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ABSTRACT 

To date, a wide variety of neural tissue implants have been developed for 

neurophysiology recording from living tissues, and neural interfaces provide a direct 

communication pathway between nervous systems and machines. This direct communication 

pathway offers a new potential method to research neuron working mechanism, and to 

manipulate neuron activity. Simultaneously, many challenges, that raised up with rapid 

development of biomedical implants, need to be overcome. First, an ideal neural implant should 

ensure its own safety, which means minimizing the damage to the tissue and performing reliably 

and accurately for long periods of time. On the basis of safe implantation, better recording 

capabilities, flexible and configurable are required by future tools. For decades, many artificial 

neural interfaces evoke sensation in central and peripheral nervous systems (CNS and PNS 

respectively) by electrical signals. However, electrical stimulation has many limitations and 

difficulties, hardly considered the best solution for many cases, neural stimulation needs 

improved technology. Optogenetic, a rising role in field of neural interfaces, has proven its 

capabilities by direct optical stimulation of genetically modified target neuron population and 

achieving dramatical advantages comparing with traditional methods in spatial and temporal 

resolution.   

This written report provides a development process towards an origami implantable 

recording array integrated with multiple micro-LEDs, and conduct systematic research on the 

challenges mentioned above, including but not limited to packaging technique, packaging 

material, and evaluation of encapsulation in reactive environments.   

In order to systematically study package material and package technique, different 

materials properties are discussed for the chronic implantation of devices in the complex 



 
 

environment of the body, including biocompatibility, and moisture and gas hermeticity. This 

report summarizes common solid and soft packaging used in a variety of neural interface 

designs, as well as their packaging performances in term of electrical properties, mechanical 

properties, stability, biodegradability, biocompatibility, and optical properties.  

For study reliable packaging for implantable neural prosthetic devices in body fluids. 

This report studied the stability of Parylene C (PA), SiO2, and Si3N4 packages and coating 

strategies on tungsten wires using accelerated, reactive aging tests in three solutions: pH 7.4 

phosphate-buffered saline (PBS), PBS + 30 mM H2O2, and PBS + 150 mM H2O2 to simulate 

different inflammation situations. Different combinations of coating thicknesses and deposition 

methods to meet different design requirements were studied at various testing temperatures to 

accelerate the aging process. 

Finally, these package techniques and material knowledge were used to fabricate origami 

neural implants. A 2D to 3D convertible, thin-film, opto-electro array with 4 addressable 

microscale light-emitting diodes (LEDs) for surface illumination and 9 penetrating electrodes for 

simultaneous recordings has been developed. The fabrication methods have been discussed with 

the electrical, optical, and thermal characteristics of the opto-electro array being quantified.  
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Chapter 1 Introduction 

1.1 Background 

To date, optogenetic, the “Nature method of the year 2010”[3], is becoming a hot area of neural 

study. Optogenetics combines optical and genetic technologies to precisely control the activities 

of specific cells in space and time. It is accurate in time to milliseconds and in space to the size 

of a single cell. A wide variety of neural tissue implants have been developed for 

neurophysiology recording form living tissue, including but not limited to fundamental neuro 

study[4], brain mapping[5], chronic diseases, such as Parkinson’s disease[6], Alzheimer’s 

disease[7], etc. For a long time, our understanding of complex neural networks was limited to 

correlations study. With optogenetics, we finally can minimally and precisely probe the 

relationship between specific neural circuits and brain function, which is undoubtedly a leap 

forward.  
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Figure 1. Schematic illustration of neural implants applied to nervous systems. Adapted from 

[8]. 

In 1962, Osamu Shimomura discovered green fluorescent protein (GFP) from jellyfish, which 

officially opened the door to optogenetics. Since then, stronger and more variety fluorescent 

proteins were developed and selected for In vivo labeling, the changes occurring in the living cell 

can be visualized by fluorescence. In 2008, GFP won the Nobel Prize in Chemistry.  
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Figure 2. Examples of in vivo labeling using fluorescent proteins, (A) Neurons within the dentate 

gyrus of the Brainbow mouse hippocampus, adopted from [9]. (B) Sensory neurons in the 

ventrolateral body wall of a Drosophila LOLLIbow larva, adopted from [10].  

The appearance of this neuron staining technique lays the foundation for optogenetics. In 2005, 

Prof. Edward S Boyden and Prof. Karl Deisseroth from Stanford University achieved 

excitatory/inhibitory control of action potentials and synaptic transmission by transfecting a 

protein ChR2 (Channelrhodopsin-2) of a natural seaweed into neurons using lentiviral 

vectors[11]. with the tight integration of optics, optogenetic manipulation based on microbially 

produced opsins has become widely used. Research species on neural circuits have developed to 

nematodes[12], Drosophila[13], zebrafish[14], rodents[15], etc. The advent of optogenetics has 

made the study of neural circuits more controllable, especially when randomly testing the 

significance of a neuron for neural circuits. Even though, the current research on optogenetics is 

still preliminary, the processes of perception, behavior and cognition are not fully understood at 

this stage; optogenetics is still being used to map the brain to deepen the understanding of neuron 
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activity, for example in combination with functional magnetic resonance imaging(fMRI), or the 

positron emission tomography (PET), positron emission tomography) to image the whole brain 

of the activity patterns produced by specific nerve cells. With the continuous development and 

improvement of optogenetic methods and devices, optogenetics has been widely recognized by 

the scientific community. 

 

Figure 3. Publication timeline for microbial opsins and optogenetics over 45 years, adopted 

from [16]. 

1.2 Challenges in Neural Recording  

In general, the challenge of neural recording can be discussed from the biophysical and device 

prospective. From a biophysical perspective, the challenges of neural recording can be 

summarized as follows: 
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1. Apparent connectivity[17]: That is, even if the signal is obtained, functional connectivity 

(FC) and effective connectivity (EC) may not be due to direct synaptic connectivity. For 

example, an input that activates two or more neurons simultaneously, in such a way, 

functional connectivity can be inferred between the recipient neurons. Similarly, an input 

with different time delays, which may activate two neurons in sequence. In such a way, 

EC can be inferred even if there is no direct synaptic connection between them. 

2. Cellular diversity[18, 19]: That is, the responses of cells or neurons are not uniform. Such 

inconsistency can be expressed in two ways: Many neurons show intrinsic refractoriness 

such that spike frequency gradually drops even with a constant level of input. Similarly, 

some neurons show a burst property that once excited above a threshold, they keep 

spiking even without inputs.   

3. Non-stationarity[18]: synaptic weights are influenced by both short-term and long-term 

changes, which means the physiological states of neurons can also drift over time, 

especially during experimental manipulations, like slice preparations, electrodes inserted, 

or exposure to light.  

Another major challenge in neural recording comes from the device, Because the absolute value 

of the neural signal is very small (susceptible to external interference), how to read it smoothly 

and record it correctly is a major problem on the device. From the device side, the challenges of 

neural recording can be summarized as follows: 

1. Noise: Obviously, all devices and instruments are subject to noise. Electrodes can pick up 

both biophysical and anthropogenic noise. Similarly, the device itself generates noise 

(e.g., Photoelectric interference). Singal-to-Noise ratio (SNR) is critical for many 

devices. 
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2. Hidden neurons[20]: although advances in technology allow existing detection methods 

to track thousands of neurons simultaneously. It is still difficult to simultaneously record 

the activity of all neurons in a target region. Neglecting hidden neurons can lead to 

spurious detection of connectivity between neurons connected via hidden neurons.  

3. Scalability[18]: The quantitative relationship between neurons and neuronal connections 

is exponential. It means, as the number of neurons measured simultaneously grows from 

hundreds to thousands, the number of potential connections can grow from tens of 

thousands to millions. Therefore, inference methods need to consider maximizing its 

computational efficiency and minimize the cost of implementations.  

1.3 Challenges in Long-term Implantation and Tissue Responses to Neural Implants 

After a preliminary introduction to the major challenges of neural recording, there are still many 

problems that cannot be ignored. Among them, the problem of long-term implantation of devices 

is worth discussing. To precisely recording and stimulating, implantable devices usually contain 

complex integrated circuits[21, 22]. These circuits normally cannot directly stay at the oxidizing 

environment in the living body. Despite recent advances in electrode technologies, all existing 

electrode implants are still suffering from poor long-term stability and crosstalk (e.g., Noise 

challenge as mentioned above), due to long-standing challenges such as material 

biocompatibility (reducing foreign body reaction), hermetic packaging (protect internal circuits), 

the relatively large physical dimensions of the devices (which will no doubt increase the trauma 

of living object), as well as mechanical mismatch between the brain tissue and the implant[23]. 

Similarly, to the central nervous system, for the peripheral nervous systems, surgically implanted 

neural electrodes could be categorized into regenerative electrodes, intra-fascicular electrodes, 

inter-fascicular electrodes, and extra-neural electrodes[24]. These electrodes have more strict 
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requirements for some material properties, such as flexibility and biocompatibility [24]. In fact, 

careful selection and design of electrode and packaging/substrate materials are significantly 

essential to improve the recording quality and long-term stability of the electrode implants, thus, 

an overall increase in device performance. Therefore, to thoroughly study the electrical activity 

of neuronal circuits underlying various disorders, developing innovative neural recording devices 

have been long-standing interests of many scientists, intending to achieve the best combination 

of excellent electrical properties, the highest SNR, high spatiotemporal precision, prominent 

biocompatibility, outstanding long-term stability, and safety for target body[25].  

Before considering the design of neural recording implants, it is necessary to understand the 

biological response to foreign bodies, such as neural implants. Inflammatory response is usually 

caused by the presence of damaged tissue or existence of foreign objects. Inflammation achieves 

the purpose of containing, neutralizing, diluting, or isolating harmful substances through a series 

of complex physiological reactions[26]. These inflammatory reactions will significantly affect 

the function and stability of the implanted device. First, acute inflammation occurs a few days 

after implantation. A large amount of blood will flow through the dilated blood vessels to the 

damaged tissue, and then form blood clots to close the wound[26]. Then, tissue fluid containing 

water, salt and protein will form edema [27]. At this stage, the implant must overcome the 

contamination of blood and tissue fluid, which may cover the implant and lead to equipment 

failure. Similarly, compression and tissue deformation caused by edema also require a certain 

strength of the implant. This means that the electrode, package, or substrate material must have a 

certain mechanical strength. The tissue environment is humid and rich in chemical composition, 

which is not an ideal environment for implants[28]. In addition, the immune response releases 

reactive oxidants (ROS), which attack and degrade implants [29, 30]. With the persistence of 
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implants, the inflammatory response will be transformed into chronic inflammation. A major 

feature of this stage is the regeneration of damaged epithelial and vascular tissue[31-33], which 

may encapsulate the implant, thereby reducing the recording stability and accuracy of the 

electrode. The immune response of the tissue did not stop at this stage, so the implant still faces 

the attack of reactive oxygen species. Once the foreign body is implanted into the body, a series 

Figure 4. Temporal variations and stages of tissue responses to neural implants. (A) The 

temporal variations in the acute inflammatory response, chronic inflammatory response, 

granulation tissue development, and foreign body reaction to implanted biomaterials [24]. (B) 

The different stages of foreign body reaction to an implanted neural implant, adopted from [33]. 
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of events (such as inflammation and foreign body reaction) will occur in the surrounding tissue, 

and finally foreign body giant cells will be formed at the biological abiotic interface[34]. The 

intensity of the reaction is directly related to the properties of the implant[26], such as the size, 

shape, topography, and chemical and physical properties of the selected material. As the final 

stage of the inflammatory response, the tissue attempts to use a thickness of 50-200 µm vascular, 

collagen fiber capsule wrapped the implant to isolate the foreign body[35]. This fiber wall will 

undoubtedly affect the electrical coupling between the implant and the target neurons, which 

may lead to signal degradation and ultimately implant failure. The time change of tissue reaction 

and the stage of foreign body reaction are shown in figures 4A and 4B.
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Chapter 2 A Review of Packaging/Substrate Materials 

2.1 Introduction 

For all implantable devices, the biocompatibility of packaging and substrate materials is a 

prerequisite that must be met[36], not only for the long-term stability of the device, but also for 

the safety of users[37]. The inflammatory response induced by implants is complex and 

inevitable because the chemical invasive response produced by inflammatory response is the 

natural self-protection mechanism of human body. Although the impact of inflammatory 

response on the performance and life of implant packaging needs to be further characterized, the 

invasive environment caused by inflammation sets a high standard for the sealing and chemical 

stability of packaging materials. 

The next factor to consider is the hermeticity of the packaging material. There are two basic 

packaging strategies: hermeticity and non-hermeticity packaging. The choice of a specific 

packaging strategy depends on the stability (long-term or short-term) and internal design of the 

required implant[38]. Because the in vivo environment can be complex and aggressive, 

hermeticity is the critical standard of implantable electrode packaging materials. Ideally, the 

packaging should effectively isolate the internal electronic equipment from the human 

environment[39], trap the outgassing of the internal materials (normally conductive material), 

and preventing heating up (e.g., electrically-induced heat) the surrounding environment. The 

hermeticity of packaging materials directly affects the life expectancy of implants[40], which can 

be characterized by permeability. Generally speaking, helium permeability is quantified by the 

amount of helium passing through a certain thickness of materials in a certain period of time[41]. 

Helium leak testing is recognized as an industry standard[42] and can be simply converted to the 
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leak rate of another gas of interest (e.g., H2O)[43]. However, in the case of polymer packaging, 

helium leak testing can be misleading[44]. Therefore, many researchers began to choose 

moisture permeability as the standard to quantify the hermeticity of packaging[45-48]. 

Theoretically, all materials will leak out to some extent[49], but the permeability is different. As 

shown in Figure 4, metals have the lowest permeability, which means that even thin (10-4 cm) 

metals can prevent water penetration (permeability < 10-25 
𝑐𝑚𝑆𝑇𝑃∙𝑐𝑚

3

𝑐𝑚2∙𝑠∙𝑐𝑚∙𝐻𝑔 
 )for a long time (10 

years), while the hermeticity performance of polymers, such as Polydimethylsiloxane (PDMS), is 

relatively not good comparing with other packaging materials[45]. Therefore, thin film polymers 

may not be a favorable candidate for impermeable barriers in long-term implantation 

devices[40]. Consideration should be given to using thicker polymer protective packages or 

composites that combine polymers with other materials with better permeability, such as metals, 

ceramics, glass, etc. [40]. 
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Figure 5. Logarithmic plot of Young’s moduli and moisture permeability (H2O) for various 

packaging materials, adopted from [25]. 

 

Other considerations for packaging and substrate materials are based on the expected application 

and implantation location. For example, the packaging materials used for ECoG recording 

electrodes have high requirements for flexibility and stretchability, but low restrictions in 

hermeticity. Therefore, polymers, such as silicone and polyetheretherketone (PEEK), even with 

relatively high-water vapor permeability, are widely used as packaging and substrate materials 

for many ECoG implants[50-52]. For recording from deep brain regions, good mechanical 

strength is required to insert the device into the target location with minimal interference to the 

surrounding environment[53]. Therefore, special attention should be paid to the buckling force 

and the size of electrode implants (such as silicon probes) to ensure that the device implantation 
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has sufficient mechanical strength and toughness[54]. Encapsulation of such rigid implants 

typically involves solid materials such as SiO2, and Si3N4 [55, 56]. 

There are more factors that limit the choice of materials, including but not limited to the low 

coefficient of friction of materials to avoid wear debris[57], compatibility with wireless 

communication[39], thermal conductivity, and matching coefficient of thermal expansion[40]. In 

general, a major challenge in designing and fabrication long-term stable neural interfaces is to 

produce a conformal, dense barrier layer for encapsulation[58] without releasing toxicity to 

tissues[28]. This is particularly difficult when nerve implants have complex terrain (e.g., 3D 

structure)[58]. While looking for suitable materials, it is also crucial to find out the various 

causes of packaging failure in complex biological environment (Anderson, 2001), which can be 

attributed to the combination of packaging delamination, inflammatory reaction and packaging 

damage related to fabrication defects[58, 59]. Choosing materials wisely according to different 

equipment and making full use of the advantages of different materials are the challenges that 

every engineer must face when designing biomedical implants. " The design of biocompatible 

materials for device packaging is arguably as much of a challenge as the design of the device 

itself.”[60]. 

The table of Young’s moduli and moisture permeability for various packaging materials as 

follow: 
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Table 1 Young's Moduli and moisture permeability for various packaging materials 

 

Permeability 

(H2O)(

cm3
STP∙cm

𝒄𝒎𝟐∙𝒔∙𝒄𝒎𝑯𝒈
) at 

20-35 °C 

Young’s 

modulu

s (GPa) 

Transparency 

From 

wavelengths 

470 nm-

800nm 

(@wavelength

) (thickness) 

Stability in vivo 

or in solution 

Reference 

Time Method 

Titanium 

(thin 

film) 

≈0 90 ~55% (5nm) 

16 

years 

In vivo [41, 61, 62] 

Platinum ≈0 213 ~35% (20nm) 

3.25 

years 

In vivo [41, 63-65] 

SiO2 4.63 E-16 66 

91%-88% (1 

mm) 

>1 year 

(Conve

rted to 

37 °C) 

PBS 

Soak (95 

°C) 

[66-68] 

Si3N4 2.06 E-25 319.4 

15% 

(@450nm)-

60%(@800nm) 

(1 mm) 

383 

days 

In vivo 

[69, 70] 
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Table 1 (cont’d) 

SiC 6.18 E-21 410 

90% 

(@450nm) 

(300nm) 

> 6 

weeks 

In vivo [71-73] 

Al2O3 1.73 E-16 303 

85% (@450nm 

)-0% (700nm) 

(1 mm) 

>5 

months 

PBS 

Soak (37 

°C) 

[66, 74, 75] 

PI 6.35 E-7 8.45 80% (25 μm) 

1091 

days 

In vivo 

[76-78] 

 

PA 1.9 E-7 4.75 95% (20 μm) 

1200 

days 

In vivo 

[76, 78-80] 

 

PDMS 4 E-5 7.5E-4 93.39% 

>18 

weeks 

In vivo 

[81-83] 

 

PMMA 11.4 E-9 2 94% 

3-6 

months 

In vivo [84-86] 

LCPs 1.14 E-11 10 

50% 

(@650nm)- 

90% 

(@850nm) 

2.5 

years 

In vivo [43, 87, 88] 

CS 

membran

e 

2.4 E-3 0.013 

70% 

(@450nm)-

83%(800nm) 

(0.5um) 

120 

days 

In vivo [89-92] 
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Table 1 (cont’d) 

Silk 

fibroin 

film 

1.2 E-3 0.034 90% 

2 

weeks 

In vivo 

[90, 93, 94] 

 

PLA 2.4 E-10 4.2-5.7 92%-94% 

4 

months 

In vivo [95, 96] 

 

 

2.2 Review on Solid Material 

Solid packaging materials in this report generally refer to materials with young's modulus higher 

than cortical bone (15-30 GPa). Most of these materials are inorganic materials represented by 

metals, ceramics, and glass. Inorganic solid materials have lower air permeability and moisture 

permeability than polymers, so they have been widely used as substrates and packaging materials 

in many implant systems[97-99]. In addition, due to their rigid physical properties, these 

materials can provide additional mechanical support for the insertion of device into the tissue. 

However, most inorganic packaging materials cannot meet both flexibility and mechanical 

strength. Among all solid packaging materials, ceramics and glass are very mature packaging 

materials due to their excellent chemical stability and good hermeticity. 

Compared with polymers, many ceramics are gas/water-impermeable, chemically stable, 

biocompatible, electrically insulated and physically rigid[100, 101]. However, it is difficult to 

process ceramic and glass materials using traditional micro-fabrication techniques (e.g., wet 

etching). Therefore, how to ensure hermetic packaging while allowing the electrode to pass 

through the ceramic package must take into design considerations[102]. In some early 

devices[97, 103], glass metal bonding was used, and various processing methods were studied 
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according to the types of packaging glass and metal materials. Two typical bonding technologies 

are compression bonding and reactive bonding. Compression bonding uses the different thermal 

expansion coefficients of materials to squeeze the materials tightly together, while reactive 

bonding uses chemicals as the bonding medium. In the later development, the bonding 

technology between ceramics and metals has been developed, which can be divided into 

feedthrough[99], active brazing[104], inactive brazing[105] and diffusion bonding[106]. 

Through these bonding technologies, the electrode can pass through the ceramic packaging layer 

without affecting the air tightness. For example, Borton's team[107] integrated 104 channel 

recording with the wireless neural interface using a sealed feedthrough component, which 

contains a set of 104 Pt LR feedthrough pin arrays embedded with 8 cermet seals. 

With the continuous progress of hermetic sealing and sealing methods, various packaging 

materials are also emerging, such as SiO2[108-111], Si3N4[55, 56] (oh et al., 2003; Zhao et al., 

2019), SiC[112, 113], alumina (Al2O3)[102, 114], Aluminum nitride (AlN)[115, 116], etc. 

Among these materials, SiO2 and Si3N4 have good chemical stability and unique optical 

properties. In particular, SiO2 has an internal transmittance of more than 90% between 470 nm 

and 800 nm[68], which has been used in the packaging of implantable devices requiring certain 

light transmittance[117]. For example, song et al. A scalable method for flexible biocompatible 

electronic systems is reported, in which thin micro device components are integrated on flexible 

polymer substrates to form an interconnection array for multimodal, high-performance biological 

interfaces[110]. A 900 nm thin SiO2 layer thermally grown on the surface of the silicon wafer is 

used as the packaging layer. This thickness of SiO2 package can provide long-life flexible 

biological fluid barrier for flexible device. As an alternative, Al2O3 is not only chemically inert, 

but also transparent at ultrasonic frequencies[114] and can encapsulate acoustic based wireless 
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medical devices, where ultrasound is used for efficient energy transmission and 

communication[118, 119]. In recent years, SiC has become a hot topic in the packaging field 

because of its good biocompatibility and chemical inertia. SiC can be deposited at temperatures 

below 400 ° C by plasma enhanced CVD (PECVD) or low-pressure chemical vapor deposition 

(LPCVD)[120-122], making it compatible with the fabrication processes of many equipment and 

materials. Compared with Si3N4 and low-temperature SiO2 packaging, SiC packaging has lower 

degradation rate and better stability in brine[112]. As shown by Kim et al., the multistage hybrid 

packaging method based on PECVD deposition of a-SiCx: H shows excellent biocompatibility 

and reliability after accelerated life test. In addition, thin SiC films can become very flexible and 

suitable for packaging flexible implantable devices, such as ECoG arrays[123]. 

Although there are many advantages, the disadvantages of ceramic and glass materials cannot be 

ignored. Firstly, although most ceramics have good chemical stability, ceramic degradation will 

still occur when the materials are immersed in ionic liquid environment, such as Al2O3 dissolved 

in water. Secondly, ceramics and glass lack feasible etching methods. Although many methods 

have been developed, the construction of ceramic and glass structures is still relatively complex, 

making it difficult to miniaturize the package and incompatible with device fabrication 

techniques[124]. Third, the fabrication process of ceramic and glass packaging must be 

accurately controlled, because even small deposition changes can lead to significant changes in 

packaging stability[28]. 

2.3 Review on Soft Material  

The flexible packaging material here generally refers to the material with young's modulus 

between 105Pa (soft tissue) and 1010Pa (hard tissue). It must be pointed out that the boundary 

between flexible packaging materials and solid packaging materials is variable, and solid 
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packaging materials can also become soft under certain conditions, such as small size, thin, 

special structure, etc.[125]. Compared with solid materials, soft polymer materials dominate the 

selection of packaging materials for neural recording implants because they have many 

advantages, including high conformability, mechanical flexibility, small form factor, low cost. 

Polymers can be cast, photopatterned or dry etched at low temperatures, reducing the complexity 

of etching steps and infrastructure requirements[126]. Polymers also play an important role in the 

mechanical shielding of wire connectors to prevent accidental open circuit and provide a certain 

degree of mechanical buffering to prevent internal hard materials from damaging soft tissue[60]. 

Many polymers have been developed and used to package neural implants, such as pi, PA, 

PDMS, polymethylmethacrylate (PMMA), liquid crystal polymer (LCP), polycarbonate (PC), 

polystyrene (PS), SU-8, etc. Due to its relatively high permeability, thick polymer packaging 

should be used in chronic implants to protect the internal device from damage[40, 60], but at the 

cost of increasing the size of device (which further exacerbates tissue trauma) [30, 78, 127]. 

Among the emerging polymer packaging materials, Polydimethylsiloxane (PDMS) is one of the 

most widely used coating material[60] and the most mature polymer for nerve implants[38, 128-

132]. PDMS has good insulation, vibration buffering, reducing additional damage when tissue 

deforming[38, 133-135], anti-contamination ability[133], transparency[136], low 

degradation[38], low foreign body reaction[137], and low cost and availability. All the above-

mentioned capabilities make PDMS has superior, FDA approved biocompatibility[83, 137] for 

chronic implants (USP class VI). It is one of the few packaging materials that have been tested 

for long-term implantation[138, 139]. However, the high permeability of PDMS coating is one of 

its most glaring problems. The thin coating of PDMS does not provide effective protection and 

may lead to delamination problems[140]. Although the 100 – 300 µ m thick PDMS coating can 
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significantly reduce the permeability[141], the bulky material greatly limits the miniaturization 

of the device (or causing significant damage to the tissue), thus limiting the application of PDMS 

in subminiature implants.  

As an alternative polymer packaging material for long-term implants, parylene is composed of a 

variety of chemical variants, including parylene C (PA), parylene D, parylene HT and parylene 

n. among them, PA is one of the most popular packaging materials for neural recording 

implants[142]. It is also worth noting that parylene HT is increasingly important due to its 

improved packaging performance[143]. At present, the commercial market of parylene is 

dominated by two companies, namely specialty coating system (SCS) and KISCO conventional 

coating LLC[126]. PA can use CVD method to conformally deposit at room temperature and to 

structure by oxygen plasma dry etching or laser. These high accessibilities make PA can be 

easily used for different purposes[144]. As a packaging material, PA has excellent 

biocompatibility (USP class VI), chemical inertia[145], low conductivity, low intrinsic stress, 

low pin-hole possibility and conformal coating[146]. PA is also optically transparent (This 

further broadens its potential application[147, 148]), with 65-80% transmittance in the 

wavelength of 470 to 850 nm[38, 149]. However, The low glass transition temperature (Tg = 90 ° 

C)[150] of PA limits tis fabrication methods. Although PA can effectively isolate external 

erosion for a certain period of time, long-term in vivo and reactive accelerated aging (RAA) 

studies show that its excellent packaging performance is not permanent. The insulation 

performance of PA will continue to decline with the moisture absorption in liquid 

environment[59, 141]. As a material with a long history and rich resources, PI was first 

discovered in 1908. Today, PI is a very mature material and widely used in different 

devices[151, 152]. PI has great potential in various applications of neural implants[77, 153], such 
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as multi-level interconnection, multi-chip module packaging and flexible circuits. Compared 

with PA, PI provides better temperature stability (up to 400 ° C), higher glass transition 

temperature[126], better dielectric properties and lower moisture absorption. Especially in terms 

of mechanical properties, the tensile strength of PI is 390 MPa, almost 6 times that of PA, and 

the young's modulus is 8.37 GPa, 2.6 times that of PA (Stieglitz et al., 2000; Hassler et al., 

2011). These mechanical properties represent PI has better durability under repeated bending of 

the same thickness. Another advantage of PI is that its coefficient of thermal expansion matches 

Si, so the thermal induced mechanical stress is negligible[142]. However, although PI has been 

proved to be quite biocompatible, it has not been certified by FDA for human implantation.  



 

22 
 

 

Chapter 3 Reactive Aging Test and Packaging Study 

3.1 Background 

Implantable microelectronic devices have been widely used in neuroscience and clinical research 

to manipulate and map neural activities[154, 155]. The goal of many implants is aiming to the 

long-term (> 20 years) recording; however, it has not been achieved due to the instability of 

device packaging[156]. long-term device stability test helps to better understand the potential 

factors leading to implant failure [157], but requires a long test cycle. To address this problem, 

the reactive accelerated aging (RAA) test in hydrogen peroxide (H2O2) solution can effectively 

shorten the test cycle and simulate the acute inflammatory response[30, 158]. Ideally, packaging 

materials should meet the following requirements: electrical insulation to prevent crosstalk and 

external environmental interference, biocompatibility to reduce the tissue damage, chemical 

stability, low moisture and gas penetration[126, 152]. Among various materials, Parylene-C (PA) 

is one of the most popular biomedical implant packaging materials[127, 159]. SiO2 [108]and 

Si3N4 [160]are also commonly used as insulating layers in silicon-based neural probes and 

packaging protective layers to protect implantable devices from corrosive environments such as 

body immune system. However, the packaging properties of these thin film encapsulation is still 

difficult to be regarded as comprehensive and systematic. In the field of packaging, although new 

encapsulation materials are introduced almost every day, and a large number of packaging 

strategies and technologies have been studied and discussed, there is still a lot of room to explore 

the relationship between packaging failure probability and time. Therefore, an in-depth 

understanding of the properties and stability of these insulating materials is meaningful for the 

future development of chronic implants. 
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In this chapter, we investigated the packaging performance of three materials and their packaging 

strategies in three reactive environments. The packaging performance during the RAA test was 

analyzed and shown through cumulative failure probability plot and scanning electron 

microscopy SEM images.  All the PA layer of microwires were coated by chemical vapor 

deposition (CVD) with Specialty Coating Systems™ PDS 2010 Parylene coating system 

(Specialty Coating Systems, Inc., Indianapolis, IN, USA), and all inorganic layer (SiO2 and 

Si3N4) were coated by plasma-enhanced chemical vapor deposition (PECVD) (Plasmalab 80 

Plus™, Oxford Instruments Plasma Technology, Oxford, UK). Two device configurations were 

tested: closed-tip and open-tip. During the experiments, the samples were aged in phosphate-

buffered saline (PBS), PBS + 30 mM H2O2 and PBS + 150 mM H2O2 [73, 161] at ≈67 °C[162]. 

Similarly, a room temperature (22 °C) control group with closed-tip 3 µm PA packaging was set. 

Electrochemical impedance spectroscopy (EIS) was used to monitor the independence changes 

to indicate the integrity of packages. Once the measured 1kHz impedance of the samples 

changed over 50% of the initial value, the samples labelled as failed, then the mean-time-to-

failure (MTTF) was determined. All data were processed by Weibull parameter estimates to 

calculate the parameters of the Weibull distribution. The performance of each packaging strategy 

was represented by the failure probability of the sample over time. SEM were used to identify 

physical damage of the coating at the time point of wire failure.  

3.2 Method 

3.2.1 Testing Probe and Packaging Strategy 

The electrode of the probe adopts commercial tungsten, it is a common neural implant electrode 

material, to simulate the corrosion probes during in vivo testing to evaluate the package 

performance of different strategies. Due to the excellence mechanical properties of tungsten, 
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such as strength, rigidity, and recording capability, 60 µm diameter microwire becomes an 

popular choice for intracortical applications[29].  Tungsten wire in this study was used to 

simulate actual electrode material. High purity tungsten wire (99.95%) was used, conforms to 

ASTM F288-96, Type 1A. the wire was cut as 5.5 cm in length with 61 µm in diameter. The 

electrodes were coated by single or multiple layers of PA, SiO2, and Si3N4. SiO2 was deposited 

in a 13.56 MHz driven parallel plate reactor plasma-enhanced chemical vapor deposition 

(PECVD) system (Plasmalab 80 Plus) with manual sample loading and a heated substrate 

electrode using the following conditions: process gases of SiH4 with flow rate of 170 sccm, N2 

with flow rate of 170 sccm, and N2O with flow rate of 710 sccm, working pressure of 1000 

mTorr, working temperature of 300 °C, high-frequency RF power of 20 Watts with a deposition 

rate of 8.3 Å/s. Si3N4 applied an approximate setting with flow rate of 400 sccm, N2 with flow 

rate of 400 sccm, and NH3 with flow rate of 20 sccm, working pressure of 1000 mTorr, working 

temperature of 300 °C, high-frequency RF power of 20 Watts with a deposition rate of 4.1 Å/s. 

PA layer was deposited in a Parylene deposition system (Specialty Coating System™ PDS 2010 

Parylene Coating System) with following conditions: base pressure of 14 mTorr, deposition 

pressure of 22 mTorr, furnace temperature of 690 °C, and vaporizer temperature of 175 °C. two 

configurations were investigated: closed-tip and open-tip wires. For the open-tip samples, the 

package layer at the tip of the tungsten wire was manually stripped to mimic the actual electrode 

structure. To fabricate the open-tip samples, the tip of the tungsten wire was tightly covered by 

multiple glass slices in PECVD chamber, to prevent the layer formation at the tip of the tungsten 

wire. After deposition, Excess tungsten wire will be cut off. The closed-tip type is aimed to fully 

understand the best performance of various packaging materials and different packaging 
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strategies. Through the study of closed tip type, it is possible to simply compare the aging 

process of encapsulation materials and methods in vitro.  

Three categories (total 14 test groups) based on different deposition procedures were tested to 

fulfill a comprehensive experiment for packaging performance (Figure 6).  

1. A single deposition design is planned to simply test the performance of different materials at 

variable thickness (1,3,5 µm). this design contains only one material (SiO2, Si3N4, or PA). a total 

of 90 micro-wires were tested in three different solutions for three materials. With 10 samples 

tested under each condition.  

2. A composite deposition design is used to study if the superposition of two materials can 

effectively improve the survival rate of open-tip samples. Previous studies show that composite 

deposition of multilayer films can significantly enhance the performance of package compared to 

their homogenous layer counterparts[57]. The dense ceramic layer allows diffusion only through 

its polymer layer’s pinholes. Thereby, the corrosive solution that penetrates the protective layer 

is significantly reduced.  

 

Figure 6. Schematic diagram of the three wire packaging categories, adopted from [59]. 
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Composite design includes two material combinations (SiO2 + PA or Si3N4 + PA) under the 

same thickness (100nm + 1µm). a total of 60 microwires were under the soaking test in three 

different solutions.  

3.  A multiple stack deposition using a single polymer material is designed to test if the improved 

deposited strategy can improve the performance of package. We hypothesize that the next layer 

can repair the defects oof the previous layer and disrupt the continuity of the pinholes. Therefore, 

improving the overall packaging performance. The table of all test samples and their 

configurations are shown as follow[59]: 

Table 2 All test samples and configurations 

 

3.2.2 Dissolution Problem of Tungsten 

Tungsten has relatively stable characteristics and chemically resistant to many corrosion[163]. 

However, H2O2 solution can generate a dissolution effect on tungsten wire[164], and eventually, 

permanent damage of tungsten metal occurs. The dissolution of tungsten in H2O2 solution 

can be expressed by the following reaction formulas (1)-(3)[165]: 

W(s) + 2H2O2 → WO2(s) + 2H2O,  

2WO2(s) + 6 H2O2 → H2W2O11(aq) + 5H2O,  

3H2W2O11(aq) + 7H2O → 2H2W3Q12(aq) + 8H2O2,  

(1) 

(2) 

(3) 
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The erosion rate is directly proportional to the reaction temperature and 60 °C believed as the 

most rapid dissolution temperature[164]. Considering our accelerating aging test require 67 °C, 

therefore, the open-tip design may face the environment that harsher than in vivo.  

3.2.3 Experiment Setup and Hydrogen Peroxide Concentration Maintaining 

The core of the RAA test is to maintain a relatively stable reactive environment, the purpose is to 

imitate as closely as possible to the in vivo environment under the inflammatory response. 3 

modified versions of Pyrex square glass vessels (237mL, (Item #:1109305, Snapware Corp, Mira 

Loma, CA, USA) were used as the reaction chamber. Each chamber contains six glass nozzle 

that were installed on the top lid as the loading ports. The lid was reinforced by epoxy and 

dipped coating by PDMS to prevent vapor leakage. Each hydrogen peroxide reactive chamber 

was connected two dosing pumps (INTLLAB, Shenzhen, Guangdong, China) to precisely 

control the inlet and outlet flow rates of the reaction chamber. 3 modified glass vessels were 

placed on a hot plate (Thermo ScientificTM, Waltham, MA, USA). For accelerating aging, the 

thermostat temperature of the hotplate was set higher (95 °C) than the designed temperature to 

compensate for convective heat loss. Moreover, the solution was stirred at 75 rpm to ensure 

uniform mixing. Reactive chambers were covered with aluminum foil to eliminate the effect of 

light on the reaction. The tungsten micro-wires were fixed on the robber holder at the loading 

ports, half of the wire (~30mm) immersed into the reaction solution. The test set up schematic 

diagram and actual set up is sown in Figure 7.  
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Figure 7. (A)RAA test platform, (B) Schematic diagram of the flow cell, (C) UV-visible 

spectroscopy of 30 mM H2O2 + PBS testing solution comparing with standard solution (freshly 

prepared H2O2 + PBS (30 mM) solution, adopted from [59]. 

During the RAA test, the samples were aged in PBS, PBS + 30 mM H2O2 and PBS + 150 mM 

H2O2. Different hydrogen peroxide concentrations were utilized to simulate mild and severe 

inflammation conditions. Immune system can generate very aggressive environment, rich in 

digestive enzymes and reactive oxygen species (ROS)[166]. The designated temperature was set 

to below the glass transition temperature of PA to prevent thermally induced PA 

degradation[167]. According to Arrhenius modeling of reaction acceleration[162], a simulation 

physiological aging at 8x acceleration factor f can be calculated by Equation below: 

𝑓 = 2
∆𝑇
10 , ∆𝑇 = 𝑇 − 𝑇𝑟𝑒𝑓 
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Where T is the testing temperature, Tref is a reference temperature (Preset comparison 

temperature), and f is the acceleration factor. As a reference, a room temperature (22°C) 

comparison group was added to the experiment. The testing wire (closed-tip 3 µm PA coated 

tungsten wires) were sealed in a flat bottom headspace vial (ALWSCl Technologies, Zhejiang, 

China) with same solutions as used in the high-temperature test group.  

However, hydrogen peroxide is an unstable chemical, and system needs to consider maintaining 

its concentration. Under the test condition, the kinetics of H2O2 degradation at preset temperature 

(67°C) follows first-order kinetics with a half-life of 143 min. according to this timeline, the 

dosing pump of flow cell constantly injected high concentration H2O2 + PBS solution into the 

reaction chamber to maintain the required H2O2 concentrations. The solutions in the reaction 

chamber and the storage bottles were replaced every three days to ensure a stable environment. 

In particular, the PBS + 90 mM H2O2 solution was pumped into the reaction chamber with an 

inflow rate of 38 mL/min and an outflow rate of 32 mL/min to maintain the concentration of the 

PBS + 30 mM H2O2, while the PBS + 375 mM H2O2 solution was used for the PBS + 150 mM 

H2O2 with 40 mL/min inflow and 38 mL/min outflow rates. The inlet flow rate was set slightly 

higher than the outlet flow rate to compensate for evaporation and prevent drying out of the 

reaction chamber. Four dosing pumps were controlled by smart switches s (KMC, Hangzhou 

Kaite Electrical Appliance Co., Ltd., Hangzhou, China) and operated in 30 s/60 min ON/OFF 

duty cycle.  

The chamber solution was sampled twice a day to analyze the concentration of H2O2 in the 

reaction chamber using a titanium oxalate assay[168]. The standard operation procedure was to 

mix 50 µL sample solution with 200 µL, 1 M H2SO4, and 200 µL titanium potassium oxalate (50 

g·L−2), which was then diluted to 5 mL with deionized water. After waiting for 5 min until the 
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reaction is complete, ultraviolet-visible spectroscopy (UV-Vis) were taken and adsorption at 390 

nm was measured by a SpectraMax® M3 Multi-Mode Microplate Reader (Molecular Devices 

LLC, San Jose, CA, USA). As shown in Figure 7C, a constant concentration of ~30 mM and 150 

mM can be maintained using the flow cell over 3 days. To rule out the effect of pH on the 

experiment, the pH values of the three solutions were tested (Hydrion™ Insta-Chek™ pH Test 

Paper 0.0 to 13.0, Micro Essential Lab, Brooklyn, NY, USA): ~7.4 for PBS, ~7.2 for PBS + 30 

mM H2O2 solution, ~7 for PBS + 150 mM H2O2 solution.  

3.2.4 Characterization Tool 

EIS was performed on an Autolab PGSTAT128N potentiostat (Metrohm Autolab, Herisau, 

Switzerland) And CH Instruments electrochemical analyzer (CH Instruments Inc., Austin, TX, 

USA). All measurements were done in 1X PBS (0.01M, pH7.4) at room temperature. Impedance 

data were measured using a three-electrode configuration, where an Ag/AgCl wire was used as a 

reference electrode, a Pt wire was used as a counter electrode, and the tested tungsten wire was 

used as a working electrode. A sinusoidal waveform with amplitude of 10 mV (root mean 

square) was applied in a frequency range of 1 Hz to 100 kHz. Changes in impedance can reflect 

the integrity of the package because impedance and open area of package are inversely 

proportional. That is, the larger the open are of the package, the lower the impedance of the 

micro-wires at 1000 Hz. Similarly, because the hydrogen peroxide has a dissolving effect on the 

tungsten wire, the impedance of the probe will suddenly increase after the impedance drops for a 

certain time, which means that the micro-wires may broke. 

Having considered different damage tolerances of different devices, a relatively low failure 

threshold (50%) was used to verify the maximum survival time of different packaging materials 

and strategies. The MTTF was determined when the measured 1kHz impedance of the samples 
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changed over 50% of the initial value. the data were processed by Weibull distribution model. 

The Weibull distribution gives a distribution for which the failure rate is proportional to a power 

of time. Then polynomial fitting was used to fit discrete Weibull cumulative probability data. 

Results were represented by the failure rate of the sample over time. The beauty of this model is 

that the damage of a single sample contains certain contingency, for a certain sample, the 

damage situation is unique and unrepeatable. Using the cumulative probability function to 

express the gradual process of sample damage, a single sample damage indicates that this type of 

package is likely to be damaged at the current time. As the number of damage increases, it 

indicates that the sample is more and more prone to damage. When repeating the experiment at 

this particular time, there is a high probability that something will go wrong with the sample. 

At the endpoint of each testing, tungsten microwires were carefully removed from the rubber 

holder, and washed with DI water. All tungsten probe inspected by a Hitachi S-4700II Field 

Emission SEM (Hitachi High Technologies America, Schaumburg, IL, USA) with an electron 

acceleration potential of 15kV. This FE-SEM provides high magnification and high precision 

(1.5 nm) microscopic imaging capabilities to visualize the erosion of tungsten metal and damage 

of package. 

3.3 Result  

3.3.1 Temperature Effect 

Temperature is the key that accelerated aging test, and the first experiment that needs to verify. 

Temperature may affect polymer material like PA, considering PA has relatively low glass 

transition temperature. To verify the effects of temperature, a temperature comparison test was 

designed. Closed tip tungsten microwires coated with 3 µm PA were aged at 67 °C and 22°C in 
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three different solutions for a week. Figure 8 shows the stability performance of the tungsten 

wires tested at two temperatures.  

 

Figure 8. The Weibull cumulative distribution data and corresponding curve fitting of the closed-

tip samples coated with 3 µm stacked deposition of PA, measured at two temperatures of 67 °C 

or 22 °C in different solution, adopted from [59]. 

In Figure 8A, under the room temperature, samples soaked in PBS maintained relatively high 

(>60%) survival probability after 7 days. The failure rate remains 0 after fourth day. Overall, the 

failure rate of room temperature group in all 3 solutions was significantly lower than that of the 

high temperature group for a certain period. In Figure 8A, B, the room temperature group 

occurred failure incidents after couple days delay. They are reflecting the accelerated effect of 

temperature in the experiment. Similar results were obtained from the samples tested in other 
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two solutions. While preliminary, these results suggest that high temperature indeed accelerated 

the aging test, and therefore, the failure rate of the PA package.  

3.3.2 Analysis of Three Single-Layer Material at 1µm Thickness 

One organic material (PA) and two non-organic materials (Si3N4 and SiO2) were selected to 

study the performance of different packaging materials. the 1 µm open-tip package was applied. 

After 7 days of experiments, the cumulative failure probability results are shown in Figure 9. In 

general, because of the fast dissolution effect in the open-tip design, the failure rates raise up 

(>90%) in short period under both mild and severe inflammatory conditions. As shown in Figure 

5 B, C. most of the tested sample failed on the first day of soaking, and all the samples were 

damaged on day 2. 

 

Figure 9. 5. The Weibull cumulative distribution data and corresponding curve fitting of open-tip 

tungsten wires with a single layer coating (1 µm) of PA, Si3N4, and SiO2, tested at 67 °C in 

different solutions (the curves in B and C may overlap) , adopted from[59]. 
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Figure 10 shows the average changes in 1 kHz impedance of the tungsten microwires. As 

mentioned above, the change in impedance can reflect the integrity of the package. The larger 

the open are of the package, the lower the impedance of the micro-wires at 1000 Hz. Moreover, 

because the hydrogen peroxide has a dissolving effect on the tungsten wire, the impedance of the 

probe will suddenly increase after the impedance drops for a certain time, which means that the 

micro-wires may dissolved or broke, resulting in increased impedance at later stage of testing. 

From Figure 9A and 10A, it can be concluded that, in the PBS solution, the PA package is 

relatively good, All PA-coated samples remained intact within seven days, and their impedance 

changes were considered minimal. Despite high failure rate of the non-organic materials (Si3N4 

and SiO2), as shown in Figure 10A, the impedance change returned to a stable state after 3 days. 

One possible reason is that, although the package didn’t protect the wire in the first time, it can 

still contain the damage area. Thereby keeping the impedance stable.  
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Figure 10. Impedance changes of open-tip tungsten wires coated with a single layer (1 µm) of 

PA, Si3N4, and SiO2, tested at 67 °C, 1 kHz, in three solutions, adopted from[59]. 

For reducing the dissolution effect of H2O2 on the tungsten metal, closed-tip design was applied 

to the experiment, and show its unique failure rate curve. Due to the closed tip provide full cover 

of tungsten wires, the change in the failure probability curve was slowing down. By this slower 

change curve, the cumulative probability cure of each material didn’t overlay in short period. 

Therefore, the protection performance of 3 materials can be compared and defined. More 

important is that the closed tip design does not eliminate the dissolution effect. The package will 

still age in the RAA test and fail after certain period. Resulting in the large impedance changes.  

As shown in Figure 11A, it must be pointed out that closed tip wire shows relatively worse 

stability than the open tip counterparts. Since the close-tip sample is total insulated, the initial 

impedance is high (> 1× 107 Ω). Once the solution contracted tungsten through the damage site, 

the sample changes from an insulator to a conductor, resulting in dramatic impedance drop. This 
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explains why the PA package has a higher failure rate in the case of closed tip. In other words, 

closed tip is relatively more sensitive to package damage in the PBS solution.  

In general, the closed tip PA package can effectively protect device in PBS with in 7 days with 

failure rate <40%. Under mild inflammation environment (Figure 11B), the failure probability of 

PA rose to 55% on 7-day with a slow trend. However, under the severe inflammation condition 

(Figure 8C), the PA encapsulation quickly failed in 4 days. The overall probability of failure 

increased rapidly, and all the samples failed completely on the fourth day. It is worth noting that 

in the high hydrogen peroxide concentration environment, PA can only guarantee a survival rate 

of high than 50% within 2 days. The situation of Si3N4 was like PA. However, in the high 

concentration hydrogen peroxide solution, the failure rate of the Si3N4 sample was lower than PA 

with a day-7 at 80%, indicating that the sample still had a small probability of survival (≈20%). 

The SiO2 shows a special situation, in which the SiO2 package was rapidly damaged in all case 

under both configurations. This indicates that SiO2 deposited by PECVD with a thickness of 1 

µm may not suit for sue as a packaging material. PECVD’s deposition quality, internal stress 

problem, and mechanical mismatch of SiO2 and tungsten are usually the cause of this result.  
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Figure 11. The Weibull cumulative distribution data and corresponding curve fitting of the 

closed-tip tungsten wires with a single layer coating (1 µm) of PA, Si3 N4, and SiO2, tested at 

67 °C in different solutions, adopted from[59]. 

From the SEM images (Figure 12 and Figure 13) of the tungsten wires with all coating 

mentioned above, obtained at the end of the 7-day RAA test. The damage pattern of the metal 

damage was observed. Due to the dissolution of H2O2 on the tungsten wire, different packaging 

failure mechanisms can cause different metal damage patterns, therefore indicating the package 

damage type. Without deliberate opening, the closed tip design makes the package relatively 

intact. The damage is mostly the “breakage” type as shown in Figure 12D. This is usually due to 

H2O2 leaking through pinholes or microcracks in the package, which causes the local dissolution 

effect with tungsten and therefore the wire breakage in the middle while the rest parts are 

generally intact. As shown in Figure 12A, severe damage of “metal crack” still occurred, 
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indicating that this segment of metal is completely exposed to H2O2 due to the delamination 

failure of the protective layer. This coincides with the poor performance of the SiO2 layer in 

impedance stability. The open-tip design deliberately leaves a window that makes the dissolution 

effect much more intense. This intensive dissolution effect had led to, as shown in Figure 12, the 

tested samples to appear “metal expansion” or “sharpening” damage. In the “tunnel” type (Figure 

12E), the solution would corrode the interior metal wire along the opening, even though the 

exterior package remained relatively intact.  
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Figure 12. Six (6) damage patterns of the tungsten wires observed in H2O2 + PBS solution: (A) 

Metal crack, (B) Perforation, (C) Sharpening, (D) Breakage, (E) Tunnel, (F) Metal expansion, 

and (G–I) were the SEM images of untested samples[59]. 

Due to the PBS solution has no dissolution effect on tungsten so that the failure mechanisms of 

different protective coatings can be more clearly observed. The closed-tip and open-tip designs 

did not show significant differences in the failure modes of the packaging materials (because the 

metal was not damaged). As shown in Figure 13 C, PA was observed to have perforation failure, 

while Si3N4 suffered from both perforation and delamination (Figure 13A). For the SiO2 
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package, fragmentation and delamination failure were noticed as shown in Figure 13 B, D, 

respectively. 

 

Figure 13. Three (3) failure modes of the package materials observed in PBS solution, (A) 

Package delamination on 1 μm Si3N4 closed-tip, (B) Package Fragmentation on 1 μm SiO2 

closed-tip, (C) Package Perforation on 1 μm PA closed-tip, (D) Package delamination on 1 μm 

SiO2 open-tip[59]. 

3.3.3 Composite Packaging in RAA Test 

Under the open tip configuration, two composite coatings were prepared by PECVD deposition, 

a 100 nm non-organic material, Si3N4 or SiO2, on the tungsten microwires as the bonding and 

hermeticity layer. 1 µm PA was deposited on the hermeticity layer. As shown in Figure 14A, the 

stability of the tungsten wire coated by composite packaging was improved compared to the 

single material coating in PBS. Compared to the single material coating, the failure rate on day 

one was reduced significantly from 50% to 20% for the Si3N4+PA coating, and from 60% to 

40% for the SiO2 + PA coating. The change in Si3N4 + PA was relatively significant, with the 

average failure rate reduction by 20% in the first four days. However, in the inflammatory 

environment, the open tip composite layer didn’t improve the survival rate of the microwires 

effectively. Comparing with single material group, while the packaging performance was 

improved, the overall performance was still worse than single PA deposition. Limited by the 

deposition temperature of PECVD (300 °C), using PA as the bonding layer is not studied.  
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The SEM image verifies that composite packaging did improve protective ability in a certain 

degree. As shown in Figure 15, a perforation phenomenon appeared on the Si3N4 + PA package, 

while SiO2+PA showed delamination failure, and in H2O2 solution, tungsten probes showed 

“breakage” and “Metal delamination” damage pattern. Comparing two groups of SEM images 

(Figure 13 and 15), although the composite package still suffers from the high simple failure rate 

caused by package damaged, some failure mechanisms like package cracking were effectively 

reduced or not observed.  
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Figure 14. The Weibull cumulative distribution data and corresponding curve fitting of the open-

tip tungsten wires coated with combined films of Si3N4 (100 nm)/PA (1 µm) and SiO2 (100 

nm)/PA (1 µm)(left side) versus the Weibull cumulative distribution data and corresponding 

curve fitting of open-tip wires with a single layer coating (1 µm) of PA, Si3N4 and SiO2 (right 

side), tested at 67 °C in different solutions, adopted from[59]. 
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Figure 15. Metal damage observed in H Metal damage observed in H2O2 + PBS and PBS 

solutions, adopted from[59]. 

3.3.4 Multilayer Stack Strategy and Thickness Effect  

From the above results, PA showed its good protective performance among the 3 materials. It is 

necessary to further explore the potential of PA. Tungsten wires were coated with 3 stacked PA 

layers (1 µm for each layer and 3 µm in total) and compared with wires coated with 3 µm single 

deposition PA. the closed tip design was applied to slow down the trend of failure curve. Figure 

16 shows the results where the stacked deposition did not show significant superiority than 

single-layer one. In all 3 environments, the package performance of those two strategies only had 

slight differences over 7 days. It indicates that the stacked deposition des not necessarily improve 

the protective performance of PA.  
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Figure 16. The Weibull cumulative distribution data and corresponding curve fitting of the 

closed-tip samples with stacked-deposition (1 µm + 1 µm + 1 µm) and single-deposition (3 µm) 

of PA under the same thickness. Experiments were performed in different solutions at 67 °C, 

adopted from[59]. 

The experiment further studied the effect of thickness on the packaging effect. As shown in 

Figure 17, a thicker PA coating significantly reduced the failure rate in PBS. In the environment 

containing H2O2, the 3 µm PA coating performed worse than 1 µm samples, and average failure 

rate in 7 days was 10% higher. It may due to the potential variation in PA deposition quality, the 

overall stability of 3 µm PA coating is not significantly different from 1 µm. one the other hand, 

the 5 µm PA packaging, exhibited outstanding packaging performance throughout the RAA 

testing. No single tungsten wire damage was detected in 7 days. These results suggest that PA 
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packaging of ≥ 5 µm has the good potential to protect neural implants for ≥56 days at the body 

temperature, estimated by Equation (4). 

 

Figure 17. The Weibull cumulative distribution data and the corresponding curve fitting of 

closed-tip samples with 1 µm, 3 µm, and 5 µm PA. Experiments were performed in different 

solutions at a temperature of 67 °C, adopted from[59]. 

Further experiments on the thickness have proved that the package thickness has a limited effect 

on the open tip configuration. In all 3 solutions, the failure rate curves of 5 µm and 1 µm PA 

layer were almost identical. This proves that in inflammatory environments, the erosion of metal 

surfaces and metal-to-package junctions by bodily fluids is a major cause of device failure.  
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Figure 18. The Weibull cumulative distribution data and corresponding curve fitting of open-tip 

samples with 1 µm and 5 µm PA coating. Experiments were performed in different solutions at a 

temperature of 67 °C, adopted from[59]. 

3.4 Conclusion 

Following table shows all specifications and survival times of PA and non-organic coating 

samples: 



 

47 
 

Table 3 All specifications and survival times of PA samples 

 

Table 4 all specifications and survival times of non-organic coating samples 
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In this section, we simulated the environments of cortical neural implantation with different 

degrees of inflammations by adding reactive oxygen species. We used those inflammation 

scenarios to investigate the effects of RAA test to different packages. This RAA approach 

provides a rapid way to evaluate different packaging strategies and materials to find the best 

solution, to make results close to in vivo data, and to shorten the test time. While preliminary 

results show that PA is the most stable material among the 3 tested materials. In general, thicker 

polymer films exhibit better reliability over time. Second, significant delamination and 

fragmentation occurred in PECVD SiO2 films after a short period. Thermally induced stress and 

mechanical mismatch are the main reason for this result. Third, the composite coating did 

slightly improved packaging performance. However, the failure of the open tip type was mostly 

caused by delamination at the metal-package interface regardless of the integrity of the 

packaging films. Techniques to enhance the interface bonding strength are critically needed for 

improvement of packaging performance. For further improvement of packaging, it is far from 

enough to only focus on the selection of packaging materials. Improving the interface between 

metal and package, improving the corrosion resistance of metal, or using anchor design to firmly 

fix the packaging on the metal to prevent delamination, those methods will provide more obvious 

improvement on packaging.   



 

49 
 

 

Chapter 4 Origami Neural Implants 

4.1 Background 

Progress in elucidating the function of the human brain increasingly relies on the use of 

biosystems produced by three-dimensional neural implants. Conventional multielectrode array 

(MEA) mainly work on the rigid, planar, and 2D formats, thereby limiting their potential 

applications[169]. One of the challenges in biomedical engineering is to fabricate a miniaturized, 

patterned and biocompatible 3D devices and materials[170]. Therefore, biomedical implants 

made through microfabrication technology enable device can be fabricated at the nanoscale, but 

in an inherently 2D manner[36]. However, for a long time, such 2D manner devices have 

brought many problems. For example, microwell array and bioartificial organs feature 

lithographically (a typical microfabrication method) defined porosity only along one surface, 

which may result in hypoxic conditions for cells residing far away from this surface[171]. For 

drug delivery, drug diffusion to the surrounding is constrained through only one planner 

opening[172]. Existing 3D polymeric and gel-based particulates lack methods to precisely 

control shape and size, especially for some applications requiring micron-level accuracy. 

Afterall, the human body is a 3D structure, meticulously engineered from the nanoscale to the 

macroscale[170].  

Foldable origami stands out from many designs, it has very wide application potential. Foldable 

origami design can be seen as an alternative fabrication strategy that integrating lower 

manufacturing costs and enabling the combination of the advantages offered by 2D 

microfabrication with those of bespoke 3D structures.  
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Figure 19. The concepts are used for the design of self-folding elements. Two types of basic 

elements were designed by combining two types of permanently deforming kirigami-based 

monolayers with an elastic layer to create bilayers (left). Stretching the bilayers resulted in self-

folding elements that exhibited out-of-plane bending upon releasing the force (right). Image 

adopted from [173]. 

Recordings of electrophysiological activity from neurons represent well-established essential 

sources of information for quantitative investigations of neural processes and for the 

development of biomedical system and brain computer interface[174, 175]. To better capture 

electrophysiological signals to understand the movement patterns and principles of muscles and 

nerves, many implantable devices have been evolving over the years through advances in 

microelectromechanical (MEMS) technology and deepening knowledge of neural activity and 

brain[176-178]. Regardless of the changing form of the device, the challenges they need to face 

are ever present. They include, but are not limited to, the challenges of conventional 2D 

fabrication methods and the practical requirements of 3D sharp[173, 179-181], the challenges of 

acquisition accuracy of neural signals and collateral damage of implantable device[83, 182-184], 

and many others. Under the constraints of the above-mentioned challenges, device design is like 

a game of balance. In terms of mechanical property of implantable probes, flexible implantable 

probes are difficult to implant and require some means of strength reinforcement[185]. Stiffness 
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may increase foreign object response and thus affect behavior and nerve signal quality in various 

ways[34, 186]. Choosing a less aggressive strategy such as surface mounted may have improved 

biocompatibility but may also have decreased signal acquisition accuracy due to distance from 

the nerve[187]. The above-mentioned factors will affect the acquisition of electrophysiological 

signals to varying degrees. 

Origami inspired designs have the potential to be a game-changer. Conventional multi-electrode 

array technology exists mostly in a rigid, 2D format, thus limiting its functional interface to a 

small area in 3D form, usually restricted to the area near the bottom contact surface[169, 188]. 

Based on the same principle, electrode arrays relying on traditional 2D manner microfabrication 

techniques are also difficult to customize each single probe. These limitations are precisely the 

strong points of the origami probes. Foldable origami design can be seen as an alternative 

fabrication strategy, with benefits including reduced manufacturing costs and combining the 

favorable properties offered by 2D materials with the properties of custom 3D structures[173]. 

As a price, the metal fatigue crack problem at the folding site raises a new challenge to the probe 

structural design. Electrophysiological signals recording alone is simply not enough, stimulation 

is also an important part of studying nerve activity. Direct electrical stimulation (DES) is 

feasible, however it has various issues such as safety[189, 190], temporal/spatial accuracy[191, 

192]. Stimulating optically that use calcium-sensitive fluorescent stains and genetically encored 

calcium indicators overcome some of these limitations in neural recording/stimulation, and 

optogenetic approaches may provide related advantages in stimulation aspect[169]. Although the 

use of light stimulation is one of the most desirable methods at this stage, how to introduce light 

and how to combine the introduction of light with the probe itself becomes a new challenge. 

Using an optical fiber to introduce light is a very simple and effective method, and the optical 
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fiber itself has the potential to be combined with electrodes to further compact structure[193, 

194]. However, the optical fiber itself constrains the potential for further development of the 

neural recording device, and wirelessing of the device is an important development for 

implantable devices[175, 195]. Wireless devices can minimize constraints on the free movement 

of the animal, thus minimizing the impact on animal behavior. This creates better conditions for 

more complex, long-term neural activity studies. Based on the above reasons, µ-LEDs integrated 

into neural recording probes become a viable solution. However, µ-LEDs are by no means the 

perfect answer. If the LED is integrated into the probe and implanted in the tissue, the increased 

size may lead to increased foreign body reaction[186, 196]. LED approaches are also plagued by 

issues such as overheating[197, 198] and Light intensity attenuation by distance.  

The paper reported here describes a qualitatively distinct type of 3D neural interface device with 

unique properties that utilizes folding to complete the 2D to 3D conversion to match the tissue of 

interest. Exploiting advanced planar electronic and optoelectronic technologies in this device, a 

thin-film, three-dimensional (3D) opto-electro array (Fig.1A) with 4 addressable microscale 

light-emitting diodes and 9 penetrating electrodes for simultaneous recordings of light-evoked 

neural activities was completed to achieve high-performance, high-resolution functions for 

various types related to neural interfaces. Inspired by origami concept, a well-designed “trench + 

bridge” structure on a flexible polymer substrate can complete the folding and reduce the damage 

of metal during bending. The opto-electro array can rely on this special hinge structure to raise 

up to achieve the function of 2D to 3D conversion. Compared with the traditional 3D array 

fabrication, this origami folding technique can reduce the probe fabricating difficulty and cost, 

especially in the production of relatively long probes (>1mm). Moreover, fabricating a 2-

dimensional opto-electro array by photolithography enables independently control the shape, and 
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the length of individual microneedles, thereby forming an array of different lengths to meet the 

requirements of optogenetic stimulation and electrophysiology recording.  

4.2 Device Design 

Intuitively, the core of the design of the foldable electrode array lies in the folding part, and 

folding is not a simple problem for electrodes of this size. The core of the design of the folded 

part is two points, the first point is how to fix it after bending, and the second point is how to 

reduce the folding impact on the electrodes. The core of the above two points requires that the 

bending place can concentrate the force to the maximum extent while protecting the electrode, to 

achieve permanent deformation of the material at the bending area.   

 

Figure 20. A. Layered schematic illustration of the device. B. Schematic diagram of the 

folded device being inserted into brain tissue. C. 2D schematic diagram of the device (left) 

and actual image of device (right), rectangular microelectrode (gold, impedance of 300 

kilohms at 1kHz). D. Device fabrication flowchart. 
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Figure 21. Example of hinge-less self-folding with multiple energetically equivalent final 

states(up). Hinge-less self-folding with mechanical locking (bottom). Image adopted from [199]. 

As shown above, smooth folding requires designing the folding mechanism to limit the folded 

area. In our design, pre-positioned trenches are used to help the probe fold precisely at the 

specified position (Fig.22). As shown in Figure 22A, without the trench structure, the force is 

relatively dispersed, which may make the folding unable to be completed smoothly, and may not 

be able to form deformation, which means that the probe will slowly approach back to the 

unfolded position over time. It is not difficult to see from Figures 22B and C that the trench can 

concentrate the force in one area, while the middle bridge in Figure 22C is designed to protect 

the electrodes. 
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Figure 22. A. FEM Simulation of the force distribution on the plain device (without any 

structure). B. FEM Simulation of the force distribution on the device (with trench structure). C. 

FEM Simulation of the force distribution on the device (current device). 

However, referring to the probe designed in Figure 22C, after the folding was successfully 

completed, an abnormal impedance increase was found. A table of its impedance growth and 

folding angle is listed below:  

Table 5 impedance growth and folding angle 

This table shows that the existing design is not perfect, folding will cause a change in impedance. 

The principle is that bending will affect cross-section of metal and may cause cracks, which will 

increase the resistance. If the bending angle is too large, the heating issue is relatively obvious 

when the current is large. Where the cross-section changes, the current density is different, like a 

bent water pipe, the resistance increases and the effective cross-sectional area changes. In 

Unbend (kΩ) Bended (kΩ) 

44.4 69.7 (90°) (57%) 

50 77 (60°) (54%) 

39 39 (45°) (0%) 
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summary, after the wire is bent, the resistance at the bend will increase (especially in the high 

frequency). 

 

Figure 23. Microscopic images of the surface of samples with thin Ag layer subjected to cyclic 

bending stress. A. PTFE substrate before bending process - optical microscopy. B. PTFE 

substrate after 10 bending cycles with single crack - optical microscopy. C. PTFE substrate after 

10 bending cycles with single crack - SEM microscopy. D. PTFE substrate after 100 bending 

cycles with multi cracks - SEM microscopy. Image adopted from [199]. 

Its theoretical model can be established as follows[200]:  

The resistance is easily found as: 

𝑅0 =
𝑉0

𝐼0
 (5) 
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To find the potential distribution in a rectangular shaped resistor (Assuming this is the electrode 

at the bend, ABCD is the 4 endpoints) without any cracks, the Laplace equation must solve: 

∇2∅ = 0 

The metallic contacts AB and CD, the potential can be calculated as: 

∅ = 𝑉0 𝑎𝑡 𝐴𝐵 

∅ = 0 𝑎𝑡 𝐶𝐷 

At the free boundaries BC and DA, the equation is: 

𝜕∅

𝜕𝑛
 = 0 𝑎𝑡 𝐵𝐶 𝑎𝑛𝑑 𝐷𝐴 

Then the Eq. (6) with the boundary conditions (7), (8), and (9) can be solved analytically: 

𝐽 = ∬ [∇∅]2 𝑑𝑆
𝑠

 

S denoted the surface of the resistive layer. 

Solve the equation by gauss theorem we have: 

𝐽 = ∬ [∇∅]2 𝑑𝑆
𝑆

 =  ∮ ∅
𝜕∅

𝜕𝑛𝜕𝑆

𝑑𝑙 =  𝑉0 ∫
𝜕∅

𝜕𝑛

𝐷

𝐶

𝑑𝑙 =  
𝑉0𝐼0

𝜎𝑡𝑆
 =  

𝑉0
2

𝜎𝑡𝑆𝑅0
∝  

1

𝑅0
 

where ∂S denotes the boundary ABCD of S, σ is the electric conductivity of the layer and tS its 

thickness. V0, σ and tS being known, the value of J provides us the value of the resistance R0. 

When multiple cracks occurred on the metal surface. Set n as the cracks number, a as the crack 

length, L as the total length of the metal surface, W as the total width of the metal surface:  

𝐽2,𝑜𝑝𝑡 − 𝐽2,𝑜𝑝𝑡(𝑎 = 0) =  𝑛
𝑉0

2

𝐻2
[
4 − 𝜋

4
+ (

4 − 𝜋

4
)2]

𝑎2

4
∝ − 𝑅𝐶 + 𝑅0 

The conclusion is the change of the resistance is proportional to the number of cracks n. 

Moreover, a new crack (n) is not equal to a crack which is doubling its length but gives a change 

to a quadratic behavior(≈n2).  

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 
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Based on this theory, various designs have been adopted to reduce the stress on the metal or 

increase the metal area to compensate for the increased number of cracks (Figure 24). 

 

Figure 24. A. FEM Simulation of the force distribution on the device (free floating hinge bridge 

Ver). B. FEM Simulation of the force distribution on the device (double free floating hinge 

bridges Ver). 

4.3 Device Fabrication and Method 

4.3.1 Fabrication of the Origami Opto-electro Array 

Fig.20D depicts the core fabrication process flow of the opto-electro array. Specifically, a 5um 

thick layer of copper was deposited as a sacrificial layer by electroplating. Adhesion promoter 

(VM652) was spun on the wafer in advance to improve the adhesion of polyimide. PI was spun 

on the adhesion promoter, and spinning speed was 4000 rpm to control the thickness of PI at 

6um. Then the whole wafer will be moved on hotplate for soft-bake process to thicken PI. 

Subsequently, the temperature will be increased to 350 ℃ (~30min) to cure the PI. The cured PI 

will completely dissociate the carrier solvent, fully imidine the film and complete polymer 

orientation, thereby optimizing electrical and mechanical properties. After PI was cured, 200nm 

copper layer was thermal evaporated on PI layer as the hard mask, photoresist (PR, S1813, 
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Shipley, Marlborough, MA) was spun onto the copper to form the probe shape through 

photolithography and wet etching. Followed by a reactive ion etching at power of 200w and gas 

pressure of 0.15 Torr for 20min, the basic probe shape was defined. Gold was selected as the 

electrode material, and the designed circuit was patterned by photolithography. Another PI layer 

was spinning coated in the same way to encapsulate the probe and define the detection windows 

and mounting pads. After the device was released from the wafer, 4 µ-LEDs were mounted on 

the designed mounting pads.  

4.3.2 Integration of the µ-LED and Array Folding 

Applying small amount of tack flux (CHIPQUIK® Tack Flux SMD291ST2CC6, Life solution 

Inc, Ancaster, ON) and low-temp solder paste (CHIPQUIK® LOWTEMP LEAD-FREE 

SN42/BI58 Solder Paste SMDLTLFP, Life solution Inc, Ancaster, ON) on the corresponding 

electrode pads. After the solder is melted with a heat gun, The µ-LED (Cree® TR2227™ LEDs, 

Cree, Inc. Durham, NC) were then lightly placed in place and fine-tuned using a needle. Optical 

measurements of the light output were performed with a digital power meter ((PM100D, power 

meter and S120VC, photodiode sensor,  

Thorlabs, NJ, USA). Array was folded along the trench structure by a needle station. The trench 

design played a role in inducing folding and limiting the folding area. After the folding was 

completed, dip coating and curing yielded a semicircle dielectric layer of epoxy over the µ-LED 

for encapsulation fix the bottom of the folding array at the same time.  

4.3.3 Animal Preparation and Experiment Setup 

To verify the surgical and functional applicability of the origami opto-electro array. In vivo 

animal experiments were conducted. All procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC, 202200102 G2) at Michigan State University. Adult rodent 
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subjects (Long Evans, Male, 500 - 700g) received virus injection (AAV-hSyn-hChR2 (H134R)-

m Cherry; UNC Vector Core) in the primary visual cortex (V1) to express neurons with light 

sensitive channelrhodopsin-2 (ChR2) prior to  

device implantation. The injection surgery was performed under a inhalation anesthesia 

(isoflurane and oxygen mixture, 1% to 4% vaporizer) while the subject was on a stereotaxic 

apparatus (World Precision Instruments, Sarasota, FL, USA). 3-4 cm incision was created in the 

skin and 3 equidistant holes were drilled on each cortex by electrical micro-drill (The Ideal 

Micro-Drill™, Roboz surgical Instrument Co., Inc., Gaithersburg, MD, USA). The AAV virus 

(1012 to 1013 genome/mL, 1µL per drilled location) was injected into the brain through the holes. 

After injection was completed, the cortex was covered with gelfoam and then the skin sutured 

close. The injected rats were housed separately and given pain medications to reduce discomfort 

and antibiotics to prevent infections. After three weeks of post injection surgery, the subjects 

performed the experiment on the stereotaxic apparatus with the same anesthesia procedure 

mentioned above. The origami opto-electro array was surgically implanted into V1. A grounding 

wire was inserted under the skin to reduce artifacts. The array was connected via specially 

designed PCB to the Omnetics connector (Omnetics Connector Co., Minneapolis, MN, USA), 

then connect to the data acquisition board. The excitation of the LED was controlled by a 

function generator and synchronized to the data acquisition board.  

Immunohistology processing followed a standard c-fos protocol, the anaesthetized experimental 

subject’s brain was stimulated for 45 minutes. A 90 mins survival period was provided post 

stimulation. Later, the subject was perfused with chilled saline and 4% paraformaldehyde, post-

fix brain overnight at 4℃ in the same solution. Brain sections were cut to 40 µm thick and 

chilled in 0.1M phosphate buffer and place in culture dishes for immunohistology analysis. 
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Sections were washed three times for 10 minutes in PBS. Then sections were soaked in PBS 

mixing 1% NGS and 0.3% Triton X-100 for 2hrs at room temperature (23℃). One ml of rabbit 

mAb antibodies were placed in 1.5ml Eppendorf tubes. Tubes were clipped onto a rotating mixer 

and stored at 40 ℃ for 24 hours incubation. Sections were poured into culture dishes in the dark 

with 20 antibodies (ThermoFisher A27034 goat anti-rabbit IgG superclonal Alexa Fluor 488 

conjugate) for 2hrs at room temperature. Finally, sections were washed in 0.1M PBS, mounted 

and cover slipped with anti-fade media and stored in a cool dark place.  

4.3.4 Insertion of the Origami Opto-electro Array 

Insertion experiments were used to verify the ability of the array to be directly inserted into brain 

tissue and to simulate the stress of entering brain tissue under different strengthening methods. 

The testing groups were divided into 3 groups, tungsten guided group, Poly (ethylene glycol) 

(PEG) enhanced group, and control group (no strengthen). For in vitro experiments, 0.6% 

agarose was selected to simulate the mechanical strength of the brain tissue[201]. The insertion 

test platform was built by Thor Lab components (Thorlabs Inc. Newton, NJ, USA). A motorized 

stage (MT1-Z8 12 mm One-Axis Motorized Translation Stage, Thorlabs Inc. Newton, NJ, USA) 

was used as the advancement platform to advance the array insert into 0.6% agar at 100 µm/s. A 

high-precision load cell (M3-012, Mark-10 Co., Copiague, NY, USA) with resolution of 500 nN 

was rigidly connected to the 0.6% agar to measure the force.   

4.3.5 Acquisition of Electrophysiological Data 

A commercial system (Intan RHD USB Interface Board, Intan technologies, Los Angeles, 

California) and its companion software (RHD2000interface, Intan technologies, Los Angeles, 

California) served as the basis for acquisition and monitoring of electrophysiological data. The 
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system recorded from all electrodes simultaneously with a sampling rate of 20 kHz and real-time 

display capabilities.  

4.4 Results 

4.4.1 Light Penetration and Thermal Protection Test 

After all the fabrication and installation steps of the array were completed. The opto-electro array 

underwent benchtop testing to characterize the performance both in vitro and in vivo. As shown 

in Figure 25A, the opto-electro array demonstrated its basic ability to control each LED 

individually. Fig 25A shows that the mounting circuity design, the PCB connected to the 

backstage, the backstage control and power supply system had basically achieved the design 

purpose. In addition, the array can adjust the light intensity by switching LEDs on and off. It also 

has the potential to achieve more refined experimental designs with different reginal 

illumination. Figure 25B and C answered the follow-up questions about the distribution of LED 

light intensity and the collateral damage from the heat generated by the LED. As shown in the 

chart of Fig. 25B, the light distribution of LED was different in brain tissue and in phantom (1% 

agarose).  In a homogeneous phantom, the attenuation of incident light was approximately linear 

attenuation. The attenuation of light was positively related to distance. In brain tissue, from the 

chart of Fig 25B, the light intensity didn’t simply propagate vertically downward, instead, it 

followed the internal structure within the brain tissue. It can be observed from the color map of 

Fig 25B, the light intensity exhibited a trend along with the frontal lobe distribution, and the 

internal bold vessels/tubular tissues. Especially, those tubular tissues’ light intensity was stronger 

than the surrounding areas. This implies that light travels along these tubular structures. This 

result suggested that the intricate structure of brain tissue leads to highly non-uniform light 

transmission. A simple phantom test can’t explain the transmission of LED light within the brain.   
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Further analysis of the chart reveals that the transmission of the light was relatively stable within 

a certain distance (0.2mm to 1.2mm, 3.3mm to 5mm). This may indicate the presence of 

relatively homogeneous regions within brain tissue, where light transmission approached ideal 

conditions. At greater distance, the light distribution curve within brain tissue followed a trend 

similar to the idealized curve. However, the light had attenuated to 20% to 40%. This result 

indicated the challenges of LED light stimulation in deeper regions of the brain tissue. At close 

distances, there was a drastic variation in light transmission within brain tissue. This result 

suggested that when light crosses different regions within the brain, it undergoes significant 

attenuation. This may be due to variations in the refractive index of different brain regions, 

leading to internal reflections and, consequently, light attenuation.  
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Regarding the thermal protection of the array, the primary consideration was to use 

encapsulation layer to isolate heat from the tissue, ensuring that the heat generated during LED 

operation didn’t lead to excessive local temperatures. On the other hand, the wires of the array 

can also serve as a thermal conduction, thereby dissipating heat to areas far from the brain tissue. 

During the testing, the array submerged in phosphate-buffered saline (PBS) that maintained at 

37 ℃. As seen in Fig 25C, the temperature increase remained within a range of 2 ℃ over 30 

 

Figure 25. The opto-electro array demonstrated capability of individually switch each LED 

in the LED array. B. Actual image of µ-LED light penetration test in mouse brain (input 

power = 15mW) and computational results comparison for the optical intensity distribution 

between the fresh tissue and the 1% agarose. C. Temperature measured in PBS using the 

FLIR® Infrared Thermal Imaging Camera at distance = 10cm, infrared image changes over 

(1) at 0 min, (2) at 10 min, (3) at 20 min and (4) at 30 min (input power = 10mw) and the 

corresponding chart of measured temperature changes over time in PBS solution. 
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mins. This implies that the heat generated by the LEDs would not cause significant harm to the 

tissue over a short period.  

From the infrared images of figure 25C, it can be observed that the designed thermal conduction 

is effective, with the wide cable design conducting of some heat away from the PBS’s surface. 

From the results in Fig 25C, it was evident that while it may not completely prevent the warming 

trend in the LED area, it can mitigate the temperature rise to some extent. It was worth noting 

that during testing, the LEDs operated in continuous mode, whereas in in vivo experiments, the 

LEDs were pulsed for stimulation. Figure 25C demonstrated closer to the worst-case scenario.  
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4.4.2 Insertion and Bending Test 

For the convenience of testing and structural improvements, a single probe was used for bending 

and insertion tests. The single probe was fabricated and constructed exactly the same as the 

probes of the array to ensure experimental accuracy. In the initial design, the probes were 

expected to achieve a balance, with their mechanical strength slightly higher than the tissue’s 

strength to facilitate smooth insertion into the tissue while remaining as flexible as possible to 

 

Figure 26. A. The actual image of single probe inserted into 0.6% agarose without any 

strength enhancement. B. The actual image of single probe inserted into 0.6% agarose 

with PEG enhanced. C The actual image of single probe inserted into 0.6% agarose with 

tungsten guide. D. The average force measurement under different insertion strategies 

(n=3). E. The computed tomography (CT) image of single probe insertion into brain 

without any strength enhancement.  
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minimize damage to the surrounding tissue. Avoiding the use of strength enhancement strategies 

can further reduce system and surgical complexity. Following this principle, the thickness of the 

probes was carefully designed to be approximately 15 µm. as shown in Figure 26A, without any 

strength enhancement, the probes could smoothly penetrate to a depth of 0.6mm in 0.6% agarose 

at a speed of 0.1mm/s. However, due to frictional forces and the aspect ratio of the probe, the 

insertion position was curved.  

As a comparison, shown in Figure 26B and 26C, the probe enhanced with Poly (ethylene glycol) 

(PEG) and tungsten guide remained relatively straight. This result indicated that the presence of 

strength enhancement assisted smoother insertion. As shown in Figure 26D, the force results 

from the rigidity strengthening strategy were close to the force results of the rigid material itself. 

While employing flexible structural enhancements, such as improving the insertion results by 

changing the aspect ratio, the force results were closer to those of the probe itself. The more 

interesting result was that even though the cross-sectional area increased, the force results from 

tungsten guide group was less than the force from the probe-only group. This may suggest that 

during the insertion process, friction and the deformation of the flexible probe could be 

significant sources of stress.  

While agarose mimicked the mechanical properties of brain tissue, it can’t replicate the complex 

internal structures of brain tissue or the bending issues that may arise due to differences in 

density. As shown in Figure 26E, the probe was inserted into the mouse brain to validate the 

strength. The probe was successfully inserted into brain tissue without any strength 

enhancement, resulting in a relatively straight insertion position. This result validated the 

feasibility of the probe strength and demonstrated that at a depth of 1mm within brain tissue the 

density variations and tissue strength are insufficient to alter the position of the probe.  
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Folding is one of the fundamental challenges for all origami inspired arrays. We employed two 

structural designs to optimize the folding of the array. The electrochemical impedance of the 

array was measured, as shown in figure 27A, the impedance of the array remained generally 

stated within the range of 300 kΩ. The folding of the probes was performed by needle stations, 

carefully folding them along the trench structures. The primary purpose of the trench design was 

to ensure that the folding occurred within the designated area rather than in an uncontrolled, 

relatively large area. However, subsequent impedance measurements indicated an increase in 

impedance for array. This rise in impedance could affect the sensitivity of the probes, resulting in 

a decrease in their detection capabilities. From the previous study[200], One major reason for 

this increase in impedance is the presence of cracks in the metal, especially thin film deposited 

metals, during the folding process. The increase in impedance is directly proportional to the 

number of cracks and the length of individual cracks[200]. Based on the above findings, the 

opto-electro array has been deliberately optimized for bending site structure. The key to this 

optimization lies in reducing the degree of bending to prevent the formation of metal cracks or 

decreasing the ratio of crack length to the width of the metal traces.  To minimize the degree of 

bending in the metal portion, a bridging structure is employed at the bending locations of the 

array. This isolates the metal traces from the rest of the structure. When bending occurs, the 

bridging structure is not influenced by the main structure, thereby mitigating the stress caused by 

bending to some extent. On the other hand, to address metal damage, a relatively passive 

approach is used, which involves increasing the metal area at the bending locations to 

compensate for metal damage. This reduces the ratio of a single crack length to the width of the 

metal, thereby lowering the impedance increase due to bending. The combination of these two 
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approaches, along with the optimization of the trench structure, constitutes the “Bridge + 

Trench” structure employed in the array at the bending location.  

As shown in Fig. 27B, finite element analysis was conducted on two structures: the original 

design (right) and the bridge structure (left). The stress region of the bridge structure 

significantly increased compared to the original design. In the original structure, stress 

concentrated mainly at the bending point, while in the bridge structure, stress was dispersed, and 

the stress in the metal trace area was greatly reduced. This demonstrates the effectiveness of the 

bridge structure in alleviating stress concentration issues. Lower stress levels are advantageous 

for maintaining the integrity of the metal during the bending. Fig 27B. impedance change chart 

further proves the effectiveness of the bridge + trench structure. Compared to the original design, 

which experienced an increase in impedance after bending, both bridge designs ensured stable 

impedance during bending. In other words, they protected the thin metal trace from damage 

during the bending. These results confirm that the bridge + trench structure can effectively 

protect the metal wires from damage during the folding.  
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4.4.3 in vivo Validation of the Optical Stimulation and Neurorecording Capabilities 

To validate the efficacy of the optical stimulation and LED functionality, immunohistology 

analysis using c-Fos biomarker was performed on the stimulated and control cortex (V1). The 

results illustrated in Fig 28 (1,3,5) indicated a higher population of neurons (bright green in the 

 

Figure 27. A. The average electrochemical impedance of the electrodes measured over a 

broad frequency range from 1-100 kHz (n=35) (left), the images of the array before (top 

middle) and after bending (bottom middle), and the impedance changes before and after 

bending (n=3) (right). B. Finite element analysis of stress distribution between the bridge 

design (left) and the original design (right), 1-Wide bridge, 2-narrow bridge, and 3-original 

designs, and their impedance changes after bending. 
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image) expressing c-Fos biomarker in comparison with the control cortex in Fig 28 (2,4,6). This 

up regulation in the stimulated cortex is a metric of optical stimulation (LED array) efficacy 

provided by our stimulator in vivo. It worth to be noting that the control cortex also shows some 

c-Fos expression, which could be due to the mechanical pressure on the cortex during the 

surgical procedures. This immunohistology expression results proved that after completing the 

benchtop light intensity test and controlling the heat problem, the actual in vivo results aligned 

with the experimental expectations mentioned above. On one hand, it demonstrated that LED 

array placed on the brain surface were sufficient to stimulate the visual cortex area. On the other 

hand, it also proved that the heat generated would not cause significant damage to the tissue, 

leading to cell inactivation.  

The schematic diagram shown in Fig. 28A is an overview of the entire system, including 

backend recording and LED control. On the right side are the actual images of the LED array 

stimulation. The entire system was centered around a designed PCB. After implantation in the 

rat’s brain, the opto-electro array was connected to the data acquisition board via the PCB. The 

function generator was connected to the LED array through the same PCB to control the LEDs 

operation. It emitted synchronized signals to the data acquisition board to synchronize various 

input data. Crosstalk between two systems was minimized through encapsulation and relatively 

large spacing (separate arrangement of signal line and LED control line).  
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Fig 28B demonstrated the signal acquisition capability of the array and their optogenetic 

stimulation capability. Combined with Figure 28C, 28D, and 28B, it was evident that in the idle 

state, background noise is around 10 µV, and most spontaneous action potentials could reach -60 

µV. under LED stimulation, cells depolarized, and the extracellular action potential dropped to 

around -100 µV. Compared to the idle state (Fig. 28D), the action potentials during the 

stimulated state were larger, and the firing rate was greater. Overall, in the idle state, the opto-

electro array could capture action potential, proving its capability to record neural signals. Under 

LED stimulated state, the opto-electro array captured significantly intensified changes in action 

potentials, proving its ability to capture neural activity under LED stimulation. On the other 

 

Figure 28. Immunohistology analysis showing c-Fos (1, 2) and mCherry (3, 4) expressions in 

the stimulated and control visual cortex. (5, 6) The combined images. Scale bar = 25µm. A. 

In vivo experiment setup. B. Neural activity during two cycles of LED stimulation (200 ms 

ON and 800 ms OFF), with each black bar representing a neural spike captured. Optical 

input power at 20 mW/mm2. C. Sorted neural spikes recording in 1min during and after the 

LED stimulation. D. Sorted neural spikes in 1min before the LED stimulation. 
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hand, it also validated the effectiveness of the optogenetic stimulation function of the foldable 

opto-electro neural recording array.  

4.5 Discussion 

In this study, we have successfully designed and tested a foldable opto-electro neural recording 

array that exhibited good performance and functionality. As the results illustrated this array 

exhibited an inherent capability to manage individual LEDs efficiently, evident from the 

achieved design purposes shown in Figure 25A. This feature provided the potential for precise 

experimental designs involving reginal illumination. An intriguing discovery, illustrated in Fig. 

25B, was the distinctive light distribution between a homogeneous phantom and brain tissue. 

While light attenuated linearly in the phantom, its behavior in brain tissue was profoundly 

influenced by the intricate internal structure. Such divergence suggested that simple phantom 

tests were not robust enough to model light transmission intricacies within brain tissue. 

Moreover, the presence of relatively homogeneous regions within the brain tissue, inferred from 

stable light transmissions within specific distances, underscores the challenge of LED light 

penetration in deeper brain regions. At close distances, significant variation in light transmission 

was observed within brain tissue, indicating substantial attenuation when light crossed different 

regions within the brain. This could be attributed to variations in the refractive index of different 

brain regions, leading to internal reflections and subsequent light attenuation. These results 

emphasized the complexity of light transmission within brain tissue, underscoring the need for 

comprehensive understanding and careful consideration when designing optogenetic stimulation 

experiments. 

Concerning the thermal protection of the array, utilizing an encapsulation layer proved to be a 

prudent approach, effectively isolating the LED-induced heat from sensitive brain tissue. 
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Concurrently, the array’s wires act as a secondary line of dense, dissipating the heat and 

safeguarding the adjacent region. Experiments demonstrated that the heat generated by the LEDs 

caused only a minor temperature increase within brain tissue over a short period, ensuring the 

safety of the tissue during stimulation.  

For insertion tests, achieving a fine balance between probe strength and flexibility was 

imperative. Fig 26 revealed that while probes could penetrate without enhancements, employing 

a PEG or tungsten guide leads to more precise insertions. Interestingly, increasing the cross-

sectional area did not correspondingly increase the insertion force, suggesting friction and probe 

deformation were potential stress inducers.  

Incorporating insights from origami-inspired designs, addressing the folding challenge was 

tackled through two main strategies: ensuring controlled folding through trench structures and 

mitigating potential metal damage. The innovative “bridge + Trench” structure, as elucidated in 

figure 27, not only reduced stress concentrations but also provided a more consistent impedance 

during bending, thereby effectively preserving the integrity of the thin film metal components 

during folding.  

For in vivo validation, results from Fig. 28 offered compelling evidence for the efficacy of the 

optical stimulation. A pronounced upregulation of c-Fos biomarker in the stimulated cortex 

compared to the control affirmed the array’s functional capacity. Also, it’s worth noting that 

while surgical procedures might induce some mechanical stress, the array’s underlying design 

ensures minimal tissue damage from heat. Furthermore, signal acquisition results, combined with 

Figure 28B, 28C, and 28D, emphasized the array’s adeptness in capturing neural activity both 

under indel and LED-stimulated conditions.  
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In future work, further experimentation on probe insertion will still be a focus point. The reason 

this article has always revolved around direct insertion into tissue without the aid of any kind is 

twofold. Firstly, doing away with guides will significantly reduce potential tissue damage. 

Secondly, if the strength of the probe itself is sufficient, it will be convenient for the subsequent 

simultaneous insertion of the entre array. The implantation of the entire array into brain tissue 

will also be one of the focal points in the future. Inserting multiple probes at once and controlling 

their depth is a challenge for flexible arrays. The opto-electro array can be folded and can 

smoothly accommodate the simultaneous implantation of 1-3 probes without relying on any 

reinforcements. In theory, simultaneously inserting 9 probes is feasible, but it’s still quite 

challenging in practice. This is limited by the insertion methods and the structure of the brain 

surface. The force applied on the array may not be uniform. In the future, we will conduct further 

research on these issues. Regarding the structural aspect, the arc-shaped tower design at the base 

of the probe (where the probe connects to the LED array), was originally intended to prevent 

issues such as tearing caused by excessive width changes. In subsequent experiments, we 

speculated that the tower structure also aids in insertion, providing some support to the probe. 

The mechanical study and finite element analysis of this part will be launched in the future.  

In summary, our foldable opto-electro neural recording array showcases promising capabilities in 

optical stimulation and neurorecording. However, the intricate nature of brain tissue poses 

challenges in achieving uniform light distribution, emphasizing the need for sophisticated 

experimental designs and accurate modeling. Additionally, further studies could explore 

advanced materials and structures to enhance the array’s performance, promoting its application 

in neuroscience research and advancing our understanding of neural activities.  
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Chapter 5 Liquid Crystal Shutter 

5.1 Introduction 

Liquid crystal and the technology related to liquid crystal are never far from us. The working 

principle is to use electric field to change the orientation of liquid crystal molecules to change the 

internal reflectivity and thus adjust the Light throughput[202]. And in optogenetics, liquid 

crystals also play a crucial role. As shown in the figure 29, optogenetics relies on the intervention 

Figure 29. Three different methods of introducing light into tissues are shown: (1) an 

implantable microarray neural probe (Michigan-style) with an array of active light sources 

or optical waveguides (2) an array of individual optoelectric shanks (Utah-array-style) and 

(3) a fiber-based design. Active neurophotonic probes consist of an array of light sources 

(LEDs). Adopted from [1]. 
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of light, and the methods of introducing light into tissues can be roughly divided into 3 types, 

among which LED's and LC's are widely used in Michigan probes[1].  

In biomedicine, light has a certain degree of help in nerve repair, thus bringing a new approach 

to the repair of traumatic brain injury[203]. Therefore, we can boldly propose the hypothesis that 

the use of liquid crystal to form a light gradient can further enhance the efficiency of neural 

repair. However, direct fabrication of multi-channel liquid crystal light valves that can be used in 

high humidity environments for long periods of time is too demanding for the current stage of 

equipment and reaching this goal also requires long-term improvements and experiments on 

liquid crystal recipes. Therefore, it is more realistic to spread this goal into multiple subgoals, 

one of which is to quantify the existing liquid crystal performance and initially realize the light 

tunable function of liquid crystal. More specifically, fabricating a tunable, low-cost, multi-

channel, broadband liquid crystal shutter for fluorescence imaging.  

In terms of devices, liquid crystals (LC) have greatly contributed to the development of many 

optical devices in many applications, such as liquid crystal displays[204, 205], adjustable Fresnel 

lenses[206], and fluorescence microscopes[207]. Precise control of the alignment of liquid 

crystals is one of the keys to advanced liquid crystal devices[208, 209]. With the development of 

bioscience, many new fields are beginning to open their doors to liquid crystals. As a unique 

optical device, liquid crystals undoubtedly have the potential to advance these new fields. At this 

stage, liquid crystal shutters are commercially available and developing very rapidly in the field, 

usually using polymer−dispersed LC, LC gel, cholesteric LC (ChLC), and dye−doped LC[210-

213]. These liquid crystal shutters work on a very similar principle, that is switching between 

two states, transparent and opaque[214]. Nematic liquid crystal (NLC) stands out by its unique 

elongated rod−shaped molecules which align parallel to a specific direction in space, resulting in 
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its large inherent birefringence and dipolar reaction[215]. Therefore, NLC can produce an 

electro-optic response order of a magnitude higher than conventional other dielectric materials 

by external electric field[215]. However, LC devices are not without drawbacks, and one of the 

major problems is that, due to the nature of optical devices, they rely on expensive 

microfabrication equipment in order to ensure a certain level of quality. The use of these 

micromachining equipment relies on specialists, a dust-free/low-dust environment, and many 

specialized skills and equipment. All the above constrains the development and testing of LC 

devices. Thus, a simple LC fabrication method that does not rely on expensive microfabrication 

equipment is certainly in high demand. Likewise, the performance of liquid crystal shutters for 

bio/fluorescence imaging, especially in the near-infrared band, also needs further investigation. 

Under these circumstances, we designed and fabricated a low-cost, millimeter-scale, adjustable, 

multi-channel NLC shutter. Its classic sandwich structure allows the NLC to be inside two 

indium tin oxide (ITO)-coated polyethylene terephthalate (PET) thin films. The control circuit is 

constructed by precise cutting of the ITO layers. This approach shows the potential of a multi-

channel, individually addressable control. The characterization of the NLC shutter and its 

application potential was also investigated. Specifically, five parameters were measured, namely 

the transparency at different voltages, the light intensity distribution, the average passing light 

intensity, and the optical resolution and response time. 

5.2 Materials and Methods 

5.2.1 Sandwich-Structured NLC Shutter 

A simple and low-cost method was developed to fabricate disposable NLC shutters (Figure 30). 

This method does not rely on microfabrication or clean room equipment to achieve minimum 

pattern accuracy of 400 to 500 microns. As shown in Figure 30A, a commercially available ITO-
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coat PET film (Sigma−Aldrich, St. Louis, MO, USA) was used as a substrate. This ITO-PET 

substrate was chosen because of its low cost and ease of processing and relative durability. To 

create multi-channel ITO contacts, the ITO electrode grid was patterned on a PET substrate 

using a computer-aided cutter (Silhouette Cameo 1 Cutting Tool, Silhouette America®, Inc., 

Lindon, UT, USA). As shown in Figure 30A, the cutting damage was very localized and limited 

to 20 µm around the cut region. To further verify the integrity of the ITO films, the thin-layer 

resistance of the ITO films around the cut region was measured before and after cutting, and the 

average thin-layer resistance was 310.25 Ω/cm2 and 321.75 Ω/cm2, respectively, without 

significant changes. A 100 nm thick SiO2 layer was sputtered (Model PRO Line PVD 75 Thin 

Film Deposition System Platform, Kurt J. Lesker, Jefferson Hills, PA, USA) as an insulating 

layer on the patterned electrode to reduce ITO damage under high voltage and high humidity 

conditions. A 114 µm thick double-sided tape (3M™ 9474LE) was used to construct the fluid 

chamber. NLC (N-(4-methoxybenzylidene)-4-butylaniline) was purchased from MilliporeSigma 

(MilliporeSigma, Burlington, MA, USA) and was ready to use without further mixing. The 

operating temperature of NLC is typically between 21 °C and 47 °C[216], and the birefringence 

(Δn) and viscosity coefficient at room temperature are 0.15[217] and 0.21 Pa·s[218], 

respectively. The NLC was overloaded on the bottom plate and the excess NLC was squeezed 

out by squeezing the top plate to avoid air bubbles. After loading the NLC into the chamber, 

another patterned ITO electrode array was aligned and glued to the bottom electrode array to seal 

the NLC within the chamber. The chamber is then sealed with polydimethylsiloxane (PDMS, 

SYLGARD™ 186) to isolate the NLC from oxygen and moisture to prevent material 

degradation. 
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Figure 30. A. Schematic of the device fabrication process and 10X and 40X optical microscopic 

image of the cutting site. B. Schematic diagram showing the layer structure of the NLC shutter. 

C. A working NLC shutter under different voltages (10 V to 100 V from left to right, with 10 V 

increment per channel), demonstrating its tuning capability. D. A working NLC shutter showing 

multiple channel controllability (4 mm2 per channel). Image adopted from [2]. 

5.2.2 Experiment Setup 

The assembled NLC shutter was characterized using a wide-field microscope (WFM). As shown 

in Figure 31A, a laser light source was placed above the test object and spread the light 

uniformly over the NLC surface. All incident light was first projected through the NLC device 

onto the target object, which was then imaged by the camera. For bright-field testing, a 1951 

U.S. Air Force (USAF) resolution test chart target was used as the target object. Incident light 

was projected by a fiber-lite illuminator (Dolan-Jenner Fiber-Lite High-Intensity Illuminator 180 
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Series, US), and the entire microscope was surrounded by opaque material to ensure that most of 

the light went directly into the NLC unit at 90° above. For fluorescence testing, fluorescent beads 

were used as target objects. Incident light was provided by laser sources with different 

wavelengths. The entire microscope was surrounded by an opaque material to ensure complete 

darkness during the experiment as well. Due to the self-luminous nature of the fluorescent beads, 

light emanates from below the NLC unit, passed through the NLC, and then reached the 

microscope camera on top. 

To record the switching process of the NLC, a control circuit was designed to synchronize the 

switching timing of the NLC shutter and the camera. As shown in Figure 31C, the input power of 

the NLC shutter (HP® E3612A) was switched by an optocoupler (PC817X series 4-pin universal 

opto-coupler), which was also connected to the camera by a function generator (Siglent 

SDG2042X function/arbitrary waveform). The function generator outputted a 5 V square 

waveform for 5 seconds of every 100 seconds. The camera started recording when it received an 

external signal. At the same time, the optocoupler turned on the NLC input power, the voltage 

was applied to the NLC shutter, and the shutter began to operate. 

Two types of tests were performed: (1) bright-field tests focused on characterizing the 

performance of the NLC under white light irradiation at different voltages and measuring its 

response time, light intensity variation, and resolution; and (2) fluorescence tests focused on 

measuring the response time, light intensity variation, and resolution at specific wavelengths at 

different voltages. 
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Figure 31. A. Schematic of the WFM setup. B. An image of the actual experimental setup. C. 

Schematic diagram of the control circuit. Image adopted from [2]. 

5.2.3 Fluorescence Phantom and Tissue Preparation 

To characterize the broadband properties of NLC, three phantoms were prepared with agar to 

simulate the optical properties normally observed in biological tissues. Low melting point 

agarose (1%, Sigma) was prepared using carboxylate-modified microsphere beads with a 

diameter of 200 nm. Three different beads were used in the fluorescence tests: 505/515 nm 

yellow-green fluorescence beads (Invitrogen F8787, Thermo Fisher Scientific, Waltham, MA, 

USA), 540/560 nm orange fluorescence beads (Invitrogen F8809, Thermo Fisher Scientific, 

Waltham, MA, USA), 660/680 nm dark red fluorescence beads (Invitrogen F8789, Thermo 

Fisher Scientific, Waltham, MA, USA). All three bead concentrations were 5 μL/mL, containing 

4.5 × 1012 microbeads/mL. 1% agarose mixed with deionized water was heated to 100 °C. After 

cooling to ~ 60 °C, the beads were added to the agarose gel to create a fluorescent phantom. The 

phantom was then mixed by a vortex mixer (Vortex-Genie 2, Scientific Industries, Bohemia, 

NY, USA) for one minute to ensure that the beads were evenly distributed in the agarose. The 

phantoms were poured onto slides for further use. The camera was set to sequential recording 

mode. The camera took one picture every 100 ms over a period of 600 s, for a total of 
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approximately 6000 pictures. The NLC shutter was operated six times during this period, and the 

NLC response time was calculated from this series of images. 

For ex vivo tissue imaging, all animal experiments were performed in accordance with 

guidelines approved by the Michigan State University Institutional Animal Care and Use 

Committee (IACUC, protocol #AUF 06/18-082-00). Tumor tissue was obtained from a 4-month-

old female mouse (MMTV/PyMT) and locally stained with 100 µg/mL Indocyanine Green 

(ICG) NIR fluorescent dye for 10 minutes, followed by rinsing the tissue 5 times with phosphate 

buffer Saline (0.01 M PBS, 7.4 pH) for 5 minutes each. The sample tissue was then placed on a 

clean slide and mounted on a focal plane for imaging. 

5.2.4 Data Analysis 

The images captured by the camera were processed by MATLAB (MATLAB 2021b, 

MathWorks, Natick, MA, USA) for intensity normalization, light intensity distribution, response 

time, and Gaussian fitting. As shown in Figure 32, the response time (or fall time) was defined as 

the time it takes for the normalized light intensity to change from a specified high value to a 

specified low value. In this study, these values were 90% and 10% of the step height (change 

from high state level to low state level), respectively. The resolution of the bright-field test was 

calculated using the knife-edge method. The original knife-edge image was obtained by 

processing the USAF target image covered by NLC. The edge spread function (ESF) was 

obtained from the original slash image. The line spread function (LSF) was obtained by deriving 

the ESF (where the absolute value was normalized to have a unit maximum). A Gaussian 

function was used for noise reduction to fit the original LSF. Finally, the full width at half-peak 

(FWHM) was estimated from the LSF. The resolution calculation for the fluorescence test was 

calculated using the point spread function (PSF). The PSF was obtained from the original 
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fluorescence image. A Gaussian function was used to fit the PSF curve for noise reduction. The 

FWHM was estimated from the Gaussian curve. 

 

Figure 32. Schematic diagram for calculation of response time. Imaging adopted from [2]. 

5.3 Results 

5.3.1 Characterization of NLC 

The images captured by the camera were processed by MATLAB for intensity normalization. 

Figure 33A showed the transmittance of the NLC shutter at different voltages and wavelengths, 

as measured by the spectrometer (Ocean Optics Flame-Microfiber Spectrometer). Figure 33A 

showed that the longer the wavelength, the larger the on/off ratio of the NLC, in other words, the 

better the performance of the shutter. For example, at 500 nm, the difference in transmittance of 

NLC was about 30%, when it was between 0 V and 75 V. At 1400 nm, the difference in 

transmittance of NLC widened by 50% between 0 V and 75 V. These results indicated that NLC 

can operate in the broadband range from 500 nm to 1600 nm and the application potential of 

NLC at NIR band was very promising. In different test voltages, the NLC barely changed at 5 V. 
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In the range of 10 V to 75 V, the transmittance changed significantly with each increase in 

voltage. When the applied voltage on NLC was above 75 V, transparency change due to voltage 

variations were less significant and the transmittance stabilizes at 2~3%. Figure 33B showed the 

effect of different voltages on the response time. The effect of the activation voltage on the NLC 

was multifaceted. Fluorescence images were taken at 560 nm wavelength and the response time 

was about 500 ms at 75 V. At 45 V, the response time was extended to 1 sec. When the NLC was 

activated, the average light intensity decays more with increasing voltage, so the NLC responded 

more quickly. 

 

Figure 33. A. The transmittance of the NLC at different wavelengths from 0 to 90 V. B. Response 

time at different activation voltage (estimated at 560 nm wavelength). Imaging adopted from [2]. 
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5.3.2 Bright Field Test 

To measure the NLC shutter response time in the bright field, the 1951 USAF resolution test 

map was used as the imaging target. The response time was determined by sampling the area of 

variation through continuous cycles of shutter opening and closing in a white light environment. 

For the bright field test, a bright area at 0s was selected and set as the starting point (initial light 

intensity value). The light intensity in this region varied for the first 1s and then averaged over 

the next six cycles. Finally, the time required to change the average light intensity from 90% to 

10% of the step height was calculated as the response time (Figure 34E). At 15 V and below, the 

light intensity change was negligible, so this data set was not used in the calculation. The 

performance of the NLC at different voltages in the bright field was shown in Figure 5D. The 

effect of the activation voltage on the NLC was reflected in the change in intensity when the 

NLC was completely turned off. However, due to the slow relaxation of the NLC[219], the 

recovery time of the NLC was about 3s, which was much lower than its activation time. As 

shown in Fig. 5E, the turn-on response time of the NLC was relatively fast at 75 V. Therefore, it 

took about 500 ms to reduce the light intensity from 90% to 10% of the normalized light 

intensity. Figure 34A showed the image changes before and after the NLC shutter opened and 

closed at 75 V. By comparing the light intensity distribution, the overall brightness of the 

masked image decreased after NLC activation. In other words, the brightest part of the original 

image may still be the brightest area of the masked (NLC-covered) image, but the difference in 

light intensity between the masked area and the surrounding area is significantly reduced. As a 

result, it was not possible to observe the image at a macroscopic level, and the purpose of the 

shutter was achieved. In Fig. 34B, with the NLC off (0 V), the brightfield resolution was 
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characterized by the ESF. In Fig. 34C, the LSF was obtained by deriving the ESF. A Gaussian 

function was used to fit the original LSF, with an estimated FWHM of 8.43 µm. 

 

Figure 34. The NLC performance of the liquid crystal under the bright field condition. A. The 

microscope image through the NLC (1951 USAF resolution test chart) and the light intensity 

distribution color map at 0 V (left) and 75 V (right). B. The ESF of the NLC. C. Estimation of the 

NLC’s LSF and Gaussian fitting curve at 0 V. D. Average measurement of light intensity changes 

under different voltages. E. Response time (change from 90% to 10% of the normalized light 

intensity step height) of the NLC under 75 V. imaging adopted from [2]. 
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5.3.3 Fluorescence Test 

The fluorescence performance of the NLC shutter was characterized by the response time, 

resolution, and light intensity variation at 515 nm (25 mW power, 10 ms exposure time), 560 nm 

(25 mW power, 10 ms exposure time), and 680 nm (40 mW power, 10 ms exposure time) 

fluorescent beads at different voltages. As shown in Figure 35-37 NLC behaved approximately 

the same at different wavelengths. In general, NLC performed well at different wavelengths and 

can effectively block light by reducing the initial light intensity by 90% in the wavelength range 

of 515 nm (green) to 680 nm (red). However, there were still differences that are worth exploring 

in detail. Comparing Figs. 35C-37C, the longer the incident light wavelength, the better the 

shuttering effect of NLC at the same voltage, consistent with Fig. 33A. The reduction in light 

intensity increased from about 80% (Figures 35C and 36C) to over 90% (Figure 37C). However, 

the response time increased slightly with increasing wavelength. More importantly, when 

comparing Figs. 36D and 37D, the curve obtained at 680 nm was smooth and no fluctuations 

were observed after the intensity reached its lowest level. The overall performance of the NLC 

device at 680 nm was better than that at 560 nm. 

In Figures 35B-37B, the PSFs at three wavelengths (515 nm, 560 nm, and 680 nm) were 

estimated and fitted by Gaussian curves, corresponding to FWHM values of 6.34 µm, 6.34 µm, 

and 10.4 µm. Since the size of the beads was 220 nm, which was much smaller than the 

minimum resolution of the camera (1.7 µm), one bead can act as a pixel for light emission ( point 

source of light). The PSF was calculated from an image containing a single pixel emission point. 

Technically speaking, the smaller the FWHM, the smaller the features it can display and 

therefore the higher the imaging resolution. Further analysis of the image showed that, like the 

results of bright-field imaging, NLC under fluorescence imaging also exhibited masking 
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capability, resulting in a reduction in the difference in light intensity between the peak and the 

surrounding area for the purpose of shutter closure. Unlike the bright-field test, the shuttering 

effect of NLC varied at different wavelengths due to the relatively uniform wavelength of light 

in the fluorescence test. At the wavelength of 515 nm (Figure 35A), although the shuttering 

effect was observed, the peaks of different beads were visible and distinguishable after activating 

the NLC, as shown by the light intensity distribution at 75 V. The peaks at 560 nm (Fig. 36A) 

and 680 nm (Fig. 37A) were completely suppressed by NLC at the same voltage conditions. This 

Figure 35. Characterization of the NLC at 515 nm wavelength. A. The microscope image 

of the NLC and the light intensity distribution color map at 0 V (left) and 75 V (right). B. 

The NLC’s point spread function and Gaussian fitting curve at 0 V. C. Average 

measurement of light intensity changes under different voltages. D. Average response time 

(change from 90% to Figure 35 (cont’d)10% of the normalized light intensity step height) 

of the NLC under 75 V (N = 6). Imaging adopted from [2]. 
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indicated that NLC has considerable potential for bioimaging applications of yellow fluorescent 

protein (YFP, 560 nm) and red fluorescent protein (RFP, 680 nm). 

 

Figure 36. Characterization of NLC at 560 nm wavelength. A. The microscope image of the NLC 

and the light intensity distribution color map at 0 V (left) and 75 V (right). B. The NLC’s point 

spread function and Gaussian fitting curve at 0 V. C. Average measurement of light intensity 

changes under different voltages. D. Average response time (change from 90% to 10% of 

normalized light intensity step height) of the NLC under 75 V (n = 5). Imaging adopted from [2]. 
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Figure 37. Characterization of NLC at 680 nm wavelength. A. The microscope image of the NLC 

and the light intensity distribution color map at 0 V (left) and 75 V (right). B. The NLC’s point 

spread function and Gaussian fitting curve at 0 V. C. Average measurement of light intensity 

changes under different voltages. D. Average response time (change from 90% to 10% of the 

normalized light intensity step height) of the NLC under 75 V (n = 5). 

5.3.4 Tissue and NIR Imaging 

After a series of preparations, freshly harvested tumor tissue was stained with 100 µg/mL ICG 

and placed on a slide ready for imaging. For fluorescence imaging, an 808 nm laser beam with 

an output power of 3.5 mW and a beam size of 5 mm was distributed over the tissue surface. A 

two-channel NLC shutter completely covered the tumor region. The collected fluorescent light 

was passed through a 1064 nm long-pass filter (1064 nm EdgeBasic™ Best Value Long-Pass 

Edge Filter, SEMROCK, Rochester, NY, USA) for NIR imaging. When NLC is activated, only 

the top channel shutter was closed, and the bottom channel remained open. For both channels, 

the fluorescence signals were collected and compared with each other when the shutter was open 
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and closed. Representative images from the NLC with the same magnification of the same tissue 

are shown in Figure 38A and B for both open and closed conditions. For the NLC-off images, 

the structure of the tissue surface can be distinguished relatively clearly. A considerable amount 

of detail was captured and can be observed. In contrast, when the top channel of the NLC device 

was activated, the top region of the tissue disappears from the image due to the shutter effect. 

Although there were still some residual images, the image of the shuttered area could not be 

identified, and the outline of the tumor was blurred. This meant that the received light intensity 

had been reduced to a relatively low level. The light intensity map showed that the NLC 

effectively reduced the overall light intensity while eliminating the difference between the image 

area and the surrounding area. 
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Figure 38. A. The actual image and light intensity distribution graph of tumor tissue fully 

covered by the dual−−−channel NLC shutter (with both channels deactivated) under 1064 nm 

ICG NIR. B. The actual image and light intensity distribution graph of tumor tissue fully covered 

by the dual−−channel NLC shutter (with top channel activated) under 1064 nm ICG NIR. 

Imaging adopted from [2]. 



 

94 
 

5.3.5 Comparison of Shutters  

As shown in the table, although the other reported LC shutters had different LC formulations and 

different application scenarios, their core mechanisms were the same. The NLC device presented 

in this study offered several unique advantages. First, the NLC device demonstrated a relatively 

wide bandwidth shuttering capability of 515-1100 nm, not only in the visible band, but also in 

the NIR band. In addition, in the visible band, the shuttering capability of our NLC devices was 

demonstrated under bright-field and fluorescence imaging, with characteristics quantified in 

terms of on/off intensity maps, resolution, light intensity variation, and mean response time. 

Second, although the NLC device had not been optimized, its on/off ratio was comparable to 

other devices. Finally, our NLC devices had low cost, rapid manufacturing, and disposable 

characteristics. This allowed the NLC shutter to be quickly integrated with other experiments 

without the need for special expertise and expensive equipment. 
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Table 6 Summary of the NLC shutter performance as compared with other reported LC shutters. 

Table adopted from [2] 

LC Type Working 

Range 

Deactivated 

Transmittanc

e (%)  

Activated 

Transmittance 

(%) 

Reference 

NLC (This article) 515 nm to 1100 

nm 

>60% >5% NA 

Dye−doped LC 590 nm 50.2% 5.1% 31 

Cholesteric (Ch) 

LC 

750 nm to 1120 

nm 

>60% 35% to 1.04% 32 

Dye−doped ChLC 1000 nm/2000 

nm 

0.795%/1.94% 72.7%/34.7% 33 

polymer−networke

d LC 

400 nm to 650 

nm 

65.5% 2.3% 23 

Dye−doped NLC 400 nm to 650 

nm 

84% (35 wt%) 10% (35 wt%) 34 

 

5.4 Conclusions  

In this study, the properties of NLC were characterized under bright-field and fluorescence 

imaging. In addition, the shutter performance of the NLC device at NIR wavelengths on tumor 

tissue was demonstrated. The data showed that this disposable, rapidly and cost effectively 

fabricated NLC shutter can perform well at broadband (515-1100 nm). More specifically, NLC 

performance can be further improved as the wavelength increases from 515 nm to 680 nm, with 
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a reduction in minimum light intensity from 20% to <10%. These properties can be used in a 

variety of bio-optical scenarios. In contrast to commonly used mechanical shutters, NLC shutters 

had no moving parts because the NLC shutter controls the refractive index of the LC molecules 

by voltage to achieve a phase delay of the light. In the future, further optimization of the NLC 

shutter to improve resolution and responsiveness will be investigated. The current activation 

voltage of the LC shutter (up to 75 V) is relatively high and can be further improved in the future 

by reducing the overall thickness of the chamber and experimenting with different LC materials. 

Converting the electrical drive input from direct current (DC) to alternating current (AC) can 

also be effective in reducing the activation voltage by 50% with the same transmittance[220]. 

We expect that the introduced NLC material and shutter design can be applied in the field of 

wide-field microscopy and bio-optics as well as many other applications. 
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Chapter 6 Conclusion 

The report discusses the challenges and requirements for developing safe and reliable neural 

implants for research and neural stimulation. The limitations of electrical stimulation and the 

advantages of optogenetics for spatial and temporal resolution are highlighted. The focus of the 

report is on studying package material and package techniques for chronic implantation of 

devices in the body. Biocompatibility, hermeticity, and stability are discussed as important 

factors for packaging performance. The stability of different packages and coating strategies for 

tungsten wires is studied under different inflammation scenarios. Finally, an origami neural 

implant is developed, which includes a 2D to 3D convertible, thin-film, opto-electro array with 4 

addressable microscale LEDs and 9 penetrating electrodes for simultaneous recordings. The 

electrical, optical, and thermal characteristics of the opto-electro array are also quantified. 

The report provides a comprehensive overview of the challenges and requirements for 

developing implantable neural prosthetic devices and presents a systematic study of packaging 

techniques and materials to address these challenges. The use of accelerated, reactive aging tests 

in different solutions provides a reliable and efficient approach for evaluating the stability of 

different packaging materials and coatings in different environments. The development of the 

origami neural implant with its unique design and features is a significant contribution to the 

field of neural interfaces, and the quantification of its characteristics provides valuable insights 

for future research and development. 

Overall, the report highlights the importance of considering the complex biological environment 

of the body and the need for safe, reliable, and efficient neural prosthetic devices for 

neurophysiology recording and neural stimulation. The use of optogenetics and the development 
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of the origami neural implant demonstrate the potential for advancing the field of neural 

interfaces and opening new avenues for research and clinical applications. 

Furthermore, the report emphasizes the significance of studying packaging materials and 

techniques for implantable devices, as these factors can directly affect the device's performance, 

safety, and longevity. The evaluation of different materials and coatings provides valuable 

information for selecting appropriate packaging for specific design requirements and 

environmental conditions. 

The development of the origami neural implant with its 2D to 3D convertible design is 

particularly noteworthy, as it allows for easy insertion and secure attachment to the neural tissue 

while minimizing damage to the surrounding tissue. The integration of micro-LEDs and 

electrodes also provides a versatile platform for both optical stimulation and electrophysiology 

recording. 

In summary, the report contributes to the ongoing efforts to improve implantable neural 

prosthetic devices for neurophysiology research and neural stimulation. The systematic study of 

packaging materials and techniques, as well as the development of the origami neural implant, 

provides valuable insights and tools for advancing the field of neural interfaces. 
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APPENDIX 

Appendix: Some SOPs of Reference Value. These SOPs are of reference value but need to be 

modified according to different devices and specific requirements. 

HMDS Adhesion Promotion and Dehydration Bake 

Overview 

The Hexamethyldisilazane (HMDS) adhesion treatment is crucial for enhancing photoresist 

adhesion on substrates. This procedure is particularly recommended for samples with high 

thermal conductivity like crystalline silicon. For substrates like thick glass that are thermally 

insulating, refer to the YES Oven Standard Operating Procedure (SOP). HMDS is toxic to the 

reproductive system, and the entire process must be conducted within a fume hood. If not 

necessary, this step could be considered to eliminate. The primary function of HMDS is to 

enhance the adhesiveness of photoresist to other materials. I personally believe it also has a 

certain effect on PI. 

Sample Preparation: 

For most samples, an HMDS adhesion treatment is advised. 

If reworking a sample, ensure thorough cleaning and drying.  

Procedure for Substrates with High Thermal Conductivity (e.g., Crystalline Silicon): 

Note: Do not use this method for thermally insulating substrates like thick glass. 

HMDS Vapor Treatment Using a Hotplate: 

Step 1: Place wafer on spinner chuck and pipette enough HMDS to cover entire surface. 

Step 2: Leave for a minimum of 10 sec. 

Step 3: Spin: 3000-5000 rpm, 30 sec 

Step 4: Lift the hotplate lid (if have) and place the sample on the surface. 
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Step 5: Wait for 3 minutes to allow any moisture to evaporate. 100-150 °C. 

Step 6: Remove the sample and place it on a cold plate for at least 20 seconds to cool it to room 

temperature. 

Photoresist Application Recipe 

The use of photoresist varies greatly according to different models. Including exposure time, the 

specific formula details for different applications are not the same. One should carefully read the 

photoresist's data sheet and determine the preparation process. Now listed is the commonly used 

S1813 G2 photoresist application process, along with the usage procedure for the mask aligner. 

Wafer Preparation and Photoresist Application Process 

Dehydration of Wafers: 

Place wafers on a hot plate or in an oven. 

Heat at 115°C for 5 minutes or 120°C for 30 minutes to dehydrate. 

HMDS Application: (if needed) see above mentioned. 

Photoresist S1818 Application: 

Spinner, Spin at 3000 rpm for 30 seconds to apply S1818 uniformly.  

The thickness of the photoresist varies with the spin speed; at 3000 rpm, the S1813 thickness is 

about 1 to 1.5 micrometers, which is sufficient for most applications. Different types of 

photoresists require different spin speeds; thicker photoresists should be spun faster to reduce 

thickness. Similarly, a relatively thin photoresist may improve precision. 

Soft Bake (Prebake): 

Place the coated wafers in an oven or on a hot plate. 

Bake at 90°C for 30 minutes or 115°C for 60 seconds to set the photoresist. 

Exposure: 
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Use the mask aligner. 

Expose for 8~10 seconds. 

Development: 

Develop the wafers using MF-319 developer until the pattern is clear, which takes approximately 

35~40 seconds.  

Gently agitate the wafer back and forth during development. 

If patterns stick together, soaking time can be increased. Similarly, excessive soaking can reduce 

the size of the patterns. This phenomenon can be flexibly utilized to control spacing. Also, note 

that excessive soaking can cause irreversible damage to the patterns. If there is any hesitation, it 

is recommended to wash off the patterns and repeat the previous steps. Minor issues on the 

patterns will affect subsequent steps, leading to larger problems. 

Rinsing: 

Rinse the wafers in deionized water for 1 minute. 

Drying: 

Dry wafers with nitrogen in the Hood. 

Blow dry both sides of the wafer on top of a cleanroom wipe. 

Hard Bake (Postbake): 

Perform a final bake in an oven or on a hot plate. 

Bake at 120°C for 30 minutes or 110°C for 1 minutes. 

Inspection: 

Inspect the wafers using a Nikon microscope to check the resolution. 

Descum (if necessary): 

If needed, perform a descum process using Ash Plasma. 
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Operate at 100W with O2 for 3 minutes to remove any remaining photoresist scum. 

Ensure that each step is completed accurately and that the equipment settings are as specified for 

optimal results. 

AB-M Mask Aligner SOP: 

1. System Login: 

• Access the tool through your Facility account. 

2. Power Activation: 

• Locate the intensity controller at the front of the unit. 

• Turn the POWER switch to the ON position. 

3. Lamp Ignition: 

• Press the START button to ignite the mercury arc lamp. 

4. Cooling System Check: 

• Ensure that the cooling fans are operational. 

• If the fans are not working, shut down the system. 

• Secure the 3-prong fan plug in the receptacle at the back of the intensity control 

power supply. 

• Allow the source to stabilize for approximately 10 minutes before exposure to 

ensure proper operation. 

5. Aligner Switch Activation: 

• Flip the red switch located on the front of the ABM Aligner on the bottom right 

side to ON. 

• Confirm that the switch is illuminated once activated. 

Preparing the Pneumatic System and Setting Exposure Time 

1. Pneumatic Switches: 
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• Ensure that all pneumatic switches are flipped to the ON position. 

• Open both the nitrogen and vacuum valves to prepare the system. 

2. Power Activation: 

• Turn on the POWER switch to energize the shutter timer module. 

3. Exposure Time and System Positioning: 

• Set the timer to the appropriate exposure time according to the resist being used. 

Refer to the resist timetable provided for guidance. 

• Position the alignment optics and the light source to their HOME settings. 

Photomask Setup and Alignment Process 

1. Photomask Preparation: 

• Ready the photomask for use. 

• Disengage the mask vacuum by pulling off the mask vacuum knob. 

2. Photomask Holder Adjustment: 

• Raise the photomask holder by switching the frame to the RAISE position. 

3. Placing the Photomask: 

• Carefully place the photomask with the brown (chrome-coated) side facing down. 

• Ensure it is centered in the holder to allow rotation within the assembly. 

• The photomask should be secured by the screws. 

4. Lowering the Photomask Holder: 

• Gently lower the mask assembly holder by switching the frame to the LOWER 

position. 

5. Engage the Vacuum: 

• Push on the mask vacuum knob to secure the photomask and holder together. 

• Raise the assembly again by switching to RAISE. 

6. Substrate Placement: 
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• Position the substrate on the chuck with the wafer flat aligned parallel to you. 

• Engage the substrate vacuum by switching to SUB. VAC ON. 

7. Aligning the Wafer and Photomask: 

• Lower the mask assembly if it is in the raised position. 

• Align the wafer to the photomask without contact, maintaining a gap of 50 to 125 

μm. 

• Use the Split Field Alignment technique for precise alignment. 

• Adjust the X & Y axes using the right and front knobs, and Z-axis with the pot. 

• Ensure the substrate is aligned with the photomask by adjusting the objective 

lenses for split field viewing. 

8. Contact Adjustment: 

• Turn the Z control knob counterclockwise until a "click" sound indicates contact 

between the wafer and the mask. 

9. Chuck Locking: 

• Press and release the button to lock the chuck in place. 

10. Gap Setting: 

• Set the desired separation gap by turning the Z control knob clockwise to the 

intended setting. 

11. Final Vacuum Engagement: 

• Once the photomask is satisfactorily aligned to the substrate, switch the 

CONTACT VAC to the ON position. 

UV Exposure Process 

12. Clearing the Alignment System: 

• Ensure the alignment system is retracted from both the mask and the substrate. 

13. Exposure Time Setting: 
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• Set the desired exposure time using the thumbwheel on the left side. 

• Activate the exposure by switching to "EXPOSE". 

• Avert your eyes or turn away from the UV light during exposure. 

14. Returning to Load/Unload Position: 

• Flip the HOME/EXPOSE switch to HOME to transition the system to the 

"LOAD/UNLOAD" position. 

15. Disengage Contact: 

• Switch the CONTACT to the OFF position. 

16. Mask Separation: 

• Engage MASK RAISE to separate the mask assembly from the substrate. 

17. Substrate Vacuum Release: 

• Turn the SUBSTRATE vacuum switch to the OFF position. 

18. Substrate Removal: 

• Carefully unload the exposed substrate. 

• For multiple substrates, repeat steps 4 through 17 for each one. 

19. Mask Removal: 

• Lower the mask frame. 

• Press MASK OFF and proceed to remove your mask. 

20. Power Shutdown: 

• Turn off the power controls in the same order they were activated. 

21. Tool Logout: 

• Log out from the tool in your Facility account. 

 


