size of 1.5 
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cm ´ 1.5 cm). Two groups of samples are prepared. One group is placed under 

the room temperature (25 °C) while the other group is continuously heated at 

40 °C up to 60 minutes. Then, pig skins of each group are put into the freezer (-

80 °C) for 20 minutes to terminate the diffusion of Rhodamine B dyes. The 

specimens are frozen in optimal cutting temperature (OCT) compound (Leica, 

3801480, Nussloch, Germany) at -80 °C. Then the frozen samples are sectioned 

into 15 μm-thick slices by using a Cryostat Cryocut Microtome (Leica, 

CM1510S, Nussloch, Germany). The diffusion depth of dyes into the pig skin 

samples are measured with a fluorescence microscope (Nikon, Eclipse Ti, 

Tokyo, Japan). 

 

Flexible wiring that connects devices to external equipment: For the 

operation of the power supply and the control of the multifunctional wearable 

system, the external equipment is connected through flexible cables (anisotropic 

conductive films, ACFs). Several previous reports3,4 have shown the ACF 

connection is robust and reliable even under severe mechanical deformations. 

ACF cables connect the proposed system to external equipment (data 

acquisition system and parameter analyser) through the custom made PCB 

board. A custom-made Labview-based software controls the data acquisition 
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system and the general purpose interface bus (GPIB) with the parameter 

analyser. 

 

Synthesis of Au NPs: Au NPs are prepared via modification of previously 

reported procedures5. In the typical synthesis, 0.4 g of HAuCl4•3H2O (99.9%, 

Strem, USA), 10 mL of oleylamine (Acros, 90%, USA), and 30 mL of 1-

octadecene (90%, Sigma Aldrich, USA) are mixed in a 50 mL glass vial at the 

room temperature. The vial is placed on an oil bath and heated up to 90 °C. The 

solution is heated for 2 hours, and then the NPs are precipitated and washed 

with ethanol twice, followed by centrifugation. The precipitated NPs are 

redispersed with 5 mL of chloroform.  

 

Characterisation of Au NPs: The samples for the TEM analysis are 

prepared by dropping a solution containing Au NPs on the surface of a copper 

grid coated with amorphous carbon film. The TEM images are collected on a 

JEM-2010 (JEOL, Japan) electron microscope operated at an accelerating 

voltage of 200 kV. The UV-Vis absorption spectra are taken with a Cary V-550 

UV-VIS-NIR (Agilent, USA) spectrophotometer.  
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Langmuir-Blodgett assembly of Au NPs: Oleylamine-capped Au NPs are 

dispersed in chloroform (50 mg/mL). This solution is dropped onto the water 

sub-phase of a Langmuir-Blodgett trough (IUD 1000, KSV instrument, Finland). 

After the evaporation of the solvent, the surface layer becomes compressed by 

the mobile barriers (5 mm/min). After a surface pressure of 30 mN/m is 

achieved, the Au NPs are deposited onto the substrate by lifting it up and 

dipping down at 1 mm/min. 

 

Measurement of I-V curves during mechanical stretching experiments: 

Stretching experiments are performed with an automatic stretching stage, which 

can apply tensile or compressive strains in the x and y directions. With the edges 

of the electronic patch clamped to the stage, the electrical measurements are 

performed with the probe station and parameter analyser (B1500A, Agilent, 

USA), while generating tensile/compressive deformations. 

 

Synthesis of mesoporous silica (m-silica) NPs: Functional molecules, i.e. 

drugs, can be loaded into the m-silica NPs for therapeutic applications. 

Monodisperse m-silica NPs are synthesised using the previously reported 

method6. NaOH (0.35 mL, 2 M, 98%, Sigma Aldrich, USA) is added to 50 mL 

of cetyltrimethylammonium bromide (CTAB, > 99%, Acros, USA) solution 
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(100 mg in 50 mL of water). The mixture is heated to 70 °C, and then 0.5 mL 

tetraethylorthosilicate (TEOS, 98%, Acros, USA) is added. After 1 minute, 0.5 

mL of ethyl acetate (99.5%, Samchun, Korea) is added, and the resulting 

mixture is stirred at 70 °C for 30 s and then aged for 2 h. The resulting 

precipitate is collected by centrifugation and washed with copious water and 

ethanol. Finally, the pore-generating template, CTAB, is removed by refluxing 

in acidic ethanol solution. 

 

Characterisation of m-silica NPs: A JEM-2010 transmission electron 

microscope (JEOL, Japan) is used for transmission electron microscopy (TEM) 

analysis. N2 adsorption and desorption isotherms are measured at 77 K using a 

Micromeritics ASAP 2000 gas adsorption analyser. The surface area and the 

total pore volume are determined using the Brunauer–Emmett–Teller equation 

and the Barrett-Joyner-Halenda method, respectively. 

 

Loading of Rhodamine B onto m-silica NPs: As a drug diffusion model, 

Rhodamine B (≥95%, Sigma Aldrich, USA) is loaded on m-silica NPs. 

Rhodamine B solution (0.2 mL, 20 mg/mL in methanol) is adsorbed on the 

surface of m-silica NPs (0.15 g). Rhodamine B loaded in m-silica NPs are dried 

at room temperature. 
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Fabrication of structured PDMS stamp for transfer printing drug-

loaded m-silica NPs: Negative photoresist (SU8-25, Microchem, USA) is spin-

coated on the pre-cleaned and O2 plasma-treated Si wafer. Photolithography is 

conducted on spin-coated SU8 to pattern holes that are 40 µm deep, 600 µm 

wide, and 1.46 mm spaced. Next, the SU8 mould is placed in a dish, which is 

heated on a 150 °C hot plate to promote the adhesion between the mould and the 

Si wafer. 10:1 PDMS (Sylgard 184A:Sylgard 184B, Dow Corning, USA) is then 

poured into the dish. After 24 h, the cured structured PDMS stamp with the 

micro-dot array is slowly detached from the SU8 mould (Supplementary Fig. 

S8b). 

 

Transfer printing drug-loaded m-silica NPs onto skin patch: The drug-

loaded (or dye-loaded) m-silica NPs solution is dropped on the surface of the 

structured PDMS stamp. The stamp is dried for ~20 minutes. The dried dye-

loaded m-silica NPs are transfer printed as a microdot array to the hydrocolloid 

side of the skin patch (Supplementary Fig. 1.14a). 

 

Temperature distribution measurement of the heater by using an 

infrared camera: The wavy-patterned Cr/Au-based heater (10 nm/190 nm, line 
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width of 300 µm, 95.9 W) on a 1 mm-thick slide glass is connected to the power 

source (12 V, 1.5 W) under 15 °C surrounding temperature. The time-dependent 

thermo-grams are captured by the thermographic camera (320´240 pixels, IRE 

Korea, Korea), and the maximum temperature of the heater is plotted. 

 

Fabrication and electrical measurement of MINIM (Al/TiO2 NM-Au 

NPs-TiO2 NM/Al) memory on the wearable skin patch: The schematic 

description of fabrication processes is shown in Supplementary Figure 1.2. Thin 

layers of poly(methyl methacrylate) (PMMA) (A11, Microchem, USA; ~1 µm, 

spin-coated at 3000 rpm for 30 s) and the precursor solution of polyimide (PI) 

(polyamic acid, Sigma Aldrich, USA; ~1.2 µm, spin-coated at 4000 rpm for 60 s) 

are spin-coated on a Si handle wafer (test grade, 4science, Korea). After curing 

the PMMA and PI at 200 °C for 2 h, Al, which serves as the bottom electrode 

(350 nm thick), is deposited via thermal evaporation and patterned by 

photolithography and wet etching. First TiO2 NM (66 nm thick) is then RF 

magnetron sputtered (base pressure of 5´10-6 Torr, room temperature, 

deposition pressure of 5 mTorr, 20 sccm, 150 W RF power). Au NPs are 

separately synthesised and assembled on TiO2 NM surface through the 

Langmuir-Blodgett assembly process (see Materials and Methods, SI). Then, 

second TiO2 NM (66 nm thick) is deposited on Au NPs in the same way as the 
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first TiO2 NM. Al top electrode layer is deposited by the thermal evaporation. 

The layer is photolithographically patterned as well, completing the formation 

of serpentine-patterned resistive memory. Next, the PI precursor is spin-coated 

to place the active layer near the neutral mechanical plane, and the entire device 

structure is defined by the reactive ion etching (RIE) process using O2 and SF6 

plasma (O2 flow rate of 100 sccm, chamber pressure of 100 mTorr, 150 W RF 

power for 5 min; 50 sccm of SF6 flow rate, 55 mTorr, 250 W RF power for 4 

min 30 s). After the memory fabrication, the whole device on the Si wafer is 

dipped in the boiling acetone. Acetone removes sacrificial PMMA layer to 

release the PI-encapsulated device from the Si handle wafer. Then, the memory 

is picked up with the water-soluble tape (3M, USA). Device on the tape is 

transfer printed onto PDMS. De-ionized water dissolves the water-soluble tape 

to release the memory device, which is then transferred again to the skin patch 

(Derma-Touch, Kwang Dong Pharmaceutical Co., LTD. Korea). Electrical 

measurements are carried out with a parameter analyser (B1500A, Agilent, 

USA). 

 

Fabrication of single crystal Si NM strain sensor on the skin patch: 

The fabrication starts with spin coating PMMA and PI films on a Si wafer. 

Photolithography and RIE (SF6 plasma, 50 sccm, chamber pressure of 50 mTorr, 
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100 W RF power for 20 s) of boron-doped (doping concentration: 

~9.7´1018/cm3) silicon-on-insulator (SOI) wafer form 80 nm-thick Si NMs, 

which are transfer-printed on the PI film. Microscope images are shown in 

Supplementary Fig. S6. Thermal evaporation is used for the following 

metallisation (Cr/Au, 7 nm/70 nm thick), and then the metal film is defined as 

specific patterns by photolithography and wet chemical etching. Next, the top PI 

layer is covered and the entire tri-layer (PI/device/PI) is patterned and etched by 

O2 and SF6 RIE. The entire device is released from the Si wafer by removing 

PMMA sacrificial layer with acetone. The transfer printing of the released 

device to the skin patch finalises the fabrication. 

 

Custom-made data processing and storage system: The sensing and data 

storage process begins by capturing physiological strain signals using on-board 

sensors, which can be stored locally in cells of non-volatile memory 

(Supplementary Figure 1.11). For this system, a custom-made programme 

written by Lab View software (National Instruments, USA) is used to process 

and store the recorded data. For example, in the case of strain sensing for the 

tremor model in motion-related neurological disorders (Fig. 1.9d), the 

frequencies of tremor, recorded by the on-board strain gauge, are analysed and 

classified into four different bands (0–0.5, 0.5–0.7, 0.7–0.9, and >0.9 Hz) by the 
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custom-made Lab View programme. The programme determines the 

appropriate compliance current and biasing voltage to write a specific two digit 

code ([00], [01], [10], and [11], which are pre-assigned to each band) to the on-

board wearable memory cells under multi-level-cell operation through the probe 

station. 

 

Fabrication of electro-resistive heater/temperature sensor on the skin 

patch: The skin-mountable heater is prepared by thermal evaporation of Cr/Au 

(10 nm/190 nm thick) through serpentine shape metal masks to define the 

serpentine shape on the non-adhesive side of the skin patch (opposite side of 

hydrocolloid). After wiring, the heater is encapsulated by the PDMS film. The 

same design and fabrication methods can be used for temperature sensors. 

 

  



69 

 

2.3 Result and Discussion 

 

System description 

Figures 1.1a and b show a schematic illustration and image of a 

representative wearable bio-integrated system, containing single crystal silicon 

(Si) NM (~80 nm) strain sensors, temperature sensor, TiO2 NM (~66 nm) 

RRAM array, and electroresistive heaters. These multifunctional arrays of 

sensors and memory are heterogeneously fabricated and transfer-printed onto an 

elastomeric hydrocolloid patch (Derma-Touch, Kwang-Dong Pharmaceutical, 

Korea, Figure 1.2). To minimise bending-induced strains, the switching TiO2 

NM layer containing gold (Au) NPs are sandwiched by identical polyimide 

layers (~1.2 mm) to be located on the neutral mechanical plane (top left, Figure 

1.1a)6. Thickness control of inorganic active layers within tens of nanometre 

scale further decreases flexural rigidity and induced strain24. Mesoporous silica 

(m-silica) NPs loaded with therapeutic drugs are transferred onto the 

hydrocolloid side of the skin patch (bottom middle, Figure 1.1a). Ultrathin 

serpentines and low modulus hydrocolloids together enable intimate mechanical 

contact with the skin14. The inset of Figure 1.1b highlights a 10 ´ 10 RRAM 

array in a serpentine network, which is integrated with sensors that transmit 

analogue outputs. Therapeutic drugs loaded on m-silica NPs are diffused into 
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the dermis25, in which the diffusion rate is controlled by the temperature of the 

hydrocolloid elastomer which is modulated by the heater. Temperature sensors 

offer in situ temperature feedbacks to alert skin burns.  
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Figure 2.1 Wearable electronic patch composed of data storage modules, 

diagnostic tools, and therapeutic actuating elements. a, Wearable memory 

array consisting of a TiO2 NM-Au NPs-TiO2 NM switching layer and Al 

electrodes (top left inset shows layer information). The memory array was 

transfer printed on the bottom side of an elastomeric hydrocolloid skin patch. 

The electro-resistive heater/temperature sensor is fabricated on the top-side of 

the patch and Si strain sensor is on the opposite side. M-silica NPs array is 
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transfer-printed on the hydrocolloid side of the patch. b, Corresponding image 

of Fig. 1a, showing the wearable biointegrated system. Inset shows the wearable 

10 ´ 10 RRAM array on the hydrocolloid side of the patch.  
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Integration of nanoparticles 

The fabrication process (Figure 1.2) begins with the formation of TiO2 NM 

on aluminum (Al) electrodes26. The Langmuir-Blodgett (LB) assembly process 

of uniform-sized Au NPs (diameter of ~12 nm)27,28,29 on TiO2 NM ensues 

(Figure 1.3a). Figures 1.3b-c shows images of the Langmuir-Blodgett process 

(Figure 1.3b, dipping and Figure 1.3c, pulling) and transmission electron 

microscope (TEM) images of assembled 1-layer (Figure 1.3d) and 3-layers Au 

NPs (Figure 1.3e). The number of assembly layers can be controlled by the 

number of dipping/pulling cycles30. Instead of Au NPs layers, self-assembled 

monolayer (SAM; stearic acid) can be coated to check the ligand effect on the 

memory performance (Figure 1.3a, 1.5). Cross-sectional scanning TEM (STEM) 

and TEM images of fabricated devices are shown in Figure 1.3f-h. Metal-

insulator-SAM-insulator-metal (MISIM. Figure 1.3f), metal-insulator-NP-

insulator-metal (MINIM, Figure 1.3g) with 1-layer-Au NPs (~12 nm), and 

MINIM with closely-packed 3-layers-Au NPs (~26 nm, Figure 1.3h) are 

represented, respectively. Energy-dispersive X-ray spectroscopy (EDS) profile 

of cross-section also confirms the thickness of 3-layers-Au NPs (Figure 1.3i). 

The closely-packed monolayer assembly in LB assembly process plays an 

important role in the device-to-device uniformity in a matrix configuration, as 
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well as in the precise thickness control of multiple monolayers27. 
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Figure 2.2 Schematic illustration of the operation process of the wearable bio-

integrated system: wearable strain sensor detects movement disorders, the 

recorded data are stored in onboard memory modules, diagnostic patterns are 

analyzed on the basis of the stored data stream, thermal actuators apply heat to 

drug-loaded m-silica NPs, drugs are diffused transdermally, and movement 

disorders can be treated. 
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Figure 2.3 Langmuir-Blodgett assembly and SAM functionalization process. 

a, Schematic diagram for Langmuir-Blodgett assembly and SAM 

functionalisation. Au NPs are coated onto the switching TiO2 NM via the 

Langmuir-Blodgett assembly process. The number of Au NP layers ranges from 

one to three. b, Images of Langmuir-Blodgett assembly process during dipping 

and c, pulling. d, Top-view TEM Images of 1-layer-Au NPs and e, 3-layers-Au 

NPs. f, Cross-sectional scanning TEM (STEM) image of MISIM. g, Cross-

sectional TEM images of MINIM of 1-layer-Au NPs and h, MINIM of 3-layer-

Au NPs. i, Energy-dispersive X-ray spectroscopy profile showing the thickness 

of 3-layers-Au NPs in MINIM. 
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Characterization of RRAM 

To characterise electrical performance, we collected bipolar current – 

voltage (I-V) curves for the metal-insulator-metal (MIM), MISIM, and MINIM 

structures (Figure 1.4a). The inset in Figure 1.4a illustrates biasing sequences. 

The initial states are in the high-resistance state, while the application of 

negative voltage (“set”) causes a shift to low-resistance state. Positive voltage 

(“reset”) then switches the structures back to high-resistance state. I-V 

characteristics of MIM and MISIM are almost identical; while the incorporation 

of 1-layer-Au NPs in TiO2 NM layer decreases the set and reset currents by 

nearly one order of magnitude relative to those of MIM. The current levels are 

further reduced (by three orders of magnitude) in 3-layers-Au NP MINIM. 

These results imply that uniform assembly of Au NPs in the active layer plays a 

critical role in reducing power consumption, and stearic acid ligands have little 

effect on the current reduction. This low power consumption property is 

important for the long-term operation of wearable devices. 

Figure 1.4b shows a schematic diagram of the low current switching due to 

Au NP-induced traps; details are in Experimental section. Figure 1.4c shows log 

I – log V curves highlighting the negative voltage regions. The conduction 

mechanism in MINIM is similar to that of MIM (slopes of both MIM and 

MINIM vary from ~1 to ~2, and >2 with increasing voltages), which follows the 
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trap-controlled space-charge-limited-current (SCLC) theory31,32. Figure 1.4d 

shows I-V curves with different compliance currents for MIM (left) and MINIM 

(right). MINIM exhibits better on/off ratios than MIM and MISIM (Figure 1.6a) 

with compliance currents < 100 μA. The reliability (endurance and retention) of 

MINIM, MIM, and MISIM is shown in Figure 1.4e and 1.6b-c, respectively. 

The endurance is reliable with little degradation in consecutive sweeping over 

100 cycles (Figure 1.4e, left) and the good retention up to 1000 seconds is 

confirmed at room temperature (Figure 1.4e, right). Figure 1.4f shows the 

cumulative probability plot of MIM and MINIM, which shows uniform 

switching of the array. Although the on/off ratio in the current RRAM 

demonstrations can be further improved, data storage in a 10 ´ 10 matrix 

configuration was effective. Further improvements can be achieved by 

incorporating high quality Al2O3 instead of native alumina layer, or by 

depositing additional metal (tungsten or nickel) layers between Al (top electrode) 

and TiO2 NM33. Multi-level-cell operations indicate the multi-data storage in a 

single cell with discrete compliance currents that result in discrete resistance 

levels (Figure 1.4d). Different resistances enable multiple information to be 

stored in a single cell (Figure 1.4g). Multi-level-cell with current levels below -

100 μA is performed in MINIM and data are conserved over 100 read 
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operations. 

 

 

Figure 2.4 Electrical characteristics of RRAMs in MIM, MISIM and 

MINIM structures. a, I-V characteristics of the bipolar resistive switching of 

MIM, MISIM and MINIM structures. Inset shows the switching sequence. b, A 

schematic diagram of the low current resistive switching due to Au NP-induced 
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traps. The red curved arrows indicate electron flow in MINIM and the red flat 

arrows indicate oxygen vacancy flow. c, The double-logarithmic plots of I-V 

curve in MIM and MINIM. The numbers in the graph indicate the slope and the 

slope increases for larger voltages. d, I-V characteristics with compliance 

currents below ~100 μA in MIM and MINIM. e, Reliability test (endurance and 

retention; left and right, respectively.) of MINIM. Resistance values are 

measured at -0.5 V. f, Cumulative probability plot in MIM and MINIM, which 

shows the uniformity within the array. g, Multi-level-cell operation in MIM (left) 

and MINIM (right). 
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Figure 2.5 Contact angles of the native TiO2 surface (left) and SAM-modified 

TiO2 surface (right).
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Figure 2.6 I-V characteristics and reliability data of the wearable memory. a, I-

V characteristics of the MISIM structure with the compliance current < 100 

atteb, Reliability (endurance and retention) measurement of MIM and c, MISIM 

structure. d, Multi-level cell (MLC) operation of the MISIM structure. 
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Reliability of wearable electronic system  

The mechanical and chemical stability of wearable memory is 

demonstrated in Figure 1.7. Optical microscope images of the stretchable 

memory and corresponding characterisation data during stretching are shown in 

Figure 1.7a and b, respectively. When stretched up to ~25 % (the strain 

limitation of human epidermis is ~20 %14), the memory device shows stable 

electrical operation. The stretchable memory array can survive both bending 

(Figure 1.7c) and twisting (Figure 1.7d) and can conform to and deform with 

human skin (Figure 1.7e-h). Figure 1.7i and 1.8 show finite element modelling 

(FEM) results of the strain distribution of active layer (TiO2 NM). By 

positioning the nanometre-thick membrane and NPs on the neutral mechanical 

plane and by using serpentine designs, the induced strain is kept below 0.1 % in 

switching layers and below 0.05% in the serpentine interconnects. The skin-

conformable memory performs well with minimal signal degradation even after 

one thousands of stretching cycles (~30 % strain, Figure 1.7j). Figure 1.7k 

shows an image of the memory device immersed in phosphate buffered saline 

(PBS) solution without significant current variation (Figure 1.7l), indicating that 

the encapsulation layer is capable of blocking perspiration uptake. 
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Figure 2.7 Skin-conformable RRAM array with mechanical stretchability 

and chemical stability. a, Microscope image of stretched memory (~25%) on 

the PDMS. b, I-V characteristics of the stretched memory at different strains (3% 

~ 25%). c, Stretchable RRAM array in bent state, d, and twisted state. e, Skin-

conformable memory devices on wrist and f, magnified views under no strain, g, 

compression, h, and tension. The red arrows indicate the direction of the strain. i, 

FEM of strain distribution in the stretched RRAM. j, Resistance change 

between low-resistance state (LRS, red dot) and high-resistance state (HRS, 

blue dot) at read voltage of -0.5 V during 1000 stretching cycles (~30%). k, 

Water-proof test under phosphate buffered saline (PBS) solution l, and read 

current. 



85 

 

 

 

Figure 2.8 Finite element modelling (FEM) analysis of the strain distribution in 

active layer (TiO2 NM) under ~25% external strain.  
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Recording muscle activity 

Figure 1.9a shows an array of stretchable strain sensors based on Si NM 

(inset and Figure 1.10) as a representative example of wearable sensors in 

conjunction with collocated memory. The strain gauges have an effective gauge 

factor of ~0.5 (Figure 1.9b), consistent with gauge factor estimates derived 

analytically (see Experimental section). Because of the ultrathin serpentine 

interconnects, sensors conform well to skin during repeated exposure to tension 

and compression on human wrist (Figure 1.9c). This particular demonstration 

emulates tremor modes that manifest in epilepsy2 and Parkinson’s disease 3, 

which drive hand shaking at different frequencies (Figure 1.9d). The different 

tremor frequencies serve as a major tracking factor to monitor and diagnose 

these movement disorders. A data registering scheme is described in Figure 1.11, 

where the data captured from the movements is stored in separate memory cells 

every 10 seconds, using custom-made software programme. Representative 

frequencies corresponding to different frequency bands (0–0.5, 0.5–0.7, 0.7–0.9, 

and >0.9 Hz) are stored as four different levels (Figure 1.9e) on the basis of 

multi-level-cell operation (Figure 1.9g) of MINIM wearable memory. The 

written data are then read every 0.5 second, allowing physicians to monitor 

patient health conditions, analyze patterns and diagnose Figure 1.12. 
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Figure 2.9 In-vivo motion detection and data storage test. a, Images of Si 

NM strain sensor. Boron-doped Si NM is positioned along x- and y-axis (inset). 

b, Percentage change in resistance versus strain plot for the calculation of gauge 
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factor. c, Images of strain measurement on the wrist under tension and 

compression. The red arrows indicate the direction of the strain. d, Plot of the 

time-dependent change in resistance in the Si strain gauge caused by simulated 

hand tremors at frequencies of 0.8, 0.4, 0.6, and 1 Hz (top). Plot illustrating the 

multi-level-cell operation of memory cells (bottom). e, The frequency of strain 

data is monitored and classified into 4 levels: [00], [01], [10], and [11]. The 

dotted rectangles with black, orange, red, and blue colours correspond to 4 

levels: [00], [01], [10], and [11], respectively. Data are written on a MINIM 

memory cell and read repeatedly for 10 s. 
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Figure 2.10 Microscope images of fabrication steps of the stretchable Si strain 

sensor. 
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Figure 2.11 Overview of the custom-made data processing and storage system. 
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Figure 2.12 Schematic illustration of the operation process of the wearable bio-

integrated system: wearable strain sensor detects movement disorders, the 

recorded data are stored in onboard memory modules, diagnostic patterns are 

analyzed on the basis of the stored data stream, thermal actuators apply heat to 

drug-loaded m-silica NPs, drugs are diffused transdermally, and movement 

disorders can be treated. 
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Controlled delivery of therapeutic agents  

A compelling application for the sensing and data storage is to use the 

stored information to trigger the onset of therapy. One possible mode of use is to 

feed recorded data through a control circuit that recognises the characteristic 

patterns of disease, which in turn, triggers/controls the drug release (Figure 1.12, 

1.13a, ). We employ mesoporous silica nanoparticles (m-silica NPs) as a drug 

containing and delivery vehicle34,35 (Figure 1.13d-f) and an electroresistive 

heater/temperature sensor as diffusion accelerating/temperature monitoring 

element (Figure 1.13b, c, g, h) for controlled transdermal drug delivery (Figure 

1.13i)25. M-silica NPs loaded with drugs are transfer-printed on the sticky side 

of the patch (Figure 1.13d, 1.14a) by using structured polydimethylsiloxane 

(PDMS) stamp (Figure 1.14b). M-silica NPs containing nanopores (Figure 

1.13e) have large surface area for drug adsorption (Figure 1.13f). Figure 1.13b 

shows the thermal gradient image (infrared camera measurements) of an electro-

resistive heater on the patch surface. Figure 1.13c shows the corresponding 

FEM analysis emphasising the 3D thermal profile of the device on multilayered 

human skin, demonstrating the delivery of sufficient heat to the skin and NPs 

(Figure 1.15). The heat generated by the heater degrades the physical bonding 

between NPs and drugs and thereby pharmacological agents loaded in NPs are 

diffused transdermally. FEM simulation confirms the increase of diffusion rates 
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by the heating (Figure 1.13g). The sensitivity of temperature sensor (Figure 

1.13h) is ~0.086 Ω/ºC, which is similar to previous reports of thermal 

monitoring36. Further improvement in sensitivity can be achieved by optimising 

materials and designs of the thermistor. Also the high uniformity of the 

temperature sensor can be obtained by the precise control of metal evaporation 

process. The temperature sensor can monitor the maximum temperature on the 

epidermis. The skin can be protected from getting burnt (< 43 ºC) by a control 

unit programmed by the Labview software. The transdermal drug delivery can 

be indirectly visualised by fluorescence microscope imaging of the diffused dye 

(Rhodamine B) into the pig skin at room (25 ºC, Figure 1.13i-j) and elevated (40 

ºC, Figure 1.13k-l) temperature. The penetration depth of the dye into the pig 

skin at room temperature is shallower than that at elevated temperature, 

implying the accelerated diffusion by the thermal actuation. 
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Figure 2.13 Controlled transdermal drug delivery by using the 

electroresistive heater and drug-loaded m-silica NPs. a, Schematic 

illustration of controlled transdermal drug delivery from hydrocolloid and m-

silica NPs by the thermal actuation. b, Temperature distribution measurement of 
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the heater on the skin patch by using an infrared camera. c, FEM of the 3D 

thermal profile of a heater on the patch and at the interface between the patch 

and the human skin. d, High resolution camera image showing an array of m-

silica NPs. Inset shows a microscope image. e, TEM image of m-silica NPs. f, 

Surface area calculation through the measurement of N2 adsorption and 

desorption isotherms at 77K. The inset shows the pore volume of them-silica 

NPs by using Barrett-Joyner-Halenda (BJH) method. g, Plots of maximum 

temperature as a function of time on the heater surface (red), on the interface 

between the skin and patch (orange), and on the interface without heating 

(black). The right y-axis shows the diffusion coefficient exponentially 

increasing with the temperature (blue). h, Characterisation plot of the 

temperature sensor. The dashed red line implies linear approximation of the blue 

data points. i, Cross-sectional fluorescence images of the pig skin before the 

diffusion of Rhodamine B dyes at 25 ºC and j, after the diffusion. k, Cross-

sectional fluorescence images of the pig skin before the diffusion of Rhodamine 

B dyes at 40 ºC and l, after the diffusion. 
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Figure 2.14 a, Schematic overview of transfer printing process of drug-loaded 

m-silica NPs, sensors and memory devices. b, Image of the structured PDMS 

stamp used in the transfer printing process. 
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Figure 2.15 a, Schematic sectional view of the electronic patch mounted on the 

skin. b, FEM analysis of the temperature distribution at the skin/patch interface 

(on the skin).  
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Figure 2.16 TEM images of switching layers: TiOx between the top Al electrode 

and TiO2 NM switching layer (top) and AlOx between the bottom Al electrode 

and TiO2 NM switching layer (bottom).  
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2.4 Conclusion 

 

The materials, mechanics, and electronics strategies for wearable 

biomedical systems using stretchable designs and heterogeneous integrations of 

nanomembranes and nanoparticles provide opportunities for advanced 

diagnostics and drug delivery. This platform overcomes limitations of 

conventional wearable devices and has potential to improve compliance, data 

quality and efficacy of current clinical procedures. Analytical modelling and 

FEM analysis validate the mechanical, thermal, and kinetic functionalities of the 

individual components and lay the foundation for rationalised designs and 

analysis. Future work that enables complete wire-free devices can include 

energy storage units (e.g. battery or wireless power transmission), central 

control units (e.g. microprocessor), and additional wireless communication units 

as a stretchable format18,36,37, along with the sensing, memory and therapeutic 

modules in the present work to realise the interactive and remote healthcare. 
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Chapter 3. Stretchable Carbon Nanotube 

Charge-Trap Floating-Gate Memory and 

Logic Devices for Wearable Electronics 

 

 

3.1 Introduction 

Along with the increasing interests in wearable electronics, significant 

advancements have been achieved in technologies for flexible and stretchable 

devices, such as flexible displays,1,2 skin-based electronics,3-6 high-sensitivity 

deformable sensors,7-11 wearable human-machine interfaces,12-14 and compliant 

energy devices15-19. These unconventional electronic, optoelectronic, and energy 

devices are core components for next-generation wearable electronic systems. 

Although previous breakthroughs have dramatically advanced related 

technologies, current electronic devices still suffer from practical problems. One 

of the most significant concerns is the use of inorganic layers for the active 

channels and dielectric of conventional electronic devices which may incur 

mechanical cracks and/or breakdown in repetitive deformations and consequent 

accumulation of fatigues4. The mechanical mismatch between human tissues 
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and inorganic semiconductors aggravates this problem, particularly in skin-

based wearable devices. 

Extensive research has been conducted to dissipate the induced strain in the 

channel and active regions, such as ultrathin thickness design approaches20, 

neutral mechanical plane layouts21,22, and stretchable interconnections23-25. More 

fundamental changes have been proposed to replace channel materials with soft 

ones, including graphene26-28 and carbon nanotubes (CNT)29-37. Graphene may 

have issues in terms of the on/off ratio owing to its zero band gap, which is 

critical for digital circuits. Networks of semiconducting single-walled CNT (s-

SWNT) are a promising candidate owing to their potential for high 

speed/performance electronics by the intrinsically high carrier mobility38-43, 

although challenges in terms of device structures/designs, material optimization, 

and fabrication/integration strategies exist. Therefore, efforts to develop 

stretchable/wearable types of memory modules and other electronic device 

components for advanced electronic circuits/systems are important. Here, we 

present materials and device design/fabrication strategies for an array (17 × 15) 

of s-SWNT-based stretchable electronic devices consisting of capacitors, 

charge-trap floating-gate memory (CTFM) units, and logic gates (inverters and 

NAND/NOR gates). Detailed material, electrical, and mechanical 
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characterizations and theoretical analysis in mechanics provide useful insights 

in the design and development of s-SWNT-based wearable electronic systems. 

 

*The contents of this chapter were published in ACS Nano 

(2015, 9, 5585-5593) 
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3.2 Experimental Section 

 

Fabrication of s-SWNT-based wearable electronic devices: The detailed 

fabrication processes and materials used in the devices are described in the 

Results and Discussion section, supplemented by Figures 3.1, 3.2-3. Before the 

devices are transferred onto a human skin, the entire system is picked up from 

an SiO2 temporary supporting substrate using water-soluble tape (3M, USA) and 

transferred onto a thin layer of polydimethylsiloxane ((PDMS), Dow Corning, 

USA). The water-soluble tape is dissolved using DI water to release the devices, 

which are subsequently transfer-printed on the skin. 

 

Characterization of the device structures: The top-view images of the 

CTFMs, inverters, NAND/NOR gates, and capacitors are captured using an 

optical microscope (BX51 M, Olympus, USA). The density of the s-SWNT 

networks is examined using an atomic force microscope (Dimension Icon, 

Bruker, UK). The TEM images and the corresponding EDS data are taken using 

an electron microscope (JEM-2010, JEOL, Japan) operated at an acceleration 

voltage of 200 kV. For the cross-sectional analysis, the samples are cut using a 

focused ion beam (Quanta 3D FEG, FEI, USA) in the channel/trap region. 
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Characterization of the electrical properties: The C-V measurements are 

conducted at a 100-kHz frequency at ±10 V using a parameter analyzer 

(B1500A, Agilent, USA) equipped with an LCR meter and a probe station 

(MSTECH, Republic of Korea). The I-V curves are obtained using the same 

setup. The stretching tests are conducted using an automatic stretching stage that 

applies compressive and tensile strains in the x and y directions.  

 

FEA of the CTFMs and inverters: Finite element simulations are used to 

analyze the strain distribution of the CTFMs and inverters during the stretching 

(Figures 3.13b and d) and bending tests (Figure 3.15b). The CTFMs and 

inverters are modeled using four-node composite shell elements. The 

devices/substrates are modeled using eight-node solid elements. We assume 

perfect bonding (no-slip condition) between the devices and substrates. To 

simulate stretching, stretching boundary conditions are applied at the bottom 

surface of the substrate. To simulate bending, rotation boundary conditions 

corresponding to the given radius of curvature are applied at the bottom of the 

substrate. The isotropic linear elasticity represents the behavior of the materials 

of the flash memory devices and inverters. The Young's moduli of the CNT, Au, 

Al2O3, SiO2, and PI are 1 TPa, 77.2 GPa, 463 GPa, 73.1 GPa, and 2.5 GPa, 

respectively. The Poisson's ratios of CNT, Au, Al2O3, SiO2, and PI are 0.22, 0.42, 
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0.22, 0.17, and 0.34, respectively. The incompressible neo-Hookean model is 

used to represent the substrate: 1 1( 3)W C I= -  where W  is the strain energy 

potential, 1I  is the first invariant of the left Cauchy-Green tensor, and 1C (=3 

kPa for the PDMS substrate) is a material parameter. 
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3.3 Result and Discussion 

 

System description 

Figure 3.1 left depicts a schematic illustration of the wearable array of s-

SWNT-based (99.9%-sorted s-SWNT, NanoIntegris Inc., USA) electronic 

devices composed of capacitors, CTFMs/transistors, and digital circuit 

components. The circuit diagrams (top) and layer information of the CTFM 

(bottom) are shown on the right. The ultrathin (< ~3 mm) and stretchable system 

design enables conformal integration of electronics onto the human skin. For 

mechanical robustness, the entire system is sandwiched between polyimide (PI, 

Sigma Aldrich, USA; ~1 mm) ultrathin films. The detailed description of the 

fabrication processes and an exploded schematic illustration are shown in Figure 

3.3, and the corresponding large-scale view in Figure 3.4. First, a PI layer (~1 

mm) is spin-coated on a silicon oxide (SiO2) wafer, followed by the deposition 

of Cr/Au (~5 nm/~50 nm) back-gate electrodes using thermal evaporation. All 

electrodes and charge-trap layers are formed using photolithography and lift-off 

techniques. After the deposition of a blocking oxide (Box) layer (~35-nm-thick 

aluminum oxide (Al2O3)) by plasma enhanced atomic layer deposition (PEALD), 

~10 nm of gold (Au) is deposited for the charge-trap layer of flash memories. 

Two consecutive layers of tunneling oxides (Al2O3/SiO2, ~5 nm/~3 nm) are 
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deposited by PEALD (Al2O3) and e-beam evaporation (SiO2). Even though the 

use of organic dielectric layers would have been advantageous in terms of 

mechanical flexibility than the chosen inorganic dielectrics, Al2O3 is used in this 

work due to its excellent thickness controllability and uniformity using PEALD, 

which in turn results in high performance of the CTFM devices. The top surface 

of SiO2 is functionalized to form an amine-terminated surface by immersing it 

into a poly-L-lysine solution (0.1 wt%, aqueous solution; Sigma Aldrich, USA) 

for 5 min. Then, random networks of SWNTs (whose average diameter and 

length are 0.8 ~ 1.2 nm and 100 ~ 1,000 nm, respectively) are deposited by 

dipping them into an s-SWNT solution (0.01 mg/mL, aqueous solution) for a 

few hours, followed by thorough rinsing using deionized (DI) water and 

isopropanol alcohol1. After annealing in a globe box at 200 °C for 1 h, isolation 

of the oxide layers and formation via connections follow. The fabrication of the 

other electronic devices uses similar procedures. But other devices, such as 

transistors in the logic circuits, do not contain the Au charge-trap layers and 

fabricated by using different patterns. The entire process is completed by 

depositing source/drain electrodes (Cr/Au, ~7 nm/70 nm), spin coating the top 

PI layer (~1 mm), and patterning the final serpentine/island layout by using 

photolithography and dry etching. Such design of island arrays connected with 

serpentine-shaped interconnects, with the assist of neutral mechanical plane 
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designs, successfully protected the channel, dielectrics, and contacts during 

different bending and stretching modes, as will be confirmed later in Figure 3.13. 

Figure 3.2a represents high-resolution camera images of wearable s-SWNT 

electronic devices, consisting of CTFMs/transistors (10 × 15 array), inverters (1 

× 15 array), NAND/NOR gates (2 × 15 array), and capacitors (4 × 15 array). 

The inset at the bottom left (black box) shows the conformal lamination on the 

skin during bending deformations. The inset at the top right (red-dashed box) 

confirms the conformal contacts of the array through magnified observation. 

The use of ultrathin PI films with serpentine structures, along with the van der 

Waals forces, successfully dissipates the induced strains during motions, and 

maintains intimate contacts. The detailed mechanical and electrical 

characterizations of these devices under reversible deformations with induced 

strains (~20%) are discussed later in Figure 13. Further deformations that can 

possibly occur during daily life activities are shown in Figure 3.2b. The devices 

show no delamination and/or mechanical fractures during poking, compression, 

and stretching (top, middle, and bottom of the figure, respectively). 
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Figure 3.1 Schematic illustration of the s-SWNT-based electronic devices as a 

wearable array platform, which consists of memory units, capacitors, and logic 

circuits (left). Simple circuitry schematics (CTFM, inverter, and NAND/NOR 

gates) are shown in the top right colored sections. The bottom right frame shows 

the cross-sectional layer information of the CTFM. 
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Figure 3.2 a, Optical camera image of the array of s-SWNT electronic devices 

(17 × 15) composed of CTFMs, inverters, NAND/NOR gates, and capacitors. 

Conformal contacts are well made with a human skin. The insets show a 

magnified image (top right) and bending/stretching deformations (bottom left). 

b, Deformed wearable s-SWNT devices under poking (top), compression 

(middle), and stretching (bottom).  
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Figure 3.3 (Left) Schematic illustration of the fabrication process and (right) 

exploded layer view of the wearable s-SWNT-based CTFM (right). 
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Figure 3.4 Schematic illustration of the overall fabrication process in a large-

scale view.  
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Materials characterization 

Figure 3.5a shows an optical microscope image (top view) of the CTFM 

with the s-SWNT channel and Au thin-film trap layer. The red-dashed box 

highlights the active area. The atomic force microscopy (AFM) image shows the 

magnified view of the s-SWNT networks in the channel (Figure 3.5b). It has 

been reported that random networks of SWNTs are well percolated if the 

density of the connected SWNTs exceeds a certain threshold44. This percolation 

threshold can be approximately quantified by using the number density (per unit 

area; ρ), in which the average distance between SWNTs, 1/ρ1/2, equals to their 

average lengths, i.e., ρth ~ 1/<SWNT length>2. The estimated unit density of the 

s-SWNT networks is approximately 30 ~ 40 tubes/mm2: given the density, 

length, and device dimensions (channel lengths of 20, 30, and 40 mm), it can be 

concluded that the percolation of SWNTs is successfully formed to constitute an 

electrically conductive path between the source and drain electrodes45. Further 

improvements in the percolation of SWNT networks can be achieved by scaling 

down the channel length using industry facilities. To understand the structural 

compositions of the CTFMs, cross-sectional transmission electron microscopy 

(TEM) and energy-dispersive X-ray spectroscopy (EDS) images are presented 

in Figures 3.5c and d, respectively. The magnified TEM image (Figure 3.5c, 

right) shows the source/drain (Cr/Au) electrodes (~7 nm/70 nm), hybrid 
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tunneling oxides composed of ~3 nm SiO2 (Tox1) and ~5 nm Al2O3 (Tox2), ~10-

nm Au thin-film trap, and ~35 nm Box, from top to bottom. The TEM images of 

the CTFM show no visible cracks or voids. The elements in each layer are 

confirmed by EDS data (Figure 3.5d). 
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Figure 3.5 a, Optical microscope image of a CTFM (top view). The red-dashed 

box indicates the active channel region composed of a random network of s-

SWNTs. b, AFM image of the 99.9%-sorted s-SWNTs layer showing high 

density of percolated s-SWNT networks. c, (Left) Cross-sectional TEM image 

of the CTFM and (right) its magnified view. d, EDS images showing the 

elements of each layer: Au, Cr, Si, and Al, from left to right, respectively. 
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Electrical characterization of CTFM 

Figure 3.6a shows two schematic illustrations describing the band bending 

of the CTFMs under applied positive/negative biases on the gate (program/erase 

(PGM/ERS) operation of CTFM; top/bottom, respectively). Electrons are 

trapped in the Au thin-film by tunneling (the band gap of SiO2 (Tox1) and Al2O3 

(Tox2) are ~9 eV and ~8.8 eV, respectively) through the ultrathin oxide hybrids 

(~3 nm/~5 nm for Tox1/Tox2) under a positive gate bias (PGM operation)46-48. 

The ERS operation (negative gate bias) discharges electrons from the Au 

floating gate to the SWNTs by tunneling through the Tox1/Tox2 layers. This 

charge capturing and releasing behavior of the CTFM is closely related to its 

junction capacitance, characterized in detail using capacitors. Figure 3.6b plots 

the statistical normalized junction capacitance-voltage (C-V) characteristics (at 2 

kHz) with a voltage sweep from -10 V to 10 V. A large hysteresis can be 

observed, which is a well-known phenomenon in SWNT-based devices that 

mainly results from the hydroxyl groups (–OH) at the interface between the gate 

dielectric and the SWNTs; the SWNTs in the channel region can be 

electrostatically modulated by carrier charging and discharging of –OH groups. 

The C-V curves with Au thin-film trap (red) exhibit larger hysteresis than that 

without the trap layer (blue), which proves that the Au thin film serves as a 

charge-trap layer of the non-volatile memory unit. The non-overlapped 
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gate/source structures with different channel lengths/areas (Figure 3.6c) are used 

to extract the gate capacitance per unit area (Cox; Figure 3.6d), while minimizing 

the parasitic capacitance. A Cox value of ~7.60 × 10-8 F/cm2 is extracted from 

the linear slope of the capacitance versus area plot (Figure 3.6e). 

The electrical performance of the transistors that compose the CTFMs is 

characterized under ambient conditions (Figure 3.7). Figure 3.7a illustrates the 

transfer curves (Id-Vg; drain current-gate voltage) of the transistors in the 

CTFMs with different channel lengths (L = 20 mm, 30 mm, and 40 mm) at the 

applied drain voltage (Vd) of -5 V. A typical transfer curve of a field-effect 

transistor (FET, without a charge-trap layer) with L = 20 mm is shown in Figure 

3.8, for comparative analysis. Owing to the better control of s-SWNTs in the 

channel area by the gate, the FET exhibits a higher performance in terms of 

on/off currents. The Id-Vd and Id-Vg characteristics of the transistors at L = 30 

mm under different Vg are shown in Figures 3.9a,b, respectively. The 150 

transistors (10 × 15 array) whose channel lengths (L) range from 20 to 40 mm 

effectively function without significant variations in the on/off ratio and on-

current density. Figure 3.7b shows the cumulated Id-Vg curves of the 50 

transistors in the CTFMs at L = 30 mm, exhibiting high device-to-device 

uniformity. We can further validate these through statistical analysis of the on-

current density per unit width (Ion/W; Figure 3.7c), on/off ratio (Ion/Ioff; Figure 
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3.7d), transconductance per unit width (gm/W; Figure 3.7e), and carrier mobility 

at Vd = -5 V (m; Figure 3.7f). In summary, the averages of Ion/W, Ion/Ioff, gm/W, 

and m are 0.36 ± 0.16 mA/mm, > 105, 0.057 ± 0.021 mS/mm, and 4.51 ± 1.67 

cm2/Vs, respectively. For the estimation of m, the equation for the parallel-plate 

model20 is used, namely, m = Lgm/(VdCoxW), where Cox = 7.60 × 10-8 F/cm2 

(from Figure 3.6e). 

The typical memory switching characteristics of the CTFMs as a function 

of the pulse time at different gate voltages ranging from ±15 V to ±25 V are 

plotted in Figures 3.10a,b. The drain current is the current measured at a read 

voltage of 0 V. For both PGM/ERS operations, increase/decrease in the drain 

current can be observed even for a short pulse period of 10-6. This result 

indicates the effective charging/discharging of the carriers into/from the trap 

layer. Larger change in the drain current can be observed by increasing the 

duration of the pulse time for both PGM/ERS operations. The CTFM at L = 30 

mm is characterized in two read-out PGM and ERS operations at the gate 

voltage/pulse time of +25 V/1 s and -25 V/1 s, respectively (Figure 3.10c). The 

window margin that corresponds to the difference in the drain current at Vg = 0 

and the device-to-device uniformity of the 50 CTFMs are appropriate for 

unambiguous read-out (Figure 3.10d). Figure 3.10e shows the endurance 

characteristics of the CTFMs under the operating condition of ±25 V/100 μs. 
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The CTFMs maintain substantial window margins even after PGM/ERS 

operations of 10,000 cycles. The retention test (Figure 3.10f) also verifies the 

reasonable window margin maintained after approximately 10,000 s. 
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Figure 3.6 a, Band bending of the CTFM in the electron charging/discharging 

process through the Tox1 and Tox2 layers in the PGM/ERS operations. b, C-V 

characteristics showing different voltage hystereses (~13.2 V with trap layer 

(red) and ~10.2 V without trap layer (blue)) with a voltage sweep from -10 V to 

10 V. c, Optical microscope images of the non-overlapped gate/source 
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structures with different gate lengths (Lg) of 38, 28, and 18 mm. d, Plot of the 

gate capacitance per unit area. e, Plot of the capacitance versus area with a 

linear slope (Cox) of ~7.60 ´ 10-8 F/cm2.  
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Figure 3.7 a, Id-Vg curves of the transistors that compose the CTFMs with 

different channel lengths (L = 20, 30, and 40 μm). b, Cumulative Id-Vg 

characteristics of 50 transistors with L = 30 mm. c, On-current density per unit 
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width at Vd = -5 V. d, On/off ratio at Vd = -5 V. e, Transconductance per unit 

width at Vd = -5 V. f, Mobility at Vd = -5 V.  
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Figure 3.8 Typical Id-Vg curve of an s-SWNT field-effect transistor with L = 20 

mm and W = 200 mm.  
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Figure 3.9 a, Id-Vd characteristics and b, Id-Vg characteristics of CTFM under 

different Vg (L = 30 mm).  
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Figure 3.10 a, Memory switching characteristics as a function of the pulse time 

with applied gate voltages of 15 V, 20 V, and 25 V for the PGM operation. b, 

Memory switching characteristics for the ERS operation with inverse gate 
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voltages of -15 V, -20 V, and -25 V. c, Plot of the two read-out operations. PGM 

and ERS at +25 V/1 s and -25 V/1 s, respectively. d, Statistics of the window 

margins of the 50 CTFMs after PGM/ERS operations at ±25 V/1 s. e, Endurance 

characteristics of the CTFMs during 10,000 PGM/ERS cycles with ±25 V/100 

ms. f, Retention characteristics of the CTFMs under PGM/ERS at ±25 V/1 s.  
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Electrical characterization of logic gates 

In addition to the capacitors, transistors, and CTFMs, logic gates are 

important components in digital circuits. The voltage transfer curves (VTCs) 

and output characteristics of the logic gates (inverters and NAND/NOR gates) 

are shown in Figure 3.11. An optical microscope image of an inverter and its 

VTCs (VDD ranging from -5 V to -10 V) are shown in Figures 3.11a,b, 

respectively. The VTCs show typical input/output behavior of the logic inverter, 

i.e., VOUT decreases from 0 to VDD as VIN increases from VDD to 0. The voltage 

gains at each VDD are shown in Figure 3.11c and their summary is shown in 

Figure 3.11d (top). An important factor in the characterization of inverter 

performance is the noise margins i.e., the high- and low-state noise margins 

(NMH and NML). NMH and NML are estimated as NMH = VOH – VIH and NML = 

VIL – VOL, where VOH, VOL, VIH, and VIL denote the output high voltage, output 

low voltage, input high voltage, and input low voltage, respectively. The 

measured noise margins with respect to different VDD are plotted at the bottom 

of Figure 3.11d. The detailed values are listed in Figure 3.12. The average noise 

margin for the applied VDD is 0.190×VDD, which shows the reliable and robust 

operation of the inverters. The inverter is successfully extended for more 

advanced logic gates (two-input NAND and NOR; Figures 3.11e,g), as shown 
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in their output characteristics (Figures 3.11f,h). VDD of -5 V is used along with 

input voltages of -5 V and 0 V for logic “1” and “0”, respectively. 
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Figure 3.11 a, Optical microscope image of an inverter. The red-dashed box 

indicates the random network of s-SWNTs in the active channel region. b, 

VTCs showing the input and output behavior of the inverter. VDD varies from -5 

V to -10 V. c, Voltage gain of the inverter. d, (Top) Summary of voltage gains 

and (bottom) noise margins with respect to different VDD ranging from -5 V to -

10 V. e, Optical microscope image of a two-input NAND logic gate. f, Output 

characteristics of a two-input NAND logic gate with VDD of -5 V and input 

voltages of -5 V and 0 V. g, Optical microscope image of a two-input NOR logic 

gate. h, Output characteristics of a two-input NOR logic gate with VDD of -5 V 

and input voltages of -5 V and 0 V.  
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Figure 3.12 High- and low-state noise margins of the inverter at different VDD  
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Stretching analysis of CTFM and inverter 

In wearable electronics, a stable electrical operation of devices under 

external applied strains is important. The electrical performance results of s-

SWNT CTFMs and inverters with different uniaxial strains (up to ~20%; typical 

maximum strain induced in a human skin5) are characterized and compared with 

theoretical analyses, as shown in Figure 3.13. The island-shape active and 

serpentine-shape interconnection designs, together with the neutral mechanical 

plane layout16, enable the devices to endure an ~20% applied strain while 

minimizing the deformations/strains in the channels and active regions (Figures 

3.13a,c; see strain distributions obtained by Finite Element Analysis (FEA) 

under each applied strain in Figures 3.13c,d). It can also be inferred that the 

disconnection issues of SWNT network percolations and/or extraction of 

SWNTs from the metal source/drain contacts is effectively avoided by 

unwanted movements of the SWNTs due to the applied strain. The maximum 

induced strain in the active (~0.001) and interconnection (~0.036) regions is 

below the typical fracture strain of the device components. The corresponding 

electrical characterizations of the CTFMs and inverters during the stretching 

tests are shown in Figures 3.13e,f, respectively. The PGM and ERS curves of 

the CTFM (PGM and ERS at +25 V/1 s and -25 V/1 s) and VTCs of the inverter 

under external strains show no visible variations and/or signs of electrical 
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degradations. Even after stretching for 1,000 times with ~20% applied strain, 

the device performance shows minimal changes (Figure 3.14). In addition, the 

bending test of the inverter is conducted at different radii of curvature between 

infinite (flat) and ~5-mm bending radii (Figure 3.15). The induced strains on the 

inverter (FEA; Figure 3.15b) are negligible. The stable electrical 

characterization results confirm the effectiveness of the material and design 

strategies (Figure 3.15c). 
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Figure 3.13 a, Optical microscope image and b, FEA strain distribution results 

of the CTFM under applied strains between 0% and 20%. The red arrows 

indicate the strain direction. c, Optical microscope image and d, FEA strain 

distribution results of the inverter under applied strains between 0% and 20%. e, 

Electrical characteristics of the CTFM under applied strains between 0% and 20% 

(PGM and ERS at -25 V/1 s and +25 V/1 s, respectively). f, VTCs of the 

inverter showing stable operation under applied strains between 0% and 20%. 
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Figure 3.14 VTCs of the inverter after cycled stretching tests. The number of 

stretching cycles and applied strain are 1, 10, 100, and 1000 times and 20%, 

respectively.  
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Figure 3.15 a, Optical camera images and b, corresponding induced strain 

distributions by FEA of the inverter in bending tests. The radius of curvature 

ranges from infinite (flat) to ~5 mm. c, VTCs of the inverter that show stable 

electrical operation at different radii of curvature (5, 10, and 20 mm). 
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3.4 Conclusion 

 

In summary, we have reported stretchable s-SWNT-based electronic 

devices, such as capacitors, transistors, nonvolatile memory units, and logic 

gates. The arrayed stretchable devices are conformally laminated on a 

curvilinear and soft human skin. Deformations including poking, compression, 

and stretching do not cause delamination or mechanical fractures. The detailed 

material analyses using electron and elemental microscopies as well as the 

theoretical explanations based on numerical mechanic modeling/simulations 

validate the electrical characterizations, i.e., the reliable device operations. The 

performance of the memory and logic devices is well maintained even after 

repetitive stretching/fatigue tests. These soft electronic devices based on s-

SWNTs can provide novel opportunities for wearable electronics. 
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Chapter 4. Bioresorbable Electronic Stent 

Integrated with Therapeutic Nanoparticles 

for Endovascular Diseases 

 

 

4.1 Introduction 

 

Balloon angioplasty and stent placement procedures have helped shape 

patient care across a broad range of cardio-,1 neuro-2 and peripheral3 vascular 

diseases. Approximately six million patients4 receive percutaneous coronary 

interventions (PEI) to treat arterial obstructions and endothelial injuries annually. 

While PEI using bare metal stents has been demonstrated to restore blood flow, 

there are key limitations in which neointimal hyperplasia and smooth muscle 

cells (SMC) may accumulate near the stent.5 These limitations are thought to 

arise because of a complex interplay of turbulent blood flow and inflammatory 

reactions around the stent.1,5 To overcome drawbacks of bare metal stents, 

several approaches have been reported, including bioresorbable stents6 and 
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drug-eluting stents,7 which provide physical disappearance and deliver 

pharmacological agents, respectively, to mitigate risks of in-stent restenosis 

(ISR).  

Although these existing classes of endovascular implants have enormous 

utility with minimal health risks, they do not provide diagnostic feedbacks on 

the state of hemodynamics and active controls of localized delivery of advanced 

therapeutic agents due to the absence of onboard sensors, data storage, and 

therapeutic actuation. Bioresorbable electronic stents that combine sensing of 

blood flow and temperature via integrated electronics coupled with data storage 

modules8 represent a fundamentally new set of functionality onboard otherwise 

inert bioresorbable implants. High performance flexible9-11 and bioresorbable12,13 

electronics provide unique solutions for the integration of active electronics onto 

the inflatable and bioresorbable stent. Besides, advanced therapeutics via 

functionalized nanoparticles14-16 hold promise to further advance PEI through 

controlled drug release and long-term inflammation suppression. Inorganic 

nanoparticles have been explored as therapeutic platforms because of their high 

surface-to-volume ratio,17 scavenging reactive oxygen species (ROS),18 and 

photoactivation properties.19 

Here, we describe bioresorbable/bioinert nanomaterials designs and their 

integration strategies with bioresorbable electronic stent (BES), fitted with 
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nanomebrane-based flexible flow/temperature sensors and memory storage 

devices, anti-inflammatory nanoparticles, and drug-loaded core/shell 

nanospheres that are activated by an external optical stimulus. Additionally, 

antenna characteristic of BES for wireless power/data communication is 

evaluated. The mode of operation is as follows: the flow sensor measures blood 

flow, which is stored into the embedded memory module for pattern analysis 

and diagnosis. Catalytic ROS scavenging and hyperthermia-based drug release 

can be used as advanced therapies. First, the ceria nanoparticles (ceria NPs)20 

scavenge ROS generated in the perfusion by PEI and reduce inflammations that 

can cause in-stent thrombosis.21 Secondly, the gold nanorod core/mesoporous 

silica nanoparticle shell (AuNR@MSN)22,23 design is able to control the drug 

loading and its release photothermally. The hyperthermia is regulated through 

the temperature feedback. The hyperthermia, which is regulated via feedback 

temperature sensing, controls localized drug delivery as well as provides 

thermal therapy. This suite of sensors and actuators provides mechanical, 

photothermal, diagnostic and therapeutic functionality on bioresorbable stent 

substrates. 

 

*The contents of this chapter were published in ACS Nano. 

(2015, DOI: 10.1021/acsnano.5b00651, Article ASAP) 
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1.2 Experimental Section 

 

Fabrication of Mg/MgO/Mg memory on the Mg alloy stent: For the 

fabrication of Mg alloy stents, we first laser-cut and polish ZM21 Mg alloy 

ingot. AZ4620 photoresist (Clariant, USA) is then spin-coated with 3000 rpm 

(for 30 s) on both sides of the ZM21 Mg alloy substrate (~200 mm). The Mg 

alloy substrate is then patterned using photolithography and wet etching 

processes with custom-made Mg etchant (70% Ethylene glycol, 20% de-ionized 

water, 10% nitric acid). After the etching step, the Mg alloy mesh is dipped into 

boiling acetone to remove the AZ4620 photoresist. Then, an insulating MgO 

layer (~50 nm) is deposited on the stent by the electron beam evaporation. 

Thermal evaporation of Mg (~60 nm) is then applied to create the bottom 

electrode (base pressure of 1´10-6 Torr, ~0.5 Å/sec). The switching layer (MgO, 

12 nm) is deposited via the sputtering process (base pressure of 5´10-6 Torr, Ar 

20 sccm, 5 mTorr, 150 W RF power). Next, the top electrode (Mg, ~60 nm) is 

deposited onto the MgO film through another thermal evaporation step. Another 

encapsulating layer of MgO (~80 nm) layer is added to the top surface of the 

Mg/MgO/Mg (RRAM) construct using electron beam evaporation. Finally, the 

entire RRAM device on the stent is coated with PLA (Mw ~ 160,000, Mw/Mn ~ 
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1.5, Sigma Aldrich, USA) solution, containing ceria NPs and AuNR@MSN (3 

wt% in chloroform) via a dip-coating technique. 

 

Fabrication of temperature/flow sensor on the Mg alloy stent: Mg 

temperature and flow sensors are composed of an adhesion layer, a long 

filamentary Mg resistor (sensing unit), and an outer encapsulation layer (MgO 

and PLA). First, the adhesion layer (~60 nm thick ZnO) is sputtered (base 

pressure of 5×10-6 Torr, Ar 20 sccm, 5 mTorr, 150 W RF power) on a ~15 μm 

thick PLA film. The metal line (Mg, ~100 nm) is thermally evaporated through 

a shadow mask. For encapsulation, ~400 nm thick MgO is deposited using an 

electron beam evaporation. Additional 2 layers of PLA (~15 μm) are then 

laminated on top and exposed to chloroform vapour to make the PLA surface 

sticky. Finally, the sensor film is transfer-printed onto the sticky surface of the 

polymer on the stent. 

 

In vitro ROS scavenging experiment: Mouse cardiac muscle cells (HL-1) are 

incubated in Claycomb medium (Sigma Aldrich, USA) supplemented with 10% 

Fetal bovine serum (Wisent, Canada), 1% Penicillin/Streptomycin (Gibco, 

USA), 0.1 mM Norepinephrine (Sigma Aldrich, USA), and 2 mM L-Glutamine 

(Gibco, USA). Separately, HUVECs are incubated in EGMTM-2 BulletKitTM 
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(Lonza, Switzerland) at 37°C with 5% CO2 and 95% air. For in vitro ROS 

scavenging experiments, HL-1 cells and HUVECs are placed in 24-well plates 

and cultured again for 3 days. After removing the cell media, PLA film 

embedded with ceria NPs (1 cm ´ 1 cm, ~0.16 g) is placed in the well plate. 

Reactive oxygen species (50 μM H2O2, Sigma Aldrich, USA) are then added to 

well plates and stored for 5, 10, 15, and 30 min to see oxidative stress effects. 

Cells are washed with the Dulbecco’s Phosphate Buffered Saline (DPBS) and 

the cell viability is assessed with a Live/Dead® Cell viability/cytotoxicity kit 

(Invitrogen, USA). Fluorescence images are captured with a fluorescence 

microscope (Nikon, Eclipse Ti, Japan) and the Image-Pro plus software 

(MediaCybernetics, USA) kit provides quantitative estimates of living and 

necrotic cells. 

 

In vitro Hyperthermia experiment: To monitor the cell injury caused by 

hyperthermia, we first applied photothermal hyperthermic treatments to 

HUVECs cultured for 3 days in 24-well plates, in which AuNR@MSN-PLA 

film (5 mm ´ 5 mm) is placed (Figure 4.16h-k). Cell viability/cytotoxicity kit 

solution is added to the media to visualize live and dead cells. For the 

photothermal hyperthermia treatment, 800 nm-pulsed laser light (Mai Tai eHP 

deepsee, Spectra-Physics, USA) is delivered for 10 min at different powers with 
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the irradiation area of 760 μm ´ 760 μm. The average irradiance rates are in the 

range of 1.7 ~ 4.0 W/cm2 and total energy of 1020 ~ 2400 J/cm2. After the NIR 

irradiation, cells are imaged using the confocal microscope (LSM-780, Carl 

Zeiss, Germany). 

 

Bioresorbable and biocompatible materials in the bioresorbable electronic 

stent (BES): All materials used in the bioresorbable electronic stent (BES) are 

either bioinert or biodegradable by the hydrolysis reactions, which result in 

biocompatible products (Figure 4.3a). Magnesium (Mg) is the bioresorbable 

metal and is decomposed into magnesium hydroxide (Mg(OH)2). Mg is applied 

in various system components, such as the temperature/flow sensors and 

switching electrodes of the resistance random access memory (RRAM). Also 

Mg is the main component of the magnesium alloy based stent framework 

(ZM21; Mg 97%, Zn 2%, Mn 1%). Magnesium oxide (MgO; switching layer of 

RRAM), zinc oxide (ZnO; adhesion layer for the temperature/flow sensor), and 

mesoporous silica (SiO2; therapeutic nanoparticles for the drug delivery) are 

hydrolyzed into their respective bioresorbable metal hydroxides (Mg(OH)2, 

Zn(OH)2, Si(OH)4). Poly-(lactic acid) (PLA) slowly hydrolyzes into the lactic 

acid without the enzymatic activity.1 Due to its slow degradation rate, it can be 

used as a bioresorbable encapsulation layer (Figure 4.4a) to protect active 
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electronic components that rapidly dissolve in the biofluid such as phosphate 

buffered solution (PBS) (Figure 4.4b). Small amount of therapeutic 

nanoparticles, such as ceria (CeO2) nanoparticles (NPs) and gold nanorods 

(AuNR), and others (such as Mn in ZM21) are bioinert (Figure 4.3b). 

 

In vivo pharmacokinetics, biodistribution, and biocompatibility studies of 

functional nanoparticles with the mouse model: For the pharmacokinetic 

study, 8 weeks BALB/c mice are divided into 3 groups (n = 3) for AuNR, 

AuNR@MSN, and ceria NPs. The mice are injected with NPs (5 mg Au/kg and 

2.5 mg Ce/kg) via the tail vein. Blood is collected at different time periods of 1 

min, 30 min, 1 h, 3 h, 6 h, 1 day, and 2 days. For the biodistribution analysis, 

mice are prepared and injected with same manner. After 2 days, organs are 

dissected and treated with aqua regia to homogenize the organs and dissolve 

nanoparticles. Supernatants are collected and the concentration is measured by 

an inductively coupled plasma mass spectrometer (ICP-MS, 820-MS, Varian, 

Australia). 

AuNR, AuNR@MSN, and ceria NPs are injected into the mice to 

estimate their biocompatibility. Ten days after the injection of nanoparticles, the 

heart and kidney, liver, lung, pancreas, spleen, and lymph node (at axillary, 

brachial, and inguinal areas) are extracted and fixed in 10% neutral buffered 
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formalin (10% NBF) for one week. For hematoxylin and eosin (H&E) staining, 

formalin fixed tissues are embedded into paraffin, and then sectioned with 4 μm 

thickness. The sectioned tissues are then dewaxed and hydrated, and standard 

H&E staining is performed to evaluate morphological features of each organ. 

Stained images are acquired with optical microscope (DM2500, Leica, 

Germany). 

 

Switching mechanism of the Mg/MgO/Mg memory: The pristine state 

Mg/MgO/Mg RRAM cell exhibits insulating behavior which reveals the high 

insulating quality of MgO layer. Set current values that are independent of the 

memory cell area (Figure 4.7c) suggest that the RRAM operation is based on 

the repeated formation and rupture of local conducting filaments (CFs) in MgO 

layer (Figure 4.8). Oxygen vacancies (Vo) can be produced in the 

electroforming step and the generated Vo form CFs. According to the previous 

reports regarding the shape and the inhomogeneity of CFs in oxide thin films,2,3 

the shape of the CFs after the electroforming step is assumed to be conical 

where the diameter of CF near bottom electrode is larger than that near top 

electrode as shown in Figure 4.8c. With this model of CFs, the actual switching 

occurs at the weakest part of CFs along its length direction, where the repeated 

reduction (set) and the oxidation (reset) occur. Such an asymmetric shape of 
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CFs explains the bipolar resistive switching (BRS) behavior. Two interfaces 

between the MgO and Mg electrodes (top and bottom) are dissimilar, which also 

enhances the possibility of the BRS behavior. When the switching layer (MgO) 

is sputtered on the bottom Mg electrode, the deficient oxygen exists and thereby 

the MgO layer becomes relatively defect-rich.4 

 

FEM of strain distribution of the BES: We used commercial FEM software 

ABAQUS v6.12 to simulate the mechanical deformation of the stent under the 

pure bending and to obtain the strain distribution in the active layer (MgO) of 

memory cells. According to the thickness, the stent and flow sensors are 

modeled by solid elements whereas all the other much thinner layers are 

modeled by shell elements. The perfect adhesion is assumed between layers and 

a fine mesh is adopted. The multilayer stent structure is modeled to be initially 

flat and then gets bent into two radii, 1 mm and 2 mm, to mimic the deflated and 

inflated state of the balloon catheter, respectively. FEM results are offered in 

Figure 4.7g and it is obvious that maximum strains in the MgO layer always 

occurs at the edges that are close to the serpentine intersections. The maximum 

strain decreases from 4.6% to 2.2 % with the stent switching from a deflated 

state with a bending radius of 1 mm to an inflated state with a bending radius of 
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2 mm, which are both below the fracture strain of MgO (~8%).5 

 

Computational fluid dynamics (CFD) simulation of bioresorbable 

electronic stent: The CFD simulation is performed through COMSOL4.2 to 

study the flow pattern and wall shear stress (WSS) which is considered to be 

relevant with the restenosis process.6 For simplicity, the deformation of the 

stented artery is neglected and modeled as a cylindrical artery with stent 

embedded against the inner wall (see the 3D CAE model in Figure 4.11a). The 

average flow velocity (105 mm/s)7 is imposed as the constant inlet flow rate and 

the blood flow is modeled as incompressible flow of a Newtonian fluid with a 

density of 1,060 kg/m3 and viscosity of 3.7 cP8 since the corresponding Mach 

number and Reynolds number are  

  =
| |

 
= 6.69 × 10  ≪ 1 

  =
 | | 

 
= 165 

where | | = 105 mm/s is the average speed of blood flow,  = 1570 m/s9 is 

the speed of sound in blood,   is the blood density,  = 5.5 mm is the artery 

diameter and   is the blood viscosity. The additional length:   = 0.06 ∙   ∙

 ≈ 10  is added to ensure fully developed flow.   

The wall shear stress is defined as  
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where  ,   and   are velocity components in  ,   and   directions, 

respectively. The distributions of WSS throughout the artery is shown in Fig. 

S8b. As we assume no blood can flow between the stent-artery interface, there is 

no WSS on such interface. Low WSS was observed in the localized stented area 

and the immediate downstream of the stent while high WSS was generated in 

the immediate upstream of the stent. 

 

In vivo, ex vivo experiment of wireless power/data transmission using BES 

strut as an antenna unit: The current BES strut is suitable for a 900 MHz ISM 

(Industrial, scientific medical) band. The wavelength of 900 MHz decreases 

from 33.3 cm in the air to 4.1 cm in the human body environment because of the 

high permittivity and conductivity of body tissues. The current BES, which has 

an electrical size of 0.317 λ, can be utilized as an effective radiation structure 

inside the human body at 900 MHz. Figure 4.12a shows ex vivo experiment set-
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up for the power/data transmission. The center of the coaxial cable was 

connected to the end of the stent (Fig. 4.12b). This feeding method enabled the 

stent antenna to operate as a monopole antenna. The biofluid can be used for the 

ground. 

The simulation was conducted using CST Microwave Studio. The stent 

antenna is enclosed by homogeneous materials which have electric properties of 

blood (εr = 61.36, σ = 1.538 S/m) (Figure 4.12c). Figure 4.12d shows that the 

expected radiation pattern of the stent antenna is similar to a conventional 

monopole antenna. The omni-directional radiation patterns of the monopole 

antenna are suitable for the stent. The simulated antenna gain was -34.44 dB 

inside the blood environment. 

The measurement setup for the wireless power transfer is shown in 

Figure 4.12e. The dipole antenna was used as a transmitting antenna. The port 1 

and 2 of the network analyzer (E5071C, Agilent, USA) were connected to the 

stent and transmitting antenna, respectively. S-parameters of the 2-port network 

was measured using the network analyzer. Figure 4.12f shows measured 

reflection coefficients of two antennas at the port impedance of 50 Ω. The 

transmission coefficient (S21) between the stent and transmitting antenna with 

the distance of 4 cm is plotted in Figure 4.12g. The measured S21 was -20.16 dB 
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at 900 MHz, which means that about 10 mW power can be transmitted to the 

stent antenna when the incident power of the transmitting antenna is 1 W.  

Data transmission through the proposed stent structure was 

demonstrated at 900 MHz. The 900 MHz ASK (Amplitude Shift Keying) 

modulated pattern signal was generated from the vector signal generator 

(N5182A, Agilent, USA) and transmitted to the BES antenna. The transmitting 

power was set to 0 dBm, and the data rate was 1 Mbps. The stent antenna is 

connected to the 50 Ω terminated oscillator. The transmitted and received signal 

were confirmed using oscilloscope (MSO-X 6004A, Agilent, USA) as shown in 

Figure 4.12h. 

In vivo wireless power and data transmission from the transmitting 

antenna to the stent antenna is measured inside a canine common carotid artery. 

The stent connected to the coaxial cable is deployed into the common carotid 

artery. All the experiments are carried out after the blood flow is recovered. The 

results show the feasibility of the stent antenna for wireless power/data transfer 

applications.  

 

FEM of temperature distribution near the stent during the NIR laser 

exposure: Multiphysics FEM simulation is also performed via COMSOL4.2 to 

study the temperature distribution of layers near the stent during NIR-induced 
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photothermal heating with and without the blood flow. Since only a small part 

(1.3 mm ´ 1.7 mm) of the bottom PLA layer with AuNR@MSN can generate 

heat during NIR laser exposure due to the small NIR laser beam spot size, 

instead of modeling the whole stent inserted into blood vessel, we only model 

the part around the heated AuNR@MSN/PLA layer in a cylindrical coordinate 

system (Figure 4.23a) and assign infinite elements along both blood flowing 

direction and tissue thickness direction (Figure 4.23b). For the part covered by 

the stent, there are 6 layers in total from inner to outer radius: blood, top ceria 

NP/PLA layer, ZM21 alloy, bottom AuNR@MSN/PLA layer, intima and 

subendothelial tissue; for the part not covered by the stent, there are only 3 

layers: blood, intima and subendothelial tissue. Except for the blood, all the 

materials are treated as solid such that the governing equation of heat transfer in 

PLA, ZM21, intima and tissue is 

 

  
  

  
=      (S1) 

 

where T is the temperature field,   denotes the mass density,   the specific 

heat capacity, and k the thermal conductivity of the materials in each layer as 

listed in Table S1. The blood is modeled as a fluid, the governing equation of 

heat transfer is  
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  (
  

  
+  ∙ ∇ ) =      (S2) 

where   is the blood flowing speed which can be simplified as  

 =   = 2    (1 −
  

  )  (S3) 

where   is a unit vector pointing in the axial direction of the blood vessel, 

     is the average flow rate of blood, R is the vessel inner radius and r is the 

radial coordinate. The thermophysical properties and the thickness of each layer 

are summarized in Table S1.  

 

Table S1. Thermophysical property values and layer thickness 

 
h 

(μm) 
C 

(J kg-1 K-1) 
k 

(W m-1 K-1) 
  
(kg m-3) 

Blood 1780 or 2000* 3617 0.52 1050 
Top PLA 10 1800 0.13 1250 

ZM21 alloy 200 1025 159 1780 
Bottom PLA 10 1800 0.13 1250 

Intima 600 3306 0.46 1102 
Subendothelial 

Tissue 
3000+infinite 

element 
3421 0.49 1090 

*Thickness for the part with or without stent. 

 

Assuming the temperature of PLA layer with AuNR@MSN is 47 °C during NIR 

exposure and body temperature is 37 °C (i.e. boundary condition for these 

infinite elements is T = 37 °C), we obtain the temperature distribution in 

equilibrium state with different blood flowing rate:     =120 mm/min and 0 
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mm/min and the overall temperature distribution when the system reach 

equilibrium state for each      as shown in Figure 4.23c,d, respectively. 

Comparing the two figures, it is concluded that blood flow is effective in 

reducing the temperature in the blood itself and the neighboring stent area but 

not so effective in reducing the temperature of the intima which is directly 

covered by the stent because this part of the intima is not in direct contact with 

the blood. 

 

BES deployment into the canine common carotid artery: These experiments 

are approved by the animal care committee at Seoul National University 

Hospital. An adult mongrel dog is used in this study. Surgery, angiography and 

stent deployment are performed with sterile techniques under general anesthesia. 

All the procedures are performed via the transcarotid route. After dissecting the 

neck area, the common carotid artery is exposed and a 8 Fr angiosheath is 

inserted into the common carotid artery to deliver the stent. The BES is loaded 

on the balloon catheter (Hyperglide, Covidian, Irvine, California, USA), move 

to the target site, and is deployed by the inflation of the balloon catheter. The 

radius and length of the deflated stent is 2.0 mm and 12.7 mm, respectively. The 

radius becomes ~3 times larger when the stent is inflated. 
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Computed tomography (CT) scan of the BES in the canine model: After 

stent deployment, computed tomography (CT) scan is performed by using High-

Definition CT (HDCT: Discovery CT750 HD, GE Healthcare, WI, USA) under 

the following scanning conditions: 120 kVp, 350 mAs, 0.625 mm, 0.16 helical 

pitch, and 0.35 s gantry rotation speed. After pre-contrast CT acquisition, post-

contrast CT is also obtained with injection of 60 mL of a noniodine contrast 

medium (Ultravist 370; Schering, Berlin, Germany) into an antecubital vein and 

this was followed by 40 mL of normal saline, both at a flow rate of 4 mL/s. 

Volume rendering CT images are reconstructed using 2.5 mm-thick axial images. 

 

Reliability tests (retention, endurance) of RRAM: In the set/reset retention 

measurement, each resistance state is programmed and the current levels are 

measured at the read voltage of 0.2 V. Both HRS and LRS are well preserved 

for 103 s (Figure 4.7e). The read/write endurance measurement is conducted by 

the consecutive DC voltage sweeping from -2 V to 2 V. HRS and LRS current 

values measured at the voltage of 0.2 V are stable (Figure 4.7f). 

 

Characterization of RRAM: The current-voltage measurement of RRAM is 

carried out in both the pristine and deformed condition on the balloon catheter. 

The electrical measurements are performed with the probe station and parameter 
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analyzer (B1500A, Agilent, USA). I-V characteristics show no severe change 

when the stent is inflated (Figure 4.9b). 

 

Characterization of temperature/flow sensor: The percent resistance change 

of the temperature/flow sensor is measured by a data-acquisition (DAQ) board 

run by the Labview software (National Instruments, USA). The plot of the 

percent resistance change as a function of the temperature change shows a linear 

function whose slope is 0.08%/°C (Figure 4.22b). Resistance changes at 

constant current induced by various flow rates (Thermal mass flow sensing) are 

measured in the extracted canine artery (ex vivo) by using a digital multi-meter 

(DMM) run by the Labview software. The temperature/flow sensors are 

encapsulated by MgO and PLA layers to prevent the leakage current in the fluid. 

 

Custom-made data analysis and storage system: The measurement, data 

analysis, and data storage process begin with measuring the flow rate by using 

the flow sensor. Then, the Labview software (Figure 4.10a,b) is used to process 

and store the recorded data in RRAM cells. For example, in case of flow 

sensing for the cardiovascular model (Figure 4.3h-j), the flow rates are recorded 

by the onboard flow sensor, then the data (∆R/R0) are classified into four 

different bands (0–0.03 mL/min, 0.03–0.5 mL/min, 0.5–0.8 mL/min, and >0.8 
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mL/min). The software determines the appropriate compliance currents and 

biasing voltages to write a specific two digit code ([00], [10], [01], and [11]), 

which is assigned to each band, to the RRAM cell. 

 

Synthesis of ceria nanoparticles (NPs): The ceria NPs are synthesized by 

following previously reported literature.10 Cerium (III) acetate (0.4 g, 98%, 

Sigma Aldrich, USA) and oleylamine (70%, 3.2 g, Acros, USA) are added to 15 

mL of xylene (98.5%, Sigma Aldrich, USA). The solution is stirred for 2 hours 

at room temperature and then heated to 90 °C (2 °C/min). A 1 mL of deionized 

water is injected into the solution at 90 °C under vigorously stirring. The 

solution color then changes to the off-white color, showing that the reaction has 

occurred. The mixture is stored at 90 °C for 3 hours and then turns into a light-

yellow colloidal solution, which is then cooled down to room temperature. 

Acetone is added to precipitate ceria NPs for washing and the ceria NPs are 

dispersed in chloroform. To make bioinert ceria NPs, organic-dispersed ceria 

NPs are coated by a PEG-phospholipid. 50 mg of mPEG-2000 PE (Avanti, USA) 

dissolved in 5 mL of CHCl3 is added to 5 mL of ceria NPs solution (10 mg/mL 

in CHCl3). Solvent is evaporated by rotary evaporator and products are aged at 

80 °C in vacuum oven for another 1 h. Then, 5 mL of solvent (deionized water 
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or CHCl3, depend on usage) is added to the products, and excess amount of 

PEG-phospholipid is removed by ultracentrifugation. 

 

Characterization of ceria NPs: TEM images are collected by using a JEM-

2010 (JEOL, Japan) electron microscope operated at an accelerating voltage of 

200 kV. The samples for the TEM analysis are prepared by dipping the copper 

grid coated with the amorphous carbon film in a solution containing the ceria 

NPs. Elemental analysis is performed by using an inductively coupled plasma 

atomic emission spectrometer (ICP-AES, ICPS-7500, Shimadzu, Japan). 

 

Reactive oxygen species (ROS) scavenging activity of ceria NPs: The ROS 

scavenging activity of ceria NPs embedded in the PLA films are measured by a 

superoxide dismutase assay kit (Sigma Aldrich, USA) (Fig. 4c). The procedure 

is as follows: Ceria NPs solutions of various concentrations are mixed with PLA 

solution (45 mg/mL) and poured into a stainless dish, followed by drying over 

24 h at room temperature. 200 μL of the assay kit solution and 20 μL of the 

xanthine oxidase solution are added to ceria NPs/PLA film. The sample is then 

incubated at 37 °C for 1 hour. After the centrifugation, the absorbance of the 

supernatant at 450 nm is measured using a micro plate reader (Victor x4, 

Perkins Elmer, USA). 
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Synthesis of gold nanorods (AuNR): The AuNR are prepared by following a 

previously reported literature.11 The Au seed particles are prepared by adding 

0.25 mL of 10 mM aqueous solution of HAuCl4•3H2O (99.9%, Strem, USA) to 

7.5 mL of 100 mM cetyltrimethylammonium bromide (CTAB, 99+%, Acros, 

USA) under the mixing condition. Adding 0.6 mL of ice-cooled 10 mM NaBH4 

solution and stirring for 2 min results in a pale-brown seed solution. The AuNR 

growth solution is prepared by mixing 160 mL of 100 mM CTAB, 6.8 mL of 10 

mM HAuCl4•3H2O and 1 mL of 10 mM AgNO3 (99%, Sigma Aldrich, USA). 

Then, 1.08 mL of 100 mM L-ascorbic acid (99%, Sigma Aldrich, USA) is added, 

which changes the solution’s color from the yellowish brown to colorless. To 

initiate the growth of nanorods, 1.68 mL of the seed solution is added to the 

growth solution and left still for 3 hours. To make PEGlyated AuNR for the in 

vivo experiment, AuNR are centrifuged twice and dispersed in 10 mL of water. 

Then, 100 mg of mPEG-SH 5000 (Sulfhydryl terminated, Sunbio, Korea) is 

added and stirred for 12 h. Excess amount of mPEG-SH is removed by 

centrifugation, and AuNR are filtered and redispersed in water. 

 

Characterization of gold nanorods (AuNR): Transmission electron 

microscopy (TEM) images are collected by using a JEM-2010 (JEOL, Japan) 
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electron microscope operated at an accelerating voltage of 200 kV. The samples 

for the TEM analysis are prepared by dipping a copper grid coated with the 

amorphous carbon film in a solution containing the AuNR. The UV-Vis 

absorption spectra are taken with the Cary 5000 UV-VIS-NIR (Agilent, USA) 

spectrophotometer.  

 

Synthesis of gold nanorod@mesoporous silica nanoparticles 

(AuNR@MSN): The core/shell structure of AuNR@MSN is based on the 

modification of a previous report.12 As the synthesized AuNR solution is 

centrifuged, washed and redispersed in 40 mL of water. CTAB (0.08 g, > 99%, 

Acros, USA) and 0.24 mL of NaOH solution (2 M) are added to the solution. 

Then, the solution is heated up to 70 °C, followed by adding 1.2 mL of 

mesitylene (99%, Sigma Aldrich, USA), 0.4 mL of tetraethyl orthosilicate 

(TEOS, 98%, Acros, USA), and 2.4 mL of ethyl acetate, sequentially. After 

stirring for 3 hours, the resulting AuNR@MSN is collected through 

centrifugation and washed with copious amounts of water and ethanol. Then, 

the pore-generating template, CTAB, is removed by stirring in an acidic ethanol 

solution. For the surface functionalization, AuNR@MSN is redispersed in 25 

mL of ethanol. After the addition of 0.1 mL of 3-aminopropyltriethoxysilane 

(APTES, 99%, Sigma Aldrich, USA), the solution is refluxed for 3 hours. 
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Amine-functionalized AuNR@MSN (AuNR@MSN-NH2) is centrifuged and 

redispersed in 5 mL anhydrous ethanol. To introduce PEG encapsulation onto 

the surface of AuNR@MSN, 100 mg of mPEG-SG 5000 (Succinimidyl 

glutarate terminated, Sunbio, Korea) is added and stirred for 12 h. After reaction, 

excess amount of mPEG-SG is removed by centrifugation, and product is 

dispersed in CHCl3. The final concentration of Au measured by ICP-AES is 

2.878 mg/mL. 

 

Characterization of AuNR@MSN: TEM images are collected by using a 

JEM-2010 (JEOL, Japan) electron microscope operated at an accelerating 

voltage of 200 kV. Nitrogen adsorption/desorption isotherms are measured at 77 

K using a gas sorption analyzer (ASAP 2020, Micromeritics, USA). The optical 

absorption spectrum is obtained using a UV-VIS-NIR spectrophotometer (Cary 

5000e, Agilent, USA). 

 

Hyperthermia activity of AuNR@MSN: When the NIR laser is exposed to 

trigger the hyperthermia activity, AuNR@MSN embedded in the PLA layer 

generates the heat. The increase of the temperature is measured by using the 

integrated bioresorbable Mg temperature sensor. Since the exposed area to the 

NIR laser spot is a part of the sensor, the temperature-resistance relationship 
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needs to be corrected by multiplying with the areal factor, 
exposed

total

Area
A

Area
= . 

The exposed region is 18% of total area (Figure 4.22a) in consideration of entire 

area of temperature sensor and the area of NIR laser spot. Since A=0.18 and α 

=0.08%/°C (Temperature sensitivity, Figure 4.22b), the modified temperature 

sensitivity factor (α ¢) is A´α = 0.014%/°C. 

 

In vivo experiment of NIR- and RF magnetic field-induced heat generation 

and heat-induced acceleration of drug diffusion: After an 8 Fr angiosheath is 

inserted into the common carotid artery to deliver the stent, the BES is loaded 

on the balloon catheter, delivered to the target site, and is deployed by the 

inflation of the balloon catheter. To examine photothermal effect using optical-

fiber-guided NIR, dye (Nile red, Sigma Aldrich, USA) and AuNR@MSN-

coated stent were prepared and the NIR laser was irradiated onto the stent. 

Temperature of the stent was measured by IR camera and set to 40 °C. To 

demonstrate heat-induced dye diffusion in vivo the guided NIR laser beam was 

irradiated for 10 minutes. Series of experiment were also performed using RF 

induction heating system (Easyheat 0112, Ambrell, USA). 
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1.3 Result and Discussion 

 

Multifunctional bioresorbable electronic stent (BES) 

Figures 4.1a,b show a schematic diagram and a corresponding image of a 

representative bioresorbable electronic stent (BES) that includes magnesium 

alloy stent integrated with ceria NPs (catalytic ROS scavenging), AuNR@MSN 

(photothermal therapy), drugs (e.g. Rapamycin; well-known drug for the 

treatment of restenosis3 with some dysfunctions24), flow/temperature sensors 

(physiological signal sensing) and RRAM array (data storage). These 

components consist of bioresorbable and bioinert materials (see Fig. 4.3a). 

Although the Mg alloy stent has rapid erosion problems,25 the degradation time 

can be prolonged by multi-stacked encapsulation layers. Moreover, it is 

necessary to use conductive Mg-based stent strut for the system which acts as an 

antenna unit for wireless electronics. Details of the fabrication processes, 

materials, geometrical information, and images of the BES are included in 

Supporting Information (SI) and Figure 4.2a. Figure 4.1b shows the BES (in 

deflated state) ready to be deployed in a canine common carotid artery in vivo 

via arterial access. The bottom inset is a magnified image of the BES, showing 

RRAM and a temperature sensor, coated with nanoscale therapeutic agents. 

Figure 4.1c shows x-ray images of a deflated (left) and inflated (right) balloon 
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catheter used to deploy the BES. The inflated BES mechanically supports the 

artery. An optical image (Figure 4.1d) and a volume-rendered computed 

tomography (CT) image (Figure 4.1e) highlight the expanded BES deployed 

inside the targeted artery. 
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Figure 4.1 Bioresorbable electronic stent (BES). a, Schematic illustration of 

the BES (left), its top view (top right), and the layer information (bottom right). 

The BES includes bioresorbable temperature/flow sensors, memory modules 

and bioresorbable/bioinert therapeutic nanoparticles. The therapeutic functions 

are either passive (ROS scavenging) or actively actuated (hyperthermia-based 

drug release) by the NIR exposure. b, Image of the BES installed on the balloon 

catheter during the deployment into a canine common carotid artery in vivo. 

Inset (bottom) shows the RRAM (white dotted box) and the temperature sensor 

on the BES. c, X-ray images of the balloon catheter and the BES in the canine 

model before (left) and after (right) the inflation of the balloon catheter. d, 

Image of the deployed BES in the canine common carotid artery in vivo. e, 

Volume-rendered X-ray computed tomography (CT) image of the deployed BES 

in the canine common carotid artery. 
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Figure 4.2 a, Optical images of the stent strut during the fabrication from an Mg 

alloy ingot. b, Schematic diagrams illustrating the fabrication process of the 

bioresorbable RRAM array on the stent. c, Schematic diagrams illustrating the 



184 

 

fabrication process of the temperature/flow sensors on the stent. d, Magnified 

image of fabricated bioresorbable electronic stent (BES).   
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Materials biocompatibility and structure of the bioresorbable electronic 

stent (BES) 

Most of bioresorbable stents for endovascular diseases lack the 

multifunctionality, such as continuous monitoring, data storage, and 

instantaneous therapy, due to unavailability of integration processes of 

multifunctional device components. Specifically, the integration of 

bioresorbable active/passive devices on the stent has not been feasible, because 

the fabrication process of the bioresorbable electronics is incompatible with the 

conventional microfabrication processes. Figures 4.3a shows an illustrative 

enumeration for bioresorbable and bioinert stacks of active electronics and 

therapeutic nanoparticles on a Mg-Zn-Mn alloy (ZM21; Mg 97%, Zn 2%, Mn 

1%) strut. These electronic components consist of bioresorbable (Mg,12,26-28 

MgO,12,27 Zn,26,28 ZnO29 and poly-(lactic acid) (PLA)30) and bioinert (Mn28) 

materials (see Experimental section). Therapeutic nanoparticles (ceria NPs and 

AuNR@MSN) and drugs are also incorporated in the PLA layers of the stent 

coated with dissolution-rate-controllable oxide/polymer, which plays a crucial 

role in reducing the fast corrosion rate of the stent strut and active electronic 

components (Figure 4.2a). All the used nanoparticles are either bioresorbable 

(SiO2
31) or bioinert (CeO2,

18 Au,32). Detailed average amount of each component 

is as follows: 27.4 mg of ZM21 stent strut, 3.4 mg of electronic devices on PLA 
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films, 0.51 mg of ceria nanoparticles, 0.16 mg of gold nanorod core and 0.54 

mg of silica shell. The amount of electronic devices on the stent is less than 0.1 

mg. The rate of degradation of the active agents (in response to biofluid 

immersion) is illustrated in Figure 4.2b, which can be controlled by tuning the 

geometry and materials of encapsulating oxides (e.g. MgO) and polymers (e.g. 

PLA, silk33,34). 

Besides the bioresorbability, a key criterion for effective clinical treatments 

is the compatibility of bioinert nanomaterials with in vivo models. Although 

bioinert nanoparticles are slowly released from the PLA polymer, overdosed 

nanoparticles are used to confirm their biocompatibility. Bioinert nanoparticles 

in excess amounts (5 mg Au/kg and 2.5 mg Ce/kg) are injected through the tail 

vein of the normal mice to evaluate the effect to the internal organs. In vivo 

pharmacokinetic studies in mice show that ceria NPs, AuNR@MSN and AuNR 

have half-lives of 1.9 h, 5.5 h, and 1.2h (Figure 4.3b), which are similar with 

previous reports.35 These results show that nanoparticles do not exhibit severe 

interactions with proteins and plaques that shorten half-lives in the bloodstream. 

Biodistribution studies show the accumulation of bioinert nanoparticles in the 

reticuloendothelial system such as the spleen, liver, and lymph node rather than 

in lung and other organs, as commonly observed36,37 (Figure 4.3c). The 

histological analysis (Figures 4.5,6) shows the biocompatibility of 



187 

 

nanoparticles.38 These corroboratively show that the influence of bioinert 

nanoparticles to in vivo system is minimal. The mechanical strength and 

structural integrity of bioresorbable stent mainly depends on the mechanical 

property of the stent strut. The current bioresorbable stent is composed of ZM21 

alloy which is known to its reliable corrosion resistance. The alloy that 

composes the strut can be changed with other Mg alloy (e.g. WE43) to further 

strengthen the mechanical and chemical properties. We found that the 

mechanical strength and structural integrity was maintained for a week in vivo. 
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Figure 2.3 Bioresorbable and bioinert materials of the BES. a, Bioresorbable 

and bioinert components of the BES, shown as exploded view (left) and their 

hydrolysis (right). b, Blood circulation data (ion concentration in plasma versus 

time) of ceria NP, AuNR@MSN, and AuNR injected into 8 weeks-old BALB/c 

mice (n = 3 for each nanoparticle group, 5 mg of Au or 2.5 mg of Ce per kg of 

mouse body weight). c, Biodistribution profiles of ceria NP, AuNR@MSN, and 

AuNR injected into 8 weeks-old BALB/c mice (n = 6 for each nanoparticle 

group, 0.0625 mg of Ce or 0.125 mg of Au per mouse). 
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Figure 2.4 a, Plot of the percent resistance change of the Mg metal line (100 nm) 

as a function of time, in a phosphate-buffered solution (PBS) with different 

encapsulation materials (blue: No encapsulation, red: MgO 300 nm, black: MgO 

300 nm / PLA 120 mm). The one with the PLA encapsulation maintains the 

original conductivity for several tens of days. b, Optical images of serpentine 

shaped Mg (50 nm) metal interconnects in PBS for every 10 minutes.  
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Figure 2.5 Hematoxylin and eosin (H&E) stained histological image of the 

various organs of the mice, which the bioinert nanoparticles in excess amounts 

are injected via the tail vein. a, axillary lymph node b, brachial lymph node c, 

inguinal lymph node d, heart e, kidney.  
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Figure 2.6 Hematoxylin and eosin (H&E) stained histological image of the 

various organs of the mice, which the bioinert nanoparticles in excess amounts 

are injected via the tail vein. a, liver b, lung c, pancreas d, spleen. 
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Electrical function of the bioresorbable electronic stent (BES) 

Figure 4.7 shows results of active electronics in sensing, storing data from 

the BES. A bipolar I-V curve for the bioresorbable Mg/MgO/Mg 

nanomembrane resistance memory device shows how the device bi-directionally 

switches between a low-resistance state (LRS) and a high-resistance state (HRS) 

(Figure 4.7a). The resistive switching is achieved by applying a positive voltage 

(“reset” of 0.7 V) or a negative voltage (“set” of -0.8 V). The low reset and set 

voltages enable low-power operations of the memory. The inset of Figure 4.7a 

shows the switching sequence. Figure 4.7b is a transmission electron 

microscope (TEM) image of a memory module, highlighting the MgO 

nanomembrane switch layer (~12 nm) and interfaces to Mg electrodes. A 

switching mechanism of the RRAM is detailed in Experimental section. The 

area-independent current values for both the LRS and HRS suggest that the 

conducting mechanism is driven by the filamentary connection (Figure 4.7c).39 

The Mg/MgO/Mg RRAM is characterized by bipolar resistive switching 

behaviors typically observed in a memristor. Figure 4.7d shows uniform 

resistive switching in the RRAM array, where both the HRS and LRS are stable. 

The retention property of these devices can be extrapolated for up to several 

years (Figure 4.7e) with switching cycles exceeding 1,000 times (Figure 4.7f). 

The multi-level cell (MLC) operation and its mechanism are shown in Figure 
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4.8a-b and c, respectively. Mechanical robustness during expansion of the BES 

is confirmed using finite element modeling (FEM) analysis. We estimate the 

strain in the switching layer (MgO nanomembrane) of the BES (Figure 4.7g), 

less than the fracture strain of MgO (~8%).40 Nanometer-thick active layers and 

serpentine designs incorporated in the BES (Figure 4.9a) minimize the effect of 

induced strains and the flexibility is not affected, allowing for stable I-V 

characteristics under deformations (Figure 4.9b). 

The bioresorbable RRAM is coupled with a sensor module on the BES in 

order to store sensing data. Figure 4.7h shows the BES in an ex vivo 

intravascular flow/perfusion model. A canine aorta (Figure 4.7h) is resected and 

the BES is inserted in the path of simulated blood flow. The thermo-resistive 

flow sensor on the stent is operated by measuring changes of resistance, which 

in turn correlate with changes in fluid velocity (Figure 4.7i). The RRAM 

modules store this flow data based on 4-level data groups that correspond to 

flow rate changes. These rate changes are stored via the MLC operation (Figure 

4.7j, 4.8b). Each fluid velocity is stored in a different cell of the memory in real 

time by using the custom-made Labview software (Figure 4.10). Furthermore, 

the wall shear stress distributions, which are related to the restenosis process,41 

are simulated by 3D computational fluid dynamics (CFD) (Figure 4.11).  
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For wireless power/data transmission, we first investigate the reflection 

coefficients of a stent antenna at the port impedance of 50 ohm (Figure 4.7k). 

S11 of the BES strut at telecommunication band (900 MHz) is -15 dB. Since the 

BES strut is composed of highly conductive magnesium alloy, majority of the 

oscillating electric power is radiated to the external space, and thereby the stent 

strut can be used as the bioresorbable antenna. 

With the stent and the transmitting antenna, Power transfer efficiency (S21) 

from the transmission antenna to the stent antenna when they are separated by 

~1 cm is -20.16 dB (ex vivo, Figure 4.12g) and -21.80 dB (in vivo, Fig. Figure 

4.7l) at 900 MHz (detailed antenna characteristics and corresponding 

simulations for the analysis are included in the Experimental section). S21 varies 

from -21.80 to -29.86 dB for the distance of 1 ~ 5 cm. The wireless data 

transmission is also tested. The 900 MHz ASK (Amplitude Shift Keying) 

modulated pattern signal (1 Mbps) is generated and successfully transmitted to 

the BES antenna ex vivo (Figure 4.12h) and in vivo (Figure 4.7m). The 

power12,27,42 and the data43-45 can be transmitted more efficiently by impedance 

matching via the on-chip implementation of bioresorbable circuit components, 

such as lumped inductors and capacitors. In addition, more complex 

bioresorbable circuit components, such as rectifiers, oscillators and modulators, 

can be integrated to establish the passive RF-communications. A bioresorbable 
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battery46 can also be used for the energy storage. The BES equipped with 

functional sensors, memory modules, wireless units are very important to 

facilitate practical PEI applications. 
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Figure 2.7 Electrical, mechanical and wireless characteristics of the BES. a, 

Current-voltage (I-V) characteristics of the bipolar resistance memory of the 

Mg/MgO/Mg structure. b, Cross-sectional TEM image of the Mg/MgO/Mg 

memory cell. c, Dependency of the Set/Reset current on the size of the memory 

cell. d, Plot of the cumulative probability as a function of the Set/Reset 

resistance. e, Retention characteristics of the memory. LRS and HRS current 

data are obtained at +0.2 V. f, Endurance characteristics of the memory 

measured at +0.2 V. g, Finite element modeling (FEM) of the strain distribution 

at the active layer (MgO) of the memory. h, Image of the BES in the canine 

aorta for the ex vivo experiment of the blood flow sensing and the data storage 

in integrated memory devices. i, Plot of the percent resistance change of the 

flow sensor versus the flow rates at three different current levels of the flow 
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sensor. j, Plot of the percent resistance change of the flow sensor (top) 

(measured with the 50 mA constant current). The measured flow rates are 

converted into digital signals and then stored into memory cells through the 

multi-level cell (MLC) operation. k, Reflection coefficients of a stent antenna 

and a transmitting antenna in canine common carotid artery in vivo. Inset image 

shows wireless power/data experimental setup using a stent antenna and a 

transmitting antenna (900 MHz). l, In vivo transmission coefficient S21 between 

a stent antenna and a transmitting antenna at different distances. m, In vivo data 

transmission (1 Mbps) between a stent antenna and a transmitting antenna. 
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Figure 2.8 a, Schematic diagram describing the principle of conducting 

filament-based multi-level cell (MLC) operation. b, Current-voltage 

characteristics with different compliance currents (Icc) in Mg/MgO/Mg RRAM 

cells. c, Schematic diagram describing the resistive switching mechanism. 
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Figure 2.9 a, Stretched serpentine interconnections at various strains ranging 

from 0% to 100%. b, Current-voltage characteristics of the RRAM carried out 

in both the pristine (red) and deformed (blue) condition on the balloon catheter. 
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Figure 2.10 a, Block diagram describing the sequences of the data sensing, 

processing and storage. b, Screen capture image of custom-made Labview 

software. c, Front panel of the custom-made Labview software.  
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Figure 2.11 a, Modeling process for computational fluid dynamics (CFD) 

modeling. b, Shear stress distributions of blood vessel wall for an indicator of 

the flow pattern.   
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Figure 2.12 a, Ex vivo experimental images for wireless power/data 

transmission using the BES strut as an antenna. Magnified images of a 900 

MHz transmission antenna with (blue dashed box, top right) and a stent antenna 

connected to the coaxial cable (red dashed box, bottom right). b, Schematic 

diagrams of the stent antenna connection. c, Simulation model for a stent 

antenna with the homogeneous metal (Mg) with surrounding blood. d, 

Estimated radiation pattern of the stent antenna. e, Schematic for the 

measurement setup of wireless power transfer efficiency. f, Reflection 

coefficient of a stent antenna in 1 M Phosphate buffered solution (PBS) which 

has similar electrical properties of the blood g, Transmission coefficient 

between a stent antenna and an external transmission antenna in 1M PBS 
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solution surrounded by dog’s aorta. h, Data transmission between the stent and 

the external transmission antenna ex vivo.   
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Reactive oxygen species scavenging effect 

To deliver the therapy, we incorporated ceria NPs (Figure 4.13a and its 

inset for the magnified view) in the outermost encapsulation layer of the BES 

(Figures 4.1a and 4.13b left). Typically ROS near the implantation site promotes 

apoptosis of endothelial cells and ROS-induced inflammatory responses,20,47,48 

one of major causes of restenosis. It also causes the death of cardiomyocytes.48 

The presence of oxygen vacancies on the surface of ceria NPs induces the 

binding of ROS to ceria NPs. And then self-regenerative redox cycles between 

Ce3+ and Ce4+ oxidation states18 allow the continuous catalytic scavenging of the 

endovascular ROS (Figure 4.13b right), suppressing ROS-induced 

inflammations. We used superoxide and hydrogen peroxide molecules to mimic 

increased ROS levels in cardiovascular systems during the angioplasty 

procedure.48 Ceria NPs embedded in PLA film exhibit ROS scavenging activity 

in a dose-dependent manner (Figure 4.13c). We evaluated the antioxidative 

effects of ceria NPs in vitro by exposing human umbilical vein endothelial cells 

(HUVECs) to oxidative stresses (Figure 4.13d, 4.14). Once media containing 

ROS is added to the bath of the HUVECs, cell viability (in the absence of ceria 

NPs) decreases rapidly (Figure 4.13d left, 4.13e black curve). In contrast, the 

addition of ceria NPs embedded in PLA film improves the cell viability under 

oxidative stress (Figure 4.13d right and 13e red curve), indicating endothelial 
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cells are protected by ceria NPs from ROS. Exposure of cardiac muscle cell 

lines, HL-1, in conjunction with ceria NPs yields similar reduction in oxidative 

stress, as in HUVECs (Figures 4.13f and g). We investigated the protective 

effect of ceria NPs in animal models by assessing anti-inflammation in vivo. 

Immunohistochemical analysis (Figure 4.15) following the BES implantation in 

the canine common carotid artery shows the suppression of inflammatory 

responses and macrophage migration in the presence of ceria NPs (Figure 4.13h) 

without other therapeutic agent, whereas microphage recruitment is observed in 

the absence of ceria NPs (Figure 4.13i). 
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Figure 2.13 ROS scavenging effect of ceria NPs integrated on the BES. a, 

TEM image of ceria NPs. The inset shows a magnified image by the high 

resolution TEM. b, Schematic illustration of the ROS scavenging mechanism by 

ceria NPs. c, Plot of the ROS scavenging activity of the ceria nanoparticle-

embedded PLA film with different ceria concentrations (standard deviation 

from the mean, n=3). The scavenging activity is measured by using the 

superoxide dismutase assay kit. d, Fluorescent images of HUVECs under 50 

μM ROS, without (left) and with (right) ceria NPs in vitro. e, Cell viability of 

HUVECs with various ceria NPs concentrations under 50 μM ROS (standard 

deviation from the mean, n=3). f, Fluorescence images of mouse cardiac muscle 

cells (HL-1) under 50 μM ROS, without (left) and with (right) ceria NPs in vitro. 

g, Cell viability of HL-1 with various ceria NPs concentrations under 50 μM 
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ROS (standard deviation from the mean, n=3). h, In vivo immunolabeling image 

of MAC387 (macrophage) of the media and subendothelial layer (left) and 

subendothelial layer and intima (right) near the stent implantation site with ceria 

NPs. i, In vivo Immunolabeling image of MAC387 (macrophages) of the media 

and subendothelial layer (left) and subendothelial layer and intima (right) near 

the stent implantation site without ceria NPs. 
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Figure 2.14 a, Plot of endothelial cell viability versus H2O2 concentration by 

MTT assay. b, Plot of mouse cardiac muscle cell (HL-1) viability versus H2O2 

concentration by MTT assay. c, Fluorescent images of live/dead-stained 

endothelial and d, HL-1 cell at different H2O2 concentrations.  
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Figure 2.15 H&E stained histological image near the stent implantation site. a, 

The stent with ceria NPs. b, The stent without ceria NPs.  
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Hyperthermia-based controlled drug delivery 

In addition to the protection against ROS and inflammations, 

multifunctional therapeutic nanoparticles responsive to external optical stimuli 

are also integrated on the BES to enable controlled drug release and 

photothermal therapy (Figure 4.17). Since drug-loaded nanoparticles are bound 

by PLA chains, the release rate is slow and thereby continuous/controlled 

nanoparticle-based therapy over extended period of time is possible. To achieve 

this form of actuation on the BES, we designed and synthesized nanoparticles 

containing NIR-responsive AuNR core (~20 nm length and ~10 nm diameter) 

and drug-loadable mesoporous silica shell (AuNR@MSN, diameters of ~100 

nm) (Figure 4.16a).22,23 The large surface area to volume ratio of 

AuNR@MSN49 enables loading of large drug payloads (Rapamycin, LC 

Laboratories, USA) to sustain the long-term medication for the suppression of 

SMC proliferation and restenosis.50 To promote sufficient adsorption of large 

molecular-sized drugs (Rapamycin), we increased the size of the mesopore by 

adding swelling agents (mesitylene, Sigma Aldrich, USA) (Figure 4.18a). N2 

adsorption/desorption isotherm analysis shows that AuNR@MSN has well-

developed mesopores. The corresponding Barrett-Joyner-Halenda (BJH) pore 

size distribution indicates an effective pore diameter of ~3.9 nm (Figure 4.18b). 

UV-Vis adsorption spectrum indicates that AuNR@MSN has an adsorption peak 
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at ~761 nm (Figure 4.18c). AuNR@MSN is responsive to NIR laser (~800 nm) 

that has high penetration depth through soft tissue,22,23,51 and thereby it can be 

used for minimally- or non-invasive photothermal actuation of AuNR@MSN. 

Figure 4.16c highlights in vitro experiments of a drug release from 

AuNR@MSN in PLA with and without NIR laser (~800 nm) radiation. The 

AuNR core that absorbs NIR generates and transfers heat to the drug-loaded-

mesoporous silica shell, which in turn, facilitates desorption and diffusion of 

loaded drug.22,23 By modulating the NIR laser power, we controlled the dosage 

of drug released (Figure 4.16b) from the BES. Although the NIR beam guiding 

through the optical fiber to endovascular locations for photothermal 

therapies52,53 is still challenging, the drug delivery induced by guided-NIR was 

successfully demonstrated through in vivo experiments (Figure 4.16c, 4.19). 

Furthermore, the radio-frequency (RF) magnetic field can induce heat on the 

stent for the accelerated drug diffusion (Figure 4.20,21). The hyperthermia-

based drug delivery from the stent to the intima is evaluated through the in vivo 

animal experiment (Figure 4.16d).  

Thermal mapping at intravascular sites is important to ensure precise drug 

release and to prevent the heat-induced cell necrosis. Because of the small areal 

coverage of NIR laser spot on the temperature sensor (~18% of total area of the 

temperature sensor, see Figure 4.22a), we applied a modified linear correlation 



213 

 

(~0.014 Ω/°C) for the temperature sensor (original correlation in Figure 4.22b). 

The photothermal experiment setup (Figure 4.22c) is further explained in 

Experimental section. To verify the effect of AuNR@MSN-based hyperthermia, 

we monitored the temperature relative to a control experiment (temperature 

sensor on the BES without AuNR@MSN). Results show a ~10 times increase in 

temperature changes by including AuNR@MSN (Figure 4.16e). The time 

dependent and NIR-intensity dependent temperature changes (monitored by the 

integrated temperature sensor) are shown in Figure 4.22d and e, respectively.  

The temperature distribution near the BES and in the adjacent intima 

region must be precisely controlled to prevent the generation of heat-induced 

clotting or endothelial cell death. Numerical thermal analysis (Figure 4.16f, 4.23) 

shows the three dimensional thermal distribution near the heat focus area (~47 

°C) generated by the NIR laser during occlusion (blood flow rate = 0 mm/s, 

Figure 4.23c) and reperfusion (blood flow rate = 2 mm/s, Figure 4.16f, 4.23d) 

conditions. Heating (maximum temperature ~ 47 °C) is significantly reduced by 

blood flow (Figure 4.23c and d), causing blood temperature near the BES to 

remain below ~43 °C. The temperatures in the intima and subendothelial layers 

in direct contact with the stent decrease nonlinearly with depth. Blood flow at 2 

mm/s helps to further reduce the tissue temperature slightly (Figure 4.16g). 

Considering the thickness of intima (~600 mm),54 the heat conduction to cardiac 
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tissues is tolerated without severe decrease of cell viability and mainly localized 

to the intima. 

Figure 4.16h-j show fluorescence images of HUVECs after exposure to 

NIR laser radiation with discrete laser power and associated temperature change 

(Figure 4.22d). HUVECs are dyed with LIVE/DEAD Viability/Cytotoxicity Kit 

(Life technologies, USA), consisting of calcein-AM (green color, dye for live 

cell) and ethidium homodimer-1 (red color, dye for dead cell). When 17 mW of 

NIR laser power is applied for 10 min, HUVECs remain alive, with some 

detectable photo-bleaching of green dye by the laser (Figure 4.16h). However, 

cell death onset occurs (red colored region) in response to 29 mW of NIR laser 

power (Figure 4.16i). As the NIR laser power is further increased to 40 mW, cell 

death expands to the surrounding region (Figure 4.16j). Quantitative analysis of 

cell viability as a function of laser power is shown in Figure 4.16k, which is 

consistent with the previous reports.55 The utility of embedded temperature 

sensors on the BES can help mitigate cell injury and death during diagnosis and 

therapy. In addition, hyperthermia therapy is reported to prevent the 

accumulation of vulnerable plaques, which are prone to produce sudden risks, 

such as a heart attack or stroke.56 
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Figure 2.16 Hyperthermia-based controlled drug delivery, integrated 

temperature sensing, and photothermal therapy. a, TEM image of the AuNR 

(core)/mesoporous silica (shell) with the anti-stenosis drug (Rapamycin). b, Plot 

of fluorescent intensity as a function of time shows that simulated drug release 

experiment with fluorescein dyes loaded on AuNR@MSN under the NIR laser 

irradiation (standard deviation from the mean, n=3). c, IR camera image of NIR-

based hyperthermia effect on the stent inside a carotid artery. d, Fluorescent 

images that show the diffused Nile red dye (simulated drug) from the BES into 

the walls of the canine common carotid artery, without (left) and with (right) 

optical-fiber-guided NIR laser. e, Monitoring hyperthermia-induced temperature 

fluctuations on the BES with (left, experiment) and without (right, control) 
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AuNR@MSN under the intermittent NIR irradiation. f, Thermal finite element 

modelling (FEM) of the temperature distribution near the stent/intima interface 

with a blood flow rate of 2 mm/s. The temperature at the heat spot (NIR laser 

spot) is assumed to be 47 °C. g, Plot of the temperature distribution of the 

vascular tissues near the heated stent (intima and subendothelial layer) as a 

function of the tissue depth, with (2 mm/s) and without (0 mm/s) the blood flow, 

for two different temperature settings (42 °C and 47 °C). h, Image of HUVECs 

on the PLA film containing AuNR@MSN. The NIR laser with 17 mW power is 

exposed in the white dotted box area in vitro. The green and red coloured 

regions indicate live and dead cells, respectively. The photo-bleaching of the 

green dye is observed. i, Image of HUVECs under the NIR laser irradiation with 

increased power (29 mW). Dead cells (red colour) by the hyperthermia effect 

are observed. j, Image of HUVECs under NIR laser with 40 mW power. All 

cells exposed to the NIR laser are dead due to the hyperthermia effect of 

AuNR@MSN. k, Cell viability data measured from Figs. 4h-j. 
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Figure 2.17 Schematic illustration showing the localized and controlled drug 

delivery by the hyperthermia effect of AuNR@MSN in conjunction with the 

NIR laser irradiation.  
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Figure 2.18 a, TEM image of AuNR@MSN with small pore size (left), and 

large pore size (right). b, Plot of the adsorbed N2 volume versus the relative N2 

pressure for the measurement of adsorption and desorption isotherms at 77 K. 

Inset shows the pore distribution of the AuNR@MSN using the Barrett-Joyner-

Halenda (BJH) method. c, Normalized absorption spectra of AuNR@MSN. 
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Figure 2.19 a, Image of optical-fiber-guided NIR induced photothermal drug 

actuation model ex vivo and b, in vivo. c, Plot of the temperature of BES versus 

NIR laser power. d, Side-view of the IR camera image of the BES inside a 

canine aorta, heated by the exposure to the optical-fiber-guided NIR laser 
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Figure 2.20 a, Image of radio-frequency (RF) magnetic field-induced heating of 

the BES for the actuation of drug delivery and the magnified image (red dotted 

box). b, Plot of the temperature of the BES versus RF magnetic field. c, IR 

camera image of the stent (side-view) deployed into the canine aorta. 
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Figure 2.21 a, In vivo experiment image for drug delivery based on RF 

magnetic field-induced heating. b, IR camera images of RF magnetic field-

induced heating. c, Fluorescent images that show the diffused Nile red dye 

(simulated drug) from the BES into the walls of the canine common carotid 

artery, without (left) and with (right) RF magnetic field-induced heating. 
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Figure 2.22 a, Schematic diagram showing the area exposed to NIR laser beam 

spot (18% of the total area of the temperature sensor). b, Plot of the percentage 

resistance change versus the temperature change for the estimation of the 

modified linear correlation of the temperature sensor. The slope, the temperature 



223 

 

sensor sensitivity, is ~0.08%/°C. c, Image of the NIR laser set-up. d, Plot of the 

percentage resistance change (red) and the estimated temperature from the 

percentage resistance change (blue) as a function of time in 80 seconds NIR 

laser irradiation with the power of 29 mW. e, Plot of the temperature change as a 

function of the NIR laser irradiation time under various NIR laser power levels, 

ranging from 17 mW to 160 mW.  
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Figure 2.23 a, FEM mesh for the thermal modeling of the BES. b, Images of 

infinite elements along the blood flowing direction (left) and the tissue thickness 
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direction (right). c, Temperature distribution of the entire system (right) in an 

equilibrium state with a blood flow rate of 0 mm/s. Left shows the temperature 

distribution of the BES only. d, Temperature distribution of the entire system 

(right) in an equilibrium state with a blood flow rate of 2 mm/s. Left shows the 

temperature distribution of the BES only.  
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4.4 Conclusion 

 

The bioresorbable/bioinert nanomaterials, electronics, mechanics and 

biomedical aspects of the BES described in this study provide new opportunities 

for the integration of sensors, data storage elements, and optically responsive 

therapeutic nanoparticles for bioresorbable endovascular implants. This system 

with on-board bioresorbable sensors and memory modules resolves the 

limitations of existing stents by enabling the acquisition of physiological signals, 

data storage, anti-inflammation, localized drug delivery and photothermal 

therapies through minimally- and/or non-invasive optical control. Numerical 

modeling and FEM analysis validate the mechanical robustness of the active 

components and the thermal stability of hyperthermia-induced therapies using 

nanoparticles, and lay the basis for future optimization of stent design. In vitro, 

ex vivo and in vivo studies demonstrate the biocompatibility and multifunctional 

electronic and therapeutic utilities of the proposed biointegrated system. Further 

work will focus on the integration of wireless power12,27,42 and data 

communication43-45 in bioresorbable formats. 
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요약 (국문초록) 

 

연성 및 생재흡수성 전자소자용  

비휘발성 메모리 소자와 집적센서 구현 

 

최근 나노물질과 마이크로 전자공학기술 기반으로 헬스케어 

관련한 많은 연구가 진행되고 있다. 하지만 기존의 딱딱한 기판에 

만들어진 전자소자는 고유의 기계적 성질 때문에 비침습성 혹은 최소 

침습성 의료전자소자에 적용하기 매우 어려웠다. 본 논문에는 두가지 

종류의 다기능성 전자소자시스템을 다루고 있다. 

첫째로, 탑-다운 방식으로 제작된 나노박막과 바텀-업 방식으로 

합성된 나노튜브/나노입자를 피부와 기계적 특성이 유사한 고분자 

기판에 적용하여 입을 수 있는 전자시스템을 소개한다. 이러한 

시스템은 늘일 수 있는 기계적 특성을 지니면서, 생체신호용 센서, 

비휘발성 메모리, 논리회로, 약물주입기등을 포함한다. 또한 각각의 

전자소자의 기계적 특성 및 열전달 특성에 기인한 약물주입을 

가능하게 하는 원리를 정량적으로 분석하여 시스템 수준의 

다기능성의 효과를 검증하였다. 
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둘째로, 혈관질병 진단 및 치료용 생재흡수성 전자스텐트를 

소개한다. 본 논문에서 소개하는 전자스텐트는 국소약물주입 및 

혈관치료용 나노입자를 담지하면서, 혈류를 측정하고 데이터를 

저장하는 메모리소자에 실시간으로 저장할 수 있다. 또한, 내부에 

전자소자를 구동시키기 위한 전원을 무선으로 공급받을 수 있으며, 

데이터를 무선으로 외부에 전송할 수 있는 기능을 탑재했다. 새롭게 

제시된 생재흡수성 전자스텐트는 동물실험에 적용하여 혈관치료에 

새로운 가능성을 제시하게 되었다.  

위에 언급된 두가지 다기능성 전자시스템은 모두 생체신호를 

정밀하게 진단할 수 있었으며, 실시간으로 데이터를 저장해서 최적의 

치료가 가능해 질 수 있는 시스템적인 집적기술을 제시했다. 이러한 

기술은 외부에 강한 충격 및 높은 습도에서도 선택적으로 적용되어 

환자 맞춤형으로 작동 될 수 있음을 보여주었다. 

 

주요어: 늘일 수 있는 전자소자, 입을 수 있는 전자소자, 생재흡수성 

전자소자, 비휘발성 메모리, 논리회로, 스텐트, 센서 

학번: 2012-30742                              성명 : 손 동 희 
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