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ABSTRACT 

Bioengineering is an emerging field of study which bridges life science and engineering. 

At its early stage, bioengineering was commonly recognized as biomedical engineering. This 

focused mainly on the biomedical aspects with the engineering playing only assistive roles. 

Pharmaceutical researches, such as cell mechanics, vascular biology, and neural engineering, 

have been performed as its sub-categories. Later, with increased emphasis on the engineering 

aspect, a new phase of bioengineering has emerged. Biomimetics, the effort to mimic nature 

and utilize biological inspirations, is this new branch.  

The advances in microfabrication techniques during the last few decades have further 

promoted bioengineering. Micro/electromechanical systems (MEMS) technologies to obtain 

microscale total assay systems (µTAS) have led to microfluidics studies that are directly 

related to biomedical studies. Soft lithography and polymer MEMS have facilitated the 

development of biomimetics. 

 Despite rapid advancement in the field of bioengineering, many areas of development 

remain. This especially pertains to miniaturization, cost deduction, and ease of fabrication in 

polymer MEMS technologies, which are crucial in both biomedical and biomimetic aspects. 

However, the broad and inclusive nature of bioengineering makes it difficult to choose a 

particular subject to focus on. Therefore, we extracted key factors in bioengineering: 

microfluidics, bio-inspired structures, polymer MEMS, and their sensor applications. In 

accordance, I will present four platform technologies which are correlated to all key factors 

synergistically.  

First, the optofluidic waveguiding was studied to enhance sensing capability in 

biomedical studies. Utilization of optical components in sensing scheme has been attracting 
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interests for its electromagnetic interference (EMI)-free nature. However, one of the biggest 

difficulties in optofluidic sensing is that the liquid core generally exhibits refractive index 

lower than the solid claddings, making total internal reflection impossible. A design which 

adopts anti-resonance reflection optical waveguiding (ARROW) scheme was designed and 

analyzed with 2D numerical simulations. 

Secondly, polymer MEMS technology was investigated to make bio-inspired optical 

waveguiding structures. There have been growing demands for polymer microwires due to 

their actuator and sensor potentials. By utilizing poly(dimethylsiloxane) and sacrificial water-

soluble wax in combination, we could generate two dimensional arrays of microscale 

polymer waveguides that are strongly attached to the super/substrate. Mechanical and optical 

characterizations were performed to show its potentials. 

Thirdly, a gas flow sensor was developed based on the previously developed polymer 

microwire. Due to its flexibility, the microwire can be elongated up to a few times its original 

length in addition to its tension and resistance to the outside mass flow increased. By 

investigating their relationship, we have shown the potential of the microwire to be used as a 

tunable optical gas flow sensor. 

Finally, we developed a new and easy method to mimic biological blood vessels with 

microfluidic channels completed with circular cross-sections and three dimensional (3D) 

topologies. We have found the biomaterial which makes the fabrication simple, safe, cost-

effective, and environment-friendly. As an example, we produced complex 3D assemblies of 

channels with their diameters ranging between 30 to 400 µm. 
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When integrated synergistically, these unit structures and functionalities, mainly based on 

optical and/or polymer technologies, will greatly facilitate the realization of future 

bioengineering application systems. 
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CHAPTER 1. Introduction  

1.1 Research motivations  

Bioengineering, as the words ‘bio’ and ‘engineering’ imply, is a study which correlates 

life science and engineering disciplines [1]. This application-oriented field was created so 

that problems of one area can be promptly paired with techniques from the other area [2]. 

During the last few decades, the attention toward bioengineering has been further increased 

along with the advancements in microfabrication technologies, which have enabled small 

scale lab-on-a-chip fabrications [3]. Thanks to its multidisciplinary nature, bioengineering 

offers limitless prospects in many fields of study [4]. Presently, the gap between engineering 

and science in this discipline causes blurred vision [1,5]. Therefore, we have to survey the 

fields from both scientific and engineering points of view. 

 

1.1.1 Biomedical engineering 

In one point of view, bioengineering focuses on biomedical and life science with 

engineering and technology just functioning as tools [6]. Biomedical engineering and 

biotechnology [1,6] are additionally established terms which validate their emphasis on the 

substance of biomedicine. Some major sub-disciplines of biomedical engineering are cell 

mechanics [2,7,8], vascular engineering [9,10], and neural engineering [1,11] if they are 

categorized by their targets of study. 

Cell mechanics is the study of mechanical properties of cells to enhance drug deliveries 

and disease treatments. Chen et al. investigated how the stiffness of metastatic cells differs 

from that of healthy cells [7]. To study cells, researchers have focused on developing 

effective and non-invasive ways of cell sorting [12], cell trapping [2], and cell analyzing 
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devices [2,8]. Vascular engineering deals with techniques used to study blood vessel 

structures and their mechanics to solve problems related to their abnormality or diseases. As 

Bellan et al. presented in their paper, it is important to generate artificial vessel-like 

capillaries (less than 10µm-size vessels) and investigate the effect of stresses and flow-

motion inside the channel [10]. Neural engineering focuses on technological development to 

aid the study of nerve systems which, in turn, will enhance medical and surgical treatments 

[6]. Figure 1.1 (a,b) shows examples of cell mechanics and vascular study. 

 

 
Figure 1.1 (a) Healthy and infected red blood cells (RBCs) show different levels of stiffness 

and trapping probability in the capillaries (from ref [8]), (b) Vasomimetic structure and its 

microscopic view (from ref [9]) to give biomedical technology examples. 

 

 

(b) 
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From descriptions of sub-disciplinary studies, we can recognize the fact that the majority 

of those areas deals with certain forms of fluidic systems like vessels in the living organisms. 

Thus, we need to focus on the research and development of microfluidics (MF), the study of 

fluidics in micron scale as well as the development of fabrication techniques [3]. 

 

1.1.2 Biomimetics 

In another aspect of bioengineering, the improvements of engineering discipline are 

predominantly concerned while the biological studies of nature are employed as the 

inspirations [5]. Biomimetics, termed by Otto Schmitt in 1969, is made out of ‘bios’ and 

‘mimesis’ to describe imitation of life [5]. Scientists and engineers have been fascinated by 

nature for its optimal way from evolutionary development [13]. However, the complicated 

and compact structures in nature made their mimicry unfeasible. Another challenge involved 

substituting the soft structures of nature with the hard materials that dominated early 

microfabrication technologies. 

 

Figure 1.2 (a) Artificial compound eyes (from ref [14]) and (b) an artificial hair cell (from ref 

[15]) to show well-known biomimetic examples.  

 

(a) (b) 
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With the advances in microfabrication technology, biomimetics have developed into 

several areas: biomaterials, biomimetic structures, and biomimetic sensors. Figure 1.2 shows 

two different biomimetic structures. For instance, chemical engineers studied the silk worms 

and developed polymer materials [16]. Engineers with mechanical backgrounds studied the 

flying insects and developed artificial flying robots by analyzing and mimicking the flying 

scheme [17,18]. Other researchers from nanotechnology developed adhesive nano-structures 

by mimicking the Gecko’s foot [19]. 

 
Figure 1.3 Summary of biomimetic sensors (from ref [4]) which states its popularities and 

on-going researches in different disciplines.  

 

Bio-inspired sensors, among others, have gained the most attention because high-tech 

devices demand integrated sensors to monitor and respond to changes in their environments. 



www.manaraa.com

5 
 

This enables us to find various, brilliant and highly sensitive mechanisms in nature [15]. Fan 

et al. demonstrated this in their flow sensor in which they studied and imitated the way fish 

sense the water flow by studying lateral lines [20]. Figure 1.3 from Stroble et al.’s 2009 

paper [4], enumerates various biomimetic sensors investigated.  

Of course there also are cases where bio-inspired structures are used for biomedical 

applications and result in equally strong advances on both areas. One such example is the 

vasomimetic channel which targets directly to mimic the nature’s biological structure and is 

further used in the advancement of biomedicine [9].  

 

1.2 Overview of current technologies 

1.2.1 Microfluidics and Microfabrication 

Microfluidics (MF) was initially defined as a study dealing with the process and control 

of micron-scale fluid. As various life science and engineering disciplines have utilized MF, 

the field of MF has extended to the fabrication technologies and the microsystem integrations 

of micro/nano scale fluidics [3]. 

 
 

Figure 1.4 Chip-based 16 nanoliter bioreactors for bacteria (from ref [20]) which illustrate 

one of the microfluidic applications. 
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Bioengineering, as previously mentioned, has a close relation with the improvement of 

MF. In particular, the realization of micro total assay system (μTAS) for pharmaceutical 

studies, such as screening cells, has been greatly facilitated by MF during the last few 

decades [6]. Figure 1.4 shows one μTAS structure from F. Balagadde et al.’s paper [20].  

Microfabrication techniques for micro/electro-mechanical systems (MEMS) have also 

been greatly advanced in conjunction with the growth of microfluidics throughout the last 

few decades [3]. Various MEMS techniques, such as deposition, etching, and bonding for 

selective areas, have been adopted to fabricate MF channels [3]. Several silicon based 

MEMS techniques have especially proven their capability of making nano-channels as shown 

in Pimpin et al.’s review paper [22]. However, technologies are more focused on hard 

(silicon-based) MEMS in addition to planar and rectangular cross-sectional structures [23]. 

To attain the true bio-inspired MF structures, we need soft channels with the circular cross-

section and preferably three dimensional topologies [23]. 

 

1.2.2 Soft lithography and Polymer MEMS  

Soft lithography is a microfabrication method which utilizes the elastomer molding to 

realize the microfluidic channels and related structures [24]. Thermally curable polymer, 

poly-dimethylsiloxane (PDMS), is commonly used as an elastomer for its ease of handling, 

transparency and flexibility. Figure 1.5, from Whitesides et al.’ 1998 paper [24], illustrates 

some of soft lithography methods such as replica molding (RM), microtransfer molding 

(μTM), and micromolding in capillaries (MIMIC). Soft lithography has enabled easy 

patterning of nanometer scale structures which provide solutions in bioengineering [25].  
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Figure 1.5 Four kinds of Soft lithography depending on the fabrication methods (a) step and 

flash (b) replica molding (c) microtransfer molding (d) micromolding in capillaries (from ref 

[24].) 

 

The advent of polymer-based MEMS technologies has expedited the development of 

biotechnology. Soft MEMS is another name to describe the usage of plastic/elastomer 

materials in MEMS as film substrates or membranes and other structures [25]. Polymer 

MEMS structures provide the advantages of flexibility, strain resistance, and low cost over 

hard Si-MEMS, which make them great candidates for biomedical applications. Also, 
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polymer MEMS can be employed to imitate biological structures such as fiber bundles [14] 

in amphipod eyes or as hair cells [15] in fish to develop microscale sensor structures. 

In this overview, we have outlined the necessity for MF and soft MEMS-based platform 

technologies in biomedical and biomimetic applications. Next, we specify the challenges and 

approaches associated with them.  

 

1.3 Challenges  

1.3.1 Miniaturization 

Since the emergence of MEMS technologies, achieving accurate lab-on-a-chip devices 

with sensors and total assay systems all integrated in a single chip has been intensely sought 

after [2]. Chen et al. introduced a lab-on-a-chip capillary network to capture and test a single 

red blood cell (3µm x 5µm) with some channels as small as 8µm x 5µm [7]. Moreover, to 

imitate nature’s compact and complex design, such as the compound eyes of insects for the 

wide-field-of-view [14], biomimetic structures also require submicron scale fabrication 

technologies. 

Currently, some of hard (silicon-based) MEMS fabrication techniques, such as electron 

beam lithography [22], seem to promise solutions for the miniaturization down to 5nm. 

However, as previously discussed, we need structures based on soft (polymer-based) MEMS 

technologies, which are the most feasible at obtaining several microns or larger in scale [26] 

or else existing only in simple forms [23]. 
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1.3.2 Cost deduction  

Even if some existing research works have potential to achieve the miniaturization, they 

are often too expensive due to their use of expensive equipment, clean room facilities, and 

the process materials. Moreover, the formerly available commercial analysis assay for 

biomedical study was unnecessarily big and bulky which added material/process expenses 

[27]. As a result, the development of low-cost process became essential. 

Soft MEMS technologies have attempted to resolve this high-cost problem by potentially 

removing silicon substrate and expensive equipment [25]. For instance, MF channels made 

with PDMS molding process require a spinner, a UV light, hot plates, and a few polymers 

whereas hard MEMS technologies require higher cost processes, such as with chemical vapor 

deposition (CVD) or deep reactive iron etching (DRIE) [3]. However, the soft MEMS 

technologies are still in the earlier stage of development and there is more room to explore. 

 

1.3.3 Easy fabrication 

Ease of fabrication is also important. Biomimetic efforts focus on simple yet elegant 

approaches as observed in nature. Soft MEMS is one good candidate, but current 

technologies are limited to planar/simple trajectory structures. Smarter designs and 

technologies are on demand as well as their easy fabrication methods. 

We also have to pay attention to the optical components that can be easily fabricated and 

integrated in polymer MEMS devices to provide smarter functionalities. Optical schemes are 

also free from electromagnetic interference (EMI) which makes them increasingly popular in 

biomedical sensing and imaging applications. However, there have been only a few polymer-

based optical devices, which is a small number in comparison with those available in nature. 
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1.4 Approaches   

So far, we have discussed the increasing interests and needs for bioengineering, 

suitability of soft MEMS technologies for biomedical and biomimetic systems, and existing 

challenges for additional developments. From the discussion, we can extract target subjects 

to be further explored: bio-inspired structures, microfluidics, polymer MEMS, and optical 

sensing applications. Since we are new to these areas, developing platform technologies, the 

underlying technologies for future development, would be beneficial. In particular, simple 

fabrication processes that can easily be repeated without expensive facilities are preferred. 

Four platform technologies are to be established: 

1) Optofluidics: Microscale fluidic devices which utilize optical functionalities should be 

studied to enhance biomedical and environmental sensing schemes. One of the major 

obstacles to utilize optical sensing in the fluid is in waveguiding along the liquid core which 

has generally lower refractive index than the solid cladding. An alternative waveguiding 

scheme of total internal reflection (TIR) will be investigated with the simulation tools. 

2) Polymer MEMS: Fabrication techniques for elastomer-based microscale optical fibers, 

which mimic a bundle of optical waveguides, are to be investigated. Microscale polymer 

fibers have potential to be utilized in biomimetic imaging devices as well as tunable mass-

flow sensors. 

3) Bio-inspired sensor: Studies to develop a mass flow sensor is to be performed based on 

soft MEMS process and microfluidic integration. The development process benefited from 

both bio-inspired operation principles and experimental studies linking the tension of the 

polymer and throughput power. 
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4) Vasomimetic device development: Generating MF channels, which mimic the blood 

vessel networks in the human body, requires both microfluidic and biomimetic aspects 

fulfilled with soft MEMS techniques. We especially focus on physiological realism with 

circular cross-sections and three dimensional trajectories. 

 

 1.5 Thesis Organization  

The following chapters are an accumulation of the four published journal papers of which 

I am the first/primary author. 

Chapter 2 illustrates the optofluidic waveguide which suggests an effective way of 

guiding the light in the liquid core with a low-refractive index surrounded by the solid 

claddings with a higher index. Waveguiding is significant for optical sensing in microfluidic 

channels that the paper introduces the design based on anti-resonance reflection optical 

waveguiding. It is modified from the journal paper, “Two-dimensional optofluidic liquid-

core waveguiding based on optimized integration of single- and multiple-layer ARROWs,” 

published in Journal of the Optical Society of America B, vol 28, 2011. 

Chapter 3 introduces the biomimetic optical waveguides which are inspired from the 

deep-sea amphipod eyes. Soft lithography and water-soluble wax-based fabrication methods 

will be presented in detail. The surface investigation and mechanical and optical properties 

are also illustrated. The paper, “Fabrication of strongly anchored, ultrahigh aspect-ratio 

elastomeric microwires for mechanical and optical applications,” is published in the Journal 

of Micromechanics and Microengineering, vol 21, 2011. 

Chapter 4 demonstrates the utilization of a microwire structure developed in chapter 3 as 

a gas flow sensor. By applying lateral tension, the optical throughput has been changed 
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which enables tunable mass flow sensing. The chapter is modified from “Elastomeric 

microwire-based optical gas flowmeter with stretching-enabled tunability in measurement 

range,” published in Optics Letter, vol 33, 2011. 

Chapter 5 illustrates a new bio-inspired solution to make Vasomimetic structures. By 

utilizing the sucrose as a sacrificial material, we could easily make real vessel-like circular 

cross-sectional fluidic channels in the range of 30 to 500 µm with three dimensional 

topologies. The chapter is modified from the journal paper, “Sucrose-based fabrication of 

3D-networked, cylindrical microfluidic channel for rapid-prototyping of lab-on-a-chip and 

vaso-mimetic device,” currently published in Lab on a Chip, 2012. 

Finally, the conclusion and future aspects will be summarized in Chapter 6. 
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CHAPTER 2. Two-dimensional optofluidic liquid-core waveguiding based on optimized 

integration of single- and multiple-layer ARROWs 

Modified from a paper published in Journal of the Optical Society of America B 

Jiwon Lee,
1
 Zhuo Ye,

2
 Kai-Ming Ho,

2
 and Jaeyoun Kim

1
,* 

 

2.1 Abstract 

We present a novel 2D liquid-core waveguiding scheme which combines two different 

types of ARROWs to achieve ease of fabrication and richer optofluidic functionalities. We 

established the conditions for the optimal integration of the two ARROW schemes 

theoretically and validated them with 2D numerical mode analysis. The proposed scheme 

also provides a convenient means to install supporting solid-core waveguides without 

additional burden in fabrication. 

 

2.2 Introduction 

Schemes to confine optical waves within a volume of material with refractive index 

lower than that of its ambience have been the object of intense research [1]. The 

unavailability of total internal reflection (TIR) in such an inverted core-cladding index 

distribution has led to the employment of many other mechanisms, with the anti-resonance 

reflection optical waveguiding (ARROW) as the most prominent choice. With the emergence 

of microfluidics, there have been incessant efforts to realize liquid-core waveguides (LCWs) 

by guiding light along the body of liquid confined within the microfluidic channels [1,2]. 

Since typical liquid materials exhibit refractive indices lower than those of solid microfluidic 
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channel materials, the ARROW scheme has seen an increasing level of adoption in LCWs as 

well. 

The ARROW configuration for LCW, however, differs significantly from that for solid-

core waveguiding in one important aspect. In the latter case, originally devised to confine 

light within a low-index solid stripe placed on a high index substrate, the ARROW layers are 

deposited only along the bottom side of the stripe, leaving the remaining three sides exposed 

to the surrounding materials with even lower indices, usually air, to induce TIR [3]. The 

liquid-core, however, needs to be confined within a microfluidic channel and the ARROW 

layers must be deposited along all four sides, both horizontally and vertically, of the channel. 

This additional requirement can complicate the achievement of the LCW significantly. 

Previously, ARROWs fully surrounding a microfluidic channel have been realized by 

depositing ARROW layers over a trench-structure and closing it with a superstrate deposited 

with another set of ARROW layers [4]. Another method is by depositing the ARROW layers 

over a sacrificial core placed on an ARROW substrate and dissolving the core subsequently 

[5]. In either case, the ARROW layers for vertical walls need to be deposited simultaneously 

with the ones for horizontal walls and the difference in their deposition rates could make the 

thickness control difficult and inaccurate. The use of sacrificial cores or deep-etched trenches 

further complicates the fabrication. 

In this work, we propose a new LCW configuration which utilizes a combination of two 

different ARROW schemes to achieve a simpler fabrication and richer optofluidic 

functionality. Figure 2.1 shows the proposed LCW scheme along with major structural and 

material parameters. While a pair of conventional multiple-layer (ML) ARROWs was used to 

confine light in the vertical direction, only a pair of dielectric ridges was installed for the 
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lateral light confinement. Since each ridge functions as an ARROW using only a single layer, 

it will be referred to as the single-layer (SL) ARROW. 

 

Figure 2.1 The proposed liquid-core waveguide that integrates the single layer (SL)- and 

multiple layer (ML)-ARROWs. The SL-ARROWs also function as the microfluidic channel 

walls and the spacer which separates the two ML-ARROWs. 

 

Integrating the SL- and ML-ARROWs brings in many advantages. First, it allows 

separate realizations of the optical confinement mechanisms in vertical and lateral directions, 

i.e., ML-ARROWs by thin film deposition on flat slabs and SL-ARROWs by photo- or soft-

lithographic patterning on one of the slabs. Then the top ML-ARROW can be installed using 

the SL-ARROWs as the spacer. Secondly, the SL-ARROW ridges can be wide enough to 

function as the walls of microfluidic channels. This eliminates the structural difference 

between the microfluidic channels with or without the LCW capability, allowing their 

simultaneous fabrication with a single patterning step. The SL-ARROW ridges can also 

function as solid-core waveguides running in contact with a LCW, which is ideal for mode 

coupling and light delivery. 
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The concept of using a pair of single dielectric layers to confine light within a lower 

index material in between was proposed by Goltser et al. for semiconductor lasers [6]. 

Litchinitser et al. also showed that, in ARROWs made of optically thick dielectric layers, the 

first cladding layer plays the main role in the confinement [7]. However, its integration with 

another waveguiding mechanism for microfluidic LCW has been rare. In Ref. [8], Lunt et al. 

demonstrated a single over-coating ARROW in which the ML-ARROW surrounding the top, 

left, and right sides of the sacrificial core in Ref. [5] was replaced by a single dielectric layer. 

Even though the modification simplified the fabrication and light coupling, it left the 

difficulty in simultaneously depositing the vertical and horizontal layers unaddressed. Note 

that, despite the visual similarity, our scheme is different from those of Refs. [9] and [10] 

which employ ML-ARROWs for both vertical and horizontal confinements. Our scheme 

further differs from the one in Ref. [11] which considers only the ray propagation between 

the TIRs in the solid claddings around the liquid-core, but not the interference between the 

rays or 2D confinement. 

 

2.3 Theoretical Backgrounds 

For LCW applications, the e
-1

 propagation distance Lprop is the most important parameter 

that must be maximized by optimizing the two ARROWs individually as well as collectively. 

To that end, we will first obtain the lateral confinement condition in 1D and then extend the 

result to optimize the 2D LCW. 

Figure 2.2 shows the ray model of the 1D LCW derived from Fig. 2.1 by assuming the 

liquid-core, SL-ARROW, and air layers are infinite in the x-direction. Regarding the SL-
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ARROW itself, it is well-known from the ARROW principle [3] that the anti-resonance 

reflection maximizes when the phase difference at the phase-front cc 

 

1  2 ko ns ds cos 2 + TIR = 2m                  (1) 

 

where m is an integer, ko = 2/o, TIR =   2atan [(sin
2 2  (na /ns)

2
)
1/2

/(Pcos 2)], and P = 

1 or (na /ns)
2
 for TE or TM, respectively [12]. Conversely, the anti-resonance reflection 

vanishes when  

 

1 = (2m+1).                     (2) 

 

Figure 2.2 The ray model for the lateral confinement configuration based on the SL-

ARROW/Liquid-Core/SL-ARROW structure. nS > nc > na is assumed. 

 

Secondly, to confine light efficiently within the liquid-core between two SL-ARROWs, it 

is also necessary to enforce constructive interference between the rays which traveled the two 
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separate paths af and af at the ff phase-front. Based on simple geometry, it is straight 

forward that:  

 

af  = ko nc [4ds tan 2 + w(tan 1  cot 1)] sin 1,   (3) 

 

af  = 4 ko ns ds sec 2 + ko nc w sec 1 + 2TIR.    (4) 

 

Therefore, the condition for efficient LCW is: 

 

2  af   af  = 2q       (5) 

 

where q is an integer. Using Snell’s law nc sin 1 = ns sin 2, the difference between the first 

terms of Eqs. 3 and 4 can be simplified as: 

 

4 ko ns ds sec 2  4 ko nc ds tan 2 sin 1 = 4 ko ns ds cos 2,   (6) 

 

which enables us to rewrite Eq. (5) as:  

 

2 = 4 ko ns ds cos 2 + 2TIR + ko nc w(sec 1  tan 1 + cot 1) = 2q. (7) 

 

Note that the first two terms of Eq. (7) equal 21 which has already been enforced to be an 

integer multiple of 2 in Eq. (1). Therefore, the final form of the waveguiding condition is: 
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sec 1  tan 1 + cot 1 = qo/(ncw),        (8) 

 

The conditions imposed by Eqs. 1 and 8 must be satisfied simultaneously to ensure the SL-

ARROW-based confinement in the lateral direction. On the other hand, Eq. (2) indicates the 

condition to spoil the waveguiding in the lateral direction. 

Thirdly, for 2D waveguiding, the light must also be confined vertically by the ML-

ARROWs, and it is important to match their phase velocities or effective indices neff when 

integrating the SL- and ML-ARROWs. This can be done by fine-tuning 1 through adjusting 

w. 

 

2.4 Design and Validation 

2.4.1 Model Structure Design 

As a validation of the 2D SL/ML-ARROW scheme and its LCW conditions, we designed 

one exemplary structure and analyzed it numerically to see the agreement. We assumed that 

the SL-ARROW ridges and the liquid-core were made of common polymer materials (ns = 

1.55) and H2O (nc = 1.33). For ML-ARROW fabrication, we assumed the use of high index 

Si3N4 (nmh = 2.05) and low index SiO2 (nml =1.46) layers deposited on glass substrates (nsup, 

nsub = 1.45). The target wavelength o was 785 nm, near the onset of the biological window 

in which the optical absorption by water and scattering by protein molecules decrease 

simultaneously [13]. We also assumed that the electric field component of the mode is TE-

polarized to the ML-ARROW. Then the ARROW equation [3] set dmh and dml at 125 and 318 

nm, respectively. Seven ML-ARROW layers were used on each side. The channel height was 
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set to h = 3 m, which is typical in optofluidics due largely to mode size considerations 

[1,14-16]. 

 

Figure 2.3 (a) The dotted and solid curves show the calculated values of Lprop,vert, the 

propagation distance owing only to the 1D ML-ARROW confinement, and Lprop,2D, the 
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combined result of ML/SL-ARROWs. Vertical bars mark the wavelengths at which the 

lateral confinement due to the SL-ARROW fails. (b) The curve shows the relation between 

the liquid-core width w and the real part of neff,lat, the effective index arising from the SL-

ARROW-based lateral confinement, calculated by EIM/TMM. As the liquid-core widens, 

neff,lat increases monotonically, approaching the target value of neff,vert. (c) Unlike the 

monotonic increase in Re{neff,lat}, Lprop,2D increases with substantial fluctuations as w widens. 

The arrows specify the values of w at which the condition of Eq. (8) is satisfied which relates 

the mode angle 1 and the ratio between o/nc and w.   

 

First, the vertical confinement by the ML-ARROW was characterized by applying finite-

element method [17] to the ML/H2O/ML structure specified above. For this, we set w = 12 

m >> h to make the analysis quasi-1D. Lprop,vert was extracted from neff,vert and plotted in 

Figs. 2.3(a). It shows that the ML-ARROW-based vertical confinement is effective over a 

120 nm 3 dB bandwidth around the target o. The real part of neff,vert falls within 1.322 ~ 

1.325 range. At the target o, in particular, neff,vert = 1.3235. The shape and amplitude of the 

Lprop,vert curve can be optimized for the target o by adjusting h. 

With neff,vert fixed, we proceeded to optimize the integration of the lateral and vertical 

confinement mechanisms. We first used the anti-ARROW condition in Eq. (2) to shape the 

Lprop spectrum. Note that TIR must be evaluated assuming a TM-polarized input this time. 

For the current design, we set ds = 3 m to place a dip near the center of the Lprop,vert peak 

(742 nm for m = 6), resulting in a twin-peak under the envelope of the Lprop spectrum. The 

existence of dual transmission windows is useful for many optical sensing applications such 

as microfluidic fluorescence (FL) excitation and detection [1,2]. Note that for all of the 

calculations, the effective indices of the ridge (ns,eff = 1.32353) and the core (nc,eff = 1.54084), 
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which already incorporated the impact of the vertical confinement by the ML-ARROW, have 

been used. 

Then, to satisfy the third condition, we tried to match Re{neff,lat} to Re{neff,vert}. Figure 

2.3(b) shows Re{neff,lat} calculated with effective index method (EIM) [18] and transfer 

matrix method (TMM) [19] at 785 nm. It shows that Re{neff,lat} smoothly approaches 

Re{neff,vert} = 1.3235 as w increases. This suggests that, ideally, the integration of the ML- 

and SL-ARROWs must be increasingly better as w widens and, in accordance, Lprop,lat must 

increase monotonically. But the Lprop,lat curve, extracted from FEM simulation results shown 

in Fig. 2.3(c) does not exhibit such a monotonic increase. Instead, it exhibits fluctuations that 

must be considered to maximize Lprop. In fact, as shown in Fig. 2.3(c), the first three peaks in 

Lprop,lat are close to the three w values (8.22, 16.44, and 24.66 m) that satisfy the condition 

in Eq. (8) when the mode angle 1 was set to asin (Re{neff,lat}/nc,eff), neff,lat = 1.322, and q = 

1~3. Since neff,lat itself changes with w, rigorous optimization requires scanning a range of w 

with numerical simulations using Eq. (8) as a guide. For structural and material parameters 

and target o at 785 nm, the best configuration in terms of Lprop should be achieved at w ~ 

7.5, 13, or 20 m. 

 

2.4.2 Numerical Validation 

To confirm the results above, we performed 2D numerical analyses on the fundamental 

mode of the SL/ML-ARROW LCW using a fully-vectorial finite-element method [17]. The 

excellent agreement between the 2D FEM and the EIM/TMM results shown in Fig. 2.4(a) 

further validated our design procedure. The Lprop,2D extracted from the 2D FEM results were 

superimposed in Fig. 2.3(a). Careful examination of the traces in Fig. 2.3(a) reveals that the 



www.manaraa.com

26 
 

overall Lprop,2D is indeed constructed by burning holes into the Lprop,vert curve at wavelengths 

which satisfy 1 = (2m+1). The calculated Lprop,2D is approximately 6 cm which is 

comparable or longer than reported values [1,2].  

 

 

Figure 2.4 (a) Comparison of EIM/TMM and 2D vectorial FEM results. (b) Calculated 

profiles of the 2D LCW’s fundamental mode at two different o marked in Fig. 2.3(a). 

 

The profiles of the fundamental mode were obtained at two points corresponding to a 

peak (A) and a dip (B) marked in Fig. 2.3(a) and plotted in Fig. 2.4(b). It is evident that at B, 

a significant portion of mode power is confined within the SL-ARROW ridges while the 

mode is well-confined within the liquid-core at A. Since the ML-ARROWs are designed for 

ML/H2O/ML, not ML/SL/ML, the mode power within the ridge will experience a higher 

level of leakage, exhibiting higher propagation loss. This loss due to the combined failure in 

ARROW integration does not show up in the EIM/TMM calculation and can only be 
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estimated by numerical modal analyses. The numerical analysis also identified only one 

higher order mode within the liquid-core. Its effective index was 1.32088  i1.498410
-6

, 

indicating Lprop,2D close to 86% of that of the fundamental mode, or 5.2 cm. Since the second 

mode assumes a double-peak mode profile, the low overlap integral with the single-peak 

fundamental mode will prevent its generation through modal coupling. To the delivery of 

optical power, the existence of a higher order mode with comparable propagation distance is 

not detrimental either. The two liquid-core modes described so far have their electric fields 

polarized in y-direction. Each of them was accompanied by an x-polarized mode whose 

effective index is very close to the y-polarized mode in the real part but is more than 200 

times higher in the imaginary part. The consequential reduction in Lprop,2D renders their 

existence insignificant. 

 

2.4.3 Optimization and Application 

The design procedures established and validated in the previous sections can be utilized 

to optimize or tailor the transmission characteristics of the ML/SL-ARROW. As the first 

example, we tried to further optimize the model structure designed in the previous section. 

Firstly, we tried to tailor the Lprop,2D curve in Fig. 2.3(a) so that it would exhibit a single-

peak near o = 750 nm around which the Lprop,vert due to ML-ARROW reaches its peak. 

Based on Eq. (2), we increased ds to 3.3 m to red-shift the dips by approximately 50 nm. 

The resulting Lprop,2D curve shown in Fig. 2.5(a) indicates that the dips were indeed shifted as 

expected, positioning the Lprop,vert peak between the two dips corresponding to m = 6 and 7.  
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Figure 2.5 (a) Lprop,2D curve as a function of o when ds was increased to 3.3 m. The vertical 

bars mark the new o values at which the SL-ARROW-based lateral confinement fails. The 
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Lprop,2D curve for ds = 3.0 m is also superimposed for comparison. It indicates that the 

increase in ds red-shifts the Lprop,2D dips, making the Lprop,2D profile single-peaked near o ~ 

750 nm. (b) Lprop,2D curve for a ML/SL-ARROW for which ds and w were maintained at 3.0 

and 9.0 m but h was increased to 3.3  m. The increase in the vertical confinement itself has 

led to an augmented Lprop,2D. (c) Another Lprop,2D curve for a ML/SL-ARROW designed for 

the optofluidic excitation and detection of Alexa Fluor 546 dye.    

 

It also shows that, however, the >8 cm peak value in Lprop,vert did not become available in the 

case of the combined ML/SL-ARROW scheme, making Lprop,2D saturated at approximately 6 

cm. As an alternative approach, we kept the configuration for the lateral confinement intact 

and tried to improve the vertical confinement so that the envelope itself could be raised. For 

operation o ~ 785 nm, the maximum in Lprop,2D was achieved when h was increased to 3.3 

m, which is approximately 10% off from the design value of the 1D ARROW equation [3]. 

We attribute the discrepancy to the conversion from 1D to 2D confinement. As shown in Fig. 

2.5(b), Lprop,2D at 785 nm was increased to 8.55 cm. Again, the dips in the Lprop,2D curve 

occurred exactly at the o values calculated with Eq. (2) using the ns,eff and nc,eff recalculated 

for h = 3.3 m. 

As an additional example, we designed an optofluidic waveguide optimized for excitation 

and detection of the FL from Alexa Fluor 546 dye which absorbs light at 556 nm and emits 

FL at 573 nm. Since the suppression of the residual excitation is a critical factor in 

determining the FL detection performance, it is important to place the Lprop dip at the 

excitation wavelength while maintaining its peak at the FL wavelength. For this, we first set 

dmh and dml at 125 and 235 nm, respectively, to shift the Lprop,vert curve toward the spectral 

regime of interest. We then fixed h at 3 m and adjusted ds and w to position the Lprop dip at 
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556 nm and the peak at 573 nm. The dip-position estimation based on Eq. (2) suggested that 

a dip corresponding to m = 8 would be positioned near 560 nm when ds ~ 3 m. Further 2D 

FEM simulations with varying values of w revealed that when w ~ 12 m, the minimum in 

Lprop can be placed at 556 nm with a matching peak near 575 nm, as shown in Fig. 2.5(c). 

This type of twin-peak spectral response will greatly facilitate the realization of chip-scale 

FL biosensors in the future. 

 

2.4.4 Impact of Structural Parameters 

We have also performed parametric studies on the sensitivity of the ML/SL-ARROW’s 

waveguiding performance to potential fabrication imperfections. We identified three major 

sources of imperfections. First, the error in h, the channel height, can be generated while 

adding an adhesive layer between the SL-ARROW’s top-surface and the ML-ARROW’s 

bottom-surface for their attachment. The instability in the spin-coating process can also 

introduce uncertainties to h. Furthermore, fabrication imperfections can occur to the widths 

of the SL-ARROW (ds) and the liquid-core (w). While the positions of the two ridges can be 

accurately controlled during the photolithography process, their width may vary depending 

on the conditions of the development process. In this case, w and ds must be considered in 

combination since an increase in the former automatically results in a decrease in the latter, 

and vice versa. Through 2D numerical mode analyses, we calculated the changes in Lprop,2D at 

785 nm resulting from the imperfections in ds, w, and h in the range of < ±10%. The results 

are shown in Table 1. First of all, they indicate that substantial increase or decrease in Lprop,2D 

due to errors in the length-scale of 100~200 nm and the fabrication process must be 

controlled accordingly. We attributed some abrupt changes in Lprop,2D to the ripples in the 
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Lprop,2D spectral curves shown in Figs. 2.3(a), 2.5(a), and 2.5(b). On the other hand, the results 

also indicate that such variations in the structural parameters can be used to maximize 

Lprop,2D. At 785 nm, the longest Lprop,2D was 9.94 cm obtained from ds = 2.9 m, w = 9.1 m, 

and h = 3.3 m. Lprop,2D begins to decline beyond h = 3.3 m.  

 

Table 2.1 Lprop,2D (in cm) obtained from 2D numerical mode analyses using different 

combinations of the structural parameters ds, w, and h values (all in m). Due largely to the 

ripples in the Lprop,2D spectral curves shown in Figs. 2.3 and 2.5, the values exhibit substantial 

changes corresponding to variations in the structural parameters in the length scale of 100 

nm. The best result was obtained when ds = 2.9 m, w = 9.1 m, and h = 3.3 m. 

 

                 h 

ds / w       2.7 2.85 3 3.1 3.2 3.3 3.4 

2.7/ 9.3   2.09 2.73 3.00 3.05 2.41 

2.8/ 9.2   6.27 9.03 9.35 9.37 8.42 

2.9/ 9.1   5.80 8.85 8.85 9.94 9.28 

3.0/ 9.0 3.29 5.00 5.05 5.54 7.99 8.55 8.04 

3.1/ 8.9   1.43 1.22 1.76 2.67 2.91 

3.2/ 8.8   0.81 0.86 0.95 0.99 1.03 

3.3/ 8.7   3.80 5.12 5.62 5.83 5.73 

 

 

2.4.5 Dual-Use of SL-ARROW 

Figure 2.6(a) shows the profile of the fundamental mode supported by the SL-ARROW 

ridge. Figure 2.6(b) portrays the evanescent tail of the mode into the liquid-core. The e
-1

 

penetration depth was 157 nm. This solid-core waveguide can be utilized for evanescent 

optical sensing and delivery of optical waves to arbitrary points of the LCW network. 
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2.5 Conclusion  

In conclusion, we proposed a new LCW scheme which utilizes two different types of 

ARROW schemes in combination, i.e., an SL-ARROW for lateral confinement and the 

conventional ML-ARROW for the vertical confinement. Such an integrated scheme will 

enable a simpler, soft-lithography-based fabrication and will fortunately be accompanied by 

built-in solid-core waveguides. Taking advantage of the orthogonal nature of their 

integration, we derived a set of simple rules to optimize the new LCW scheme. 

 

Figure 2.6 (a) The calculated profile of the mode supported by the SL-ARROW ridge. (b) 

The decay of |E| into the liquid-core. 

 

It was revealed that the overall spectral shape in terms of the propagation distance can be 

initially set using the conventional ARROW equation while further optimization can be 

achieved through a rough estimation based on the condition derived in this paper and fine-

adjustments through 2D numerical analyses. The 2D simulation results exhibited excellent 
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agreements with the theoretical estimations and conditions. Based on the process, we 

numerically demonstrated 6~10 cm of propagation distance from model LCWs with typical 

dimensions.  
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CHAPTER 3. Fabrication of strongly anchored, ultrahigh aspect-ratio elastomeric 

microwires for mechanical and optical applications 

Modified from a paper published in Journal of Micromechanics and Microengineering 

Jiwon Lee and Jaeyoun Kim* 

 

3.1 Abstract 

We present a new technique for fabricating microwires with high elasticity and aspect-

ratio. Thanks to the adoption of lost-wax casting in the fabrication, the microwires can be 

directly grown from their supporting structure in the out-of-plane, surface-normal direction, 

automatically accomplishing strong, monolithic anchoring. The microwires can also be 

anchored at both ends in an arrayed format, making themselves more useful for mechanical 

and optical applications. Using the new technique, we fabricated arrays of PDMS microwires 

150 to 250 μm thick and 2 to 20 mm long. The microwires can withstand >400% elongations 

and >70 mN of pulling force with little degradation in their surface smoothness. Optical 

characterizations revealed that the PDMS microwires can function as flexible lightpipes 

connecting two points in miniaturized systems. 

 

3.2 Introduction 

There have been growing demands for microwires with high elasticity and aspect-ratio in 

various fields of small-scale technology. In MEMS actuators, they can function as a spring 

element which stores mechanical energy and releases it abruptly. Such a capability has been 

utilized for producing jumping [1] or flapping [2] motions in microrobots. When made of 
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optically transparent materials, they can also function as optical jump-wires for exchanging 

optical power and signals to and from hard-to-reach locations in densely packed assemblies, 

such as backplane-plugged circuit boards [3] or optofluidic devices [4]. They will be 

especially useful for mimicking biological optical systems in which flexible fibers frequently 

play an essential role as the conduit of optical signals [5]. 

A variety of schemes have been proposed to fabricate such microwires. They include 

drawing [6-10], electro-spinning [11-13], soft lithography [14], photo-polymerization [15], 

and self-writing [16]. Most schemes produce highly flexible, often elastic, nano- to micro-

scale wires. Explicit optical transmission measurements have also been performed on some 

microwires made of transparent materials [6,7,16].  

One important issue which has often been overlooked in those schemes is the need to 

anchor the fabricated microwires. For a full utilization of the microwire’s elasticity, at least 

one of its ends must be anchored firmly to an external supporting structure. Anchoring is also 

essential for forming patterned arrays of microwires and integrating them with other 

functional blocks. Moreover, some important applications, such as the spring action or 

optical jump-wiring, require the microwires be anchored at both ends, or doubly-anchored. 

Particularly for the optical applications, the anchoring site needs to double as a terminal for 

coupling light in and out of the microwires.  

Many of the existing fabrication schemes, however, produce microwires in highly coiled 

or entangled forms, making their anchoring very difficult [11-13,15]. Some of the microwires 

feature built-in anchoring but their anchoring strengths have not been characterized [8-10]. 

More importantly, all the doubly-anchored microwires demonstrated so far run in parallel to 
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their substrates, rather than along the out-of-plane, surface-normal direction which will be of 

greater use for many of the applications stated above. 

Recently we proposed to grow microwires directly from their supporting structure, thus 

automatically realizing a monolithic anchoring which is inherently robust, surface-normal, 

and optically transmissive. The results of preliminary fabrication and mechanical 

characterizations can be found in Ref. [16]. In this paper, we present more details on the 

fabrication process, including the impact of our efforts to improve the yield and results of 

further morphological and optical characterizations. 

 

3.3 Fabrication Principle and Details 

The fabrication process flow is illustrated in Fig. 3.1. It basically is a two-step, transition 

mold-mediated replication of metallic microwires with elastomer. This technique bears 

certain similarity to the ubiquitous lost-wax casting which has already been adopted for 

MEMS fabrication previously [17].  In the first stage (Figs 3.1a-1e), a transition mold with 

cylindrical openings is fabricated. In the second stage (Figs 3.1f-1i), liquid-phase (LP) 

elastomer is poured over the transition mold to flow down the openings, forming elastomeric 

microwires connected monolithically to the bulk of elastomer above the transition mold after 

solidification. If allowed to flow through the openings, the LP elastomer can form another 

structure beneath the mold, producing doubly-anchored microwires. The monolithic nature of 

this anchoring ensures robust and optically clear interface between the supporting structures 

and the microwires. The protocol’s compatibility with conventional soft lithographic 

techniques also facilitates the microwires' functional and structural integration with other 

polymer MEMS and microfluidic devices. 
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Figure 3.1 The process flow for the fabrication of monolithically anchored elastomeric 

microwires: (a) Preparation of a patterned array of wire-templates, (b-e) The first replication 

to make a transition mold, (f-g) The second replication with PDMS, and (h-i) Release and 

testing of the microwire’s tensile characteristics. 
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As the elastomer, we chose poly(dimethylsiloxane) (PDMS) for its excellent elasticity, 

optical clarity, and ease of handling. It is also a proven material for fabricating microfluidic 

and micro-optic components. One potential drawback of PDMS is its tendency to swell and 

deform upon contacting solvents. To prevent the adverse effect, we made the sacrificial 

transition mold with a water-soluble material. Among a variety of such materials, including 

polyethylene glycol [18,19], polyvinyl alcohol [20,21], and water-soluble wax [22], we chose 

the last one mainly for its supreme replication fidelity and surface quality. 

The fabrication process began with preparing a wire fixture by drilling a patterned array 

of holes into a polycarbonate substrate. The holes were then planted with straightened steel 

wires (from Smallparts Inc.) which will function as the microwire templates. Then the wire-

template/substrate assembly was placed within a PDMS enclosure. Next the LP water-soluble 

wax (Freeman Optical Inc.), which has been heated for 5 hours at 105ºC, was poured into the 

enclosure. Only the transparent portion of the LP wax was separated and used. To prevent 

defect formation, the LP wax must be poured slowly into the PDMS enclosure and a PDMS 

lid was placed on the top. Once the wax transition mold solidified completely, the wire-

template/fixture and the PDMS enclosure were removed manually. Before this removal, the 

whole structure was placed on a 45ºC hot-plate for 20 minutes. In the second replication step, 

the wax mold was placed within a plastic enclosure, and a LP mixture of PDMS and its 

curing agent was poured from the top of the transition mold. PDMS base (Sylgard 184) and 

curing-agent were mixed at 10:1 ratio, stirred for 10 minutes, and degassed before pouring. 

Initially, this step was a major source of fabrication failure since the flow of LP PDMS often 

stopped in the middle the holes. Air trapping inside the holes could also cause irregularities 

along the length of completed mirowires. This was especially frequent when the aspect ratio 
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exceeds 10:1. By applying vacuum from the substrate side, we could force the flow of the LP 

PDMS and ensure a complete filling. This increased the yield significantly. The whole setup 

was then placed on a hot plate for thermal curing. Controlling the curing temperature was 

critical to promoting PDMS cross-linking without deforming the wax transition mold. We 

cured the whole structure for 24 hours at a low temperature (~40ºC) to prevent the possible 

reflow of the wax.  

Once the PDMS was completely cured, we peeled off the plastic enclosure from the 

wax/PDMS composite and dissolved the wax with warm water at 50ºC. Upon complete 

dissolution of the wax, we fished out the completed PDMS microwires from water. This step 

was another major source of fabrication failure since the surface tension  of water was often 

strong enough to pull and break the microwires. Consequentially, the failure rate increased 

for thinner microwires. We overcame this difficulty by adding surfactant to the water to 

reduce the surface tension. We chose ethanol as our surfactant and added it to the water as a 

8:2 ratio. This lowered the surface tension from that of pure water (67.9 mN/m) to the level 

of ethanol (23.3 mN/m) [23]. This process was carried out right before the microwires was 

lifted out of water to minimize the impact of ethanol to PDMS. The ethanol surfactant, 

however, becomes ineffective for microwires with diameter < 130 m. Currently this 

difficulty associated with surface tension is the most significant limiting factor in further 

miniaturization of the microwire. The final structure was then dried in room temperature. 

Overall, current success rate is about 96~97%.  The highest aspect ratio achieved so far is 

80:1 obtained from a 250 µm-diameter, 2 cm-long microwire. 
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Figure 3.2 (a) A 10x10 array of 150 µm-diameter, 2.5 mm-long doubly-anchored PDMS 

microwires. (b) The microwires exhibit excellent lightpipe characteristics. (c) When stretched 

by a pair of tweezers, the microwires withstood >300% elongation. 

 

 

3.4 Structural Characteristics 

A large variety of microwire assemblies can be realized by varying the dimensions of the 

wire-template, the hole pattern, and the shape of the external supporting structure. As an 

example, Fig. 3.2a shows a 10×10 array of 150 µm-diameter, 2.5 mm-long microwires 

vertically connecting two PDMS slabs with monolithic anchoring at both ends. The wire-to-
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wire separation is 1 mm. The PDMS slab thicknesses are 1 and 3 mm, respectively. These 

can be varied by adjusting the enclosure dimensions and/or the quantity of LP PDMS. The 

microwires exhibited notable optical transparency and elasticity as shown in Figs. 3.2b and 

3.2c, routinely withstanding >300% elongations.  

 

 

Figure 3.3 Microscope images of a 170 µm-diameter, 2.5 mm-long microwire (a) before and (b) 

during a 440% elongation. (c) A further magnified image of the anchoring site under stretching (the 

circled area in (b)). 

 

Figures 3.3a and 3.3b show the microscope images of a microwire before and during a 

440% elongation, respectively. As the length of the microwire was increased from 2.5 to 11 

mm, the waist diameter was reduced from 170 µm to 79 µm. The fact that a 440% elongation 

incurred less than 5% change in the structure’s volume indicates that the deformation was 

hydrostatic [24,25]. Figure 3.3c is a magnified view of the anchoring site under stretching. It 

shows that the anchoring site becomes funnel-shaped as the middle part of the microwires 

gets thinner. The flaring angle is thus a function of elongation and becomes an important 

factor in optical applications, as will be shown in the next section. 

 

100 µm

c

a

b

500 µm

500 µm



www.manaraa.com

44 
 

 

Figure 3.4 SEM images of a microwire (a) before (181 µm at the waist) and (b) during a 

300% elongation (118 µm at the waist). (c) The surface of the same microwire after 25 cycles 

of 300% elongations. The inset of (a) shows the surface quality at a higher magnification. 

 

To investigate the impact of the stretching on the microwires’ surface quality, we took 

SEM scans of a 184 µm-diameter PDMS microwire. Figure 3.4a shows the SEM image of 

the microwire. Its inset shows a further magnified image of the microwire’s surface. The 

surface of the microwire fabricated through the lost-wax casting technique was smooth in 

micron-scale. The SEM images of the microwire during and after 25 cycles of 300% 

elongation are shown in Fig. 3.4b and 3.4c, respectively.  

After the 25 cycles of elongation, the diameter of the microwire was permanently reduced 

from 184 to 181 µm, which corresponds to a < 2% change. Under the assumption of 

hydrostatic deformation [24,25], the resulting permanent change in the length of the 
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microwire is approximately 84 µm. Due to the PDMS microwire’s highly elastic nature, it 

was difficult to confirm this length change experimentally. 

The surface smoothness was maintained after the 25 cycles of elongation, as shown in 

Fig. 3.3c, except for the formation of a few defects and longitudinal stretch marks. The 

formation of permanent wrinkles in the vertical direction, reported in some elastomeric 

microstructures [26], has not been observed.  

 

Figure 3.5 AFM images obtained by scanning over a 16 m
2
 area of the surface of a PDMS 

microwire (a) before and (b) after 25 cycles of 400% stretching. 

 

The microwire’s surface roughness was further characterized with atomic force 

microscopy (AFM). A typical 8 mm-long and 188 µm-diameter PDMS microwire was used 

as the sample. 3D AFM scans of a 16 µm
2
 area of the microwire’s surface before and after 25 
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cycles of 400% stretching are shown in Figs. 3.5a and b, respectively. Before the stretching 

cycles, the root mean square roughness value obtained from 7 measurements was 3.2 ± 0.8 

nm. Sixteen measurements taken after the stretching resulted in a root mean square roughness 

of 3.0 ± 0.9 nm, indicating negligible change in the roughness. 

 

 

Figure 3.6 The force-strain curves of the four characterized microwires. The symbols 

represent the measurements and the super-imposed curves show the results of curve-fitting to 

the Ogden model. 

 

3.5 Tensile Properties 

We investigated the tensile properties of the PDMS microwires using a set of 2.5 mm-

long microwires with four different values of diameters (150, 170, 200, and 250 µm). They 

were fabricated in one batch, and we paid close attention to maintain uniform process 

conditions because the mechanical properties of PDMS structures are strongly affected by 

their cross-linking conditions [27-29]. The microwires were stretched by adding weights to 
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the substrate while their top portions were held by a fixture.  The elongation was measured 

using a computer-controlled micromanipulator, 

     The microwires with 150 and 170 µm in diameter withstood 27 and 64 mN of stretching 

force before their failures, respectively. On the other hand, those with 200 and 250 µm in 

diameter did not fail even when the force was increased to 70 mN, the maximum force tested. 

The failure always occurred at the waists rather than at either of the anchoring sites, 

indicating that the anchoring strength is greater than the maximum force withstood by the 

respective microwire. The measurement results are summarized in the force-strain plot in 

Fig. 3.6. The strain ε = Δl/lo where Δl is the elongation and lo the initial length. Figure 3.6 

also shows that the tensile characteristics of the microwires agreed excellently with the 

Ogden model [30,31] which describes the force-strain relations of structures with highly 

nonlinear elasticity. Under a uniaxial stretching, the Ogden model dictates that 

      

                         (1) 

 

where f is the force, a = (lo+Δl)/lo = 1+ ε, and µ1,2 and α1,2 are the four curve-fitting 

parameters [30,31]. The Young’s modulus E of the material can also be determined from the 

model as E = µlαl where µl and αl belong to the term which mainly affect the low strain (ε < 

1) portion of the force-strain response. The computed E values were 201, 564, 449, and 339 

kPa for diameter values of 150, 170, 200, and 250 µm, respectively. These are all within or 

close to the range of E values of the PDMS cured in low temperature (300~600 kPa for 

~40C curing temperature) reported in literature [27,28], further corroborating the 
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experimental results. The spring constant k of the microwires can be calculated from k = 

E·Ao/lo where Ao is the initial cross-sectional area. The estimated spring constant of the 170 

µm-diameter microwire is 5.1 N/m. The maximum elastic potential energy per volume in the 

microwire reaches to 0.85 mJ/mm
3
 when Δl = 9.5 mm (450% elongation). These 

characteristics are important in determining the microwire’s usefulness as a spring or energy 

storage element. The values of spring constant and volume energy density obtained from our 

samples are comparable to those of another type of PDMS wire produced by a totally 

different protocol [1]. 

 

3.6 Optical Properties and Application 

We also characterized the PDMS microwire as a conduit of optical signal and power. We 

first measured the propagation loss of the microwire. The initial measurement was made by 

comparing the optical throughput values obtained before and after cutting back a microwire. 

We took a 184 µm-diameter, 2 cm-long microwire and cut it back by 1 cm. The estimated 

propagation loss was 3.5 dB/cm. The cut-back method, however, involves too much 

uncertainty and is not repeatable. To double-check the result, we performed another set of 

measurements using a different approach. As shown in Fig. 3.7a, we measured the changes in 

optical throughput as we elongate the microwire.  
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Figure 3.7 (a) Optical throughput measured as the length of the PDMS microwire is being 

increased by elongation l. The dotted curve represents the result of curve-fitting to 

exponential decay. (b) The optical throughput from a 2 cm-long, 184 µm-diameter PDMS 

microwire as a function of the radius of curvature. The inset describes the experimental setup 
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and the parameters schematically. The insets also show the microwires bent with different R 

values. The red-colored microwires carry the HeNe light. (c) The same microwire was used 

as a jump-wire optically connecting a surface-mounted LED to a spot on the circuit board. 

 

By installing the whole detection subsystem, consisting of the microwire output-end 

fixture, the collection objective lens, and the power meter head, on a linear translation stage, 

we could maintain the out-coupling condition regardless of the elongation l. Figure 3.7a 

shows the result of optical throughput measurements. The microwire under test was from a 

different batch which measures 188 µm in diameter and approximately 8.2 mm in un-

stretched length l0. As a function of elongation, the decrease in the throughput fit 

magnificently to the exponential decay function, well within the standard deviation obtained 

from four sets of measurements. The loss coefficient estimated from the fitting curve was 2.8 

dB/cm, which corroborate the previous cut-back measurement result and also is a reasonable 

value for an unprotected multimode lightpipe with sub-mm diameter.  

We also measured the microwire’s bending loss using the setup shown schematically in 

the inset of Fig. 3.7b. Curvatures were induced at three points along a suspended microwire 

by reducing the distance between the input and output ends. We measured the changes in the 

out-coupled optical power and took one third of each value as the bending loss due to one 

curved section. The results were then normalized to the output level of a straight microwire 

(radius of curvature R = ∞) and plotted in Fig. 3.7a as a function of R. It shows that the 

bending loss, which became noticeable when R reached 18 mm, was kept within 20% as R 

was reduced by a factor of three to 6 mm, which is approximately the radius of a semicircle 

with 2 cm in arc length. These results indicate that a 2 cm optical jump-wire, used as shown 

in Fig. 3.7c, will suffer less than 6 dB combined bending and propagation loss. 
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3.7 Conclusion 

In conclusion, we proposed and demonstrated a new, lost-wax casting-based technique 

for fabricating elastomeric microwires that are monolithically anchored to external 

supporting structures at both ends. The technique, which literally grows the microwires, also 

allows the microwires to be aligned in the out-of-plane, surface-normal direction and 

facilitates their formation of patterned arrays. The PDMS microwires fabricated by the new 

technique, with their diameters and lengths ranging from 150 to 250 µm and 2 to 20 mm, 

respectively, routinely withstood >400% elongations with no degradation in surface 

smoothness noticeable from SEM scans. Some of the microwires withstood >70 mN of 

pulling force while exhibiting the typical force-strain relation described by the Ogden model. 

The anchoring strength was certainly greater than the maximum pulling force withstood by 

each of the microwires. At 170 µm in diameter, the doubly-anchored PDMS microwire 

exhibited 5.1 N/m in spring constant and 0.85 mJ/mm
3
 in volume energy density, exhibiting 

potential as a MEMS energy storage element. Optical characterization also revealed that the 

PDMS microwires can function as elastic lightpipes optically connecting two points in 

miniaturized systems. 
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CHAPTER 4. Compact range-tunable gas flow sensor utilizing stretchable optical 

microwire 

Modified from a paper published in Optics Letter 

Jiwon Lee and Jaeyoun Kim* 

 

4.1 Abstract 

We present a new scheme for optical gas flow sensing utilizing stretchable microwires 

made of transparent elastomer PDMS. We utilized the elasticity of the PDMS microwire to 

miniaturize and simplify the sensor. By adjusting the tension of the microwire through 

mechanical stretching, we could widen and tune the sensing range as well. The experimental 

results exhibited affirmation of the predictions based on the fluid dynamic/optical model. 

 

4.2 Introduction 

Accurate and robust gas flow sensors are essential for a wide range of applications 

including biomedicine, process control, and environmental monitoring. Many physical 

effects have been exploited as transduction mechanisms. In particular, the last three decades 

have witnessed extensive utilizations of micro-electro-mechanical system (MEMS) 

technologies to miniaturize the sensors [1,2]. The sensitivity of those MEMS gas flow 

sensors is generally high at low flow rates (typically < 1 SLM) but saturates rapidly as the 

flow rate increases [3]. This stimulates the development of new sensors with sensing ranges 

much wider than those of MEMS-based ones while maintaining their compactness. 
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In this letter, we present a new optical transduction scheme for realizing such a compact, 

wide-range gas flow sensor. Optical sensors are popular for their spark-free, electromagnetic 

interference-immune operations. Many optical gas flow sensors, primarily in fiberoptic 

forms, have been demonstrated [4-10]. But most of them rely on interferometric [4,5] or 

spectroscopic [6] interrogation systems which tend to be bulky and complex. 

Interrogation by optical power measurement, which is much simpler, has been primarily 

employed by sensors relying on flow-induced bending of optical fibers [7-10]. Since the 

degree of bending yielded by glass or plastic optical fiber is small at flow rates of common 

interests, its impact had to be enhanced. Attaching a long section of sensing fiber to a bulky 

supporting structure has been a typical solution [7-9]. Others built a cantilever with a thinned 

fiber to convert bending into a misalignment in waveguide-to-waveguide coupling which 

results in a loss much greater than the bending loss itself [10]. These schemes, however, 

inevitably compromise the sensors’ compactness and/or simplicity. 

 

4.3 Fabrication Details 

In our pursuit of compact, wide-range gas flow sensors, we also aimed to adopt the power 

measurement-based interrogation scheme without sacrificing its simplicity or size. The use of 

the stretchable optical microwire [11], a recent member of the stretchable optics [12,13], as 

the transducer, was the main enabling factor. Figures 4.1(a)-(e) show the steps to fabricate 

microwires with optically transparent elastomer poly(dimethylsiloxane) (PDMS) through 

lostwax casting-based double replication of a metal wire. As shown in Figs. 4.1(e)-(g), 

microwires realized in this way are monolithically attached to external PDMS pads which 

facilitate their handling and utilization greatly. The site of monolithic attachment is optically 
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transparent and mechanically robust. We have routinely produced 5~20 mm-long, 80~120 

m radius microwires. The PDMS microwires withstood >50 mN pulling force, endured 

>400% elongations, and exhibited < 3 dB/cm propagation loss at 632.8 nm [11].  

 

 

Figure 4.1  (a)-(e) PDMS microwire fabrication steps: (a)-(b) Preparation of a water-soluble 

wax mold with a cylindrical hole, (c)-(d) Inject liquid phase-PDMS through the hole, (e) 

After solidification, the microwire is released by water bath. (f) and (g) show images of a 

microwire (radius: 100 m, length: 1.2 cm), monolithically attached to handling pads at both 

ends, in its normal and 200% elongated states, respectively. 

 

4.4 Basic Principles 

Figure 4.2 shows how we utilize the optical microwire for gas flow sensing. We first 

straighten the microwire to make it function as a lightpipe and expose it to gas flow. The 

resulting fluidic drag force bends the microwire and displaces the output beam from its 

original spot. Using an apertured screen, we can directly translate the center-to-center 
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displacement d into a decrease in the output optical power, which can be measured by an 

optical power meter. The elasticity of the microwire enables even a short (<1 cm) section of 

it to yield sufficient bending for this type of direct detection. In contrast, optical fibers made 

of more rigid materials require special measures, such as splicing a section of single-mode 

fiber, for the detection of their bending, even if they were tightly stretched [14].   

 

 

Figure 4.2 Operational principle of stretchable optical microwire-based gas flow sensing: The 

aperture translates the flow-induced bending into a decrease in the output power as a function 

of d, the center-to-center displacement between the beam and the aperture. 

 

The tension of the microwire strongly affects the degree of bending. Since a wire under 

higher tension requires a stronger gas flow to yield the same degree of bending, we can 

expand the gas flow sensing range through additional stretching. The elasticity of PDMS and 

thinness of the microwire allows it to be stretched with only a few mN of force, facilitating 

the use of MEMS actuators. 
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Figure 4.3 Experimental setup for gas flow sensing based on the stretchable optical 

microwire. The microwire is to be stretched by the linear translation stage on which the all 

the components from the fixture to the detection head are mounted. 

 

The experimental setup for optical microwire-based gas flow sensing is shown 

schematically in Fig. 4.3. A 632.8 nm HeNe laser with 290 W output power was used as the 

light source. As the transducer, we used a 9 mm long, 188 m thick PDMS microwire 

attached to 1.5 mm thick PDMS pads at each end. Two 10 microscope objectives were used 

for coupling the HeNe laser beam in and out of the microwire. While the input end of the 

microwire was permanently fixed in alignment with the in-coupling objective lens, the output 

end was mounted on a linear translation stage for variable stretching. In fact, to prevent the 

stretching process from affecting the out-coupling condition, we mounted all the components 

up to the detection head on the same translation stage. The radius of the aperture was 0.5 

mm. The whole setup measures less than 15 cm in length. Most of the extent was taken up by 
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in- and out-coupling setup which can be replaced by microlenses formed directly on the 

PDMS pads for miniaturization in practical implementations. 

As the source of gas flow, we used compressed dry air regulated 25 psi. The flow rate 

was varied between 0 to 5 SLM by a mass flow controller (Omega FMA5518). The gas flow 

was delivered to the experimental setup through a Teflon tube with 4.6 mm inner diameter. 

Using a 3-axis translation stage, we positioned the tube’s center 9 mm above the microwire’s 

midpoint. The corresponding gas flow velocity U was 0 ~ 5.1 m/s. 

 

4.5 Structural Characteristics 

Figure 4.4(a) shows the measured optical power as a function of the gas flow rate and 

microwire elongation. We started from a sagged microwire and gradually stretched it while 

monitoring the output power. Once the microwire got completely straightened, the output 

power jumped abruptly and further elongation yielded little increase. We set that point as the 

zero-elongation point. For each flow rate, we sampled the output power for 120 seconds at 1 

kHz and recorded the average value. After scanning the whole flow rate range, we changed 

the tension through elongation and repeated the measurement.  

Figure 4.4(a) indicates that higher tension indeed widens the range of microwire-based 

gas flow sensing. If only the quasilinear center portion of the response curve were 

concerned, stretching also shifts the sensing range. In our current setup, a -300, -200, and 200 

m elongation shifts the center portion from 2.0~4.0 SLM to 1~1.5, 1.5~3.0, and 3.0~5.0 

SLM, respectively.  
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Figure 4.4 (a) Measured output power as a function of the gas flow rate and elongation. 

Spline-interpolation lines are added for visual aid. (b) The results of fitting the curves of (a) 

into Eq. 1. The inset shows the transducer model and parameters. 

 

This range tunability has been highly sought after for multi-range sensing [15]. The 

response curve of the 1000 m-elongated microwire shows that the widening and shift can 
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also be saturated. The sensitivity obtained from the center portions of the first 4 response 

curves are 9.8, 5.5, 2.8, and 2.9 dB/SLM, which indicate that a trade-off exists between the 

sensing range and sensitivity. 

 

4.6 Experimental Results  

By setting up a physical model and fitting the response curves to it, we can extract useful 

information for future applications of the optical microwire. The inset of Fig. 4.4(b) shows 

our model. The aperture transmittance T decreases as d increases. If the output beam took 

Gaussian intensity profile, T can be evaluated using 
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where X = d/wo, Y = r/wo, and wo and r are the radii of the output beam and the aperture, 

respectively [16]. 

To fit the response curves to Eq. 1, we must establish the relation between d and the 

elastic bending b which, in turn, is dependent on the gas flow velocity U. Since b leads to d 

through beam divergence, refraction at the PDMS-air interface, and imaging through an 

objective lens, quantifying their exact relation is difficult. Given the fact that most of the 

operations mentioned above are paraxial, we approximated d as a linear function of b. The 

proportionality factor was set to 4.5, the magnification of the collection optics. The relation 

between b and U can be obtained from b =FD L
3
 / (12 a

4
E ) where L and a are the length and 

radius of the microwire and E is the Young’s modulus. The fluidic drag force FD = ½AU
2
CD 
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where A is the area of the microwire exposed to the flow,  the fluid density, CD the drag 

coefficient of air, and U the flow velocity [10,17]. The value of E, however, can vary widely 

since it depends on many experimental parameters. 

So we took only the skeletal part of the relation d  U
2 

/E and tried to fit all five curves to 

Eq. 1 using E and wo as the variables. Since elongation less than 1 mm did not change the 

output beam size noticeably, we accepted only the E values which result in a consistent value 

for wo. They are 0.91, 3.1, 7, 15, and 50 MPa for -300, -200, 0, 200 and 1000 m elongation, 

respectively. These values agree well with the E values measured independently [18]. The 

corresponding value of wo was 1.20.1 mm which also agrees well with our observation. The 

agreement in Fig. 4.4(b) validates our transduction model consisting of Eq. 1 and the 

hypothesized quadratic relation d  U
2
. The small discrepancies can be attributed to the 

deviation of the output profile from perfect Gaussian. 

 

4.7 Conclusion 

In conclusion, we have experimentally demonstrated a new scheme for optical gas flow 

sensing using PDMS optical microwires as the transducer. The elasticity of the PDMS 

microwire not only allowed the use of simple, power measurement-based interrogation but 

also enabled widening and tuning of the sensing range through mechanical stretching. Since 

the present scheme keeps the probing light within the guiding structure throughout the 

sensing process, the stability of the sensor can be high. This scheme can also be extended to 

liquid flow sensing, and the chemical inertness of PDMS will greatly expand the scope of its 

application.    
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CHAPTER 5. Sucrose-based fabrication of 3D-networked, cylindrical microfluidic 

channel for rapid-prototyping of lab-on-a-chip and vaso-mimetic device 

Modified from a paper published in Lab on a Chip 

Jiwon Lee, Jungwook Paek and Jaeyoun Kim,* 

 

5.1 Abstract 

We present a new fabrication scheme for 3D-networked, cylindrical microfluidic (MF) 

channels based on shaping, bonding, and assembly of sucrose fibers. It is a simple, 

cleanroom-free, and environment-friendly method ideal for rapid-prototyping of lab-on-a-

chip devices. Despite its simplicity, it can realize complex 3D MF channel architectures such 

as cylindrical tapers, internal loops, end-to-side junctions, tapered junctions, and stenosis. 

The last two will be of special use for generating vaso-mimetic MF structures. It also enables 

molding with polymers incompatible with high temperature processing. 

 

5.2 Introduction 

Lab-on-a-chip (LoC)’s rapidly expanding scope of application demands diverse changes 

in the architecture of microfluidic (MF) channels beyond their conventional forms with 

rectangular cross-sections and 2D, planar trajectories. Cylindrical MF channels
1-10

 and 3D 

MF networks
11-13

 have emerged as solutions and, along the efforts, the utility of MF channels 

that are cylindrical and 3D-networked got recognized as well. One eminent application is the 

vaso-mimetic LoC whose MF channels mimic biological vasculatures for tissue 

scaffolding
14-16

 and controlled hemodynamic studies
4,9,17-23

 in 3D environments. 
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Despite such application potential, the two architectures have been pursued largely in 

separation, leaving only a few schemes available for producing 3D-networked, cylindrical 

MF channels. In the omni-directional printing scheme
24

, cylindrical MF channels with 3D 

trajectories were fabricated by injecting cylindrical ink filaments that can be liquefied and 

drained upon solidifying the embedding material. Some schemes based on polymer molding 

of removable templates also achieved the dual goal using 3D-shapable cylindrical templates 

such as nylon
25

, metal
26,27

, or polymer
28

 wires. Self-assembly of micro-tubules
29

 and direct 

UV-writing
30

 have also been demonstrated recently. 

For a wider adoption of 3D-networked cylindrical MF channels, their fabrication scheme 

must be simple yet capable of realizing essential 3D MF architectures such as 3D-curved MF 

channels, MF channel junctions with a wide range of branching angle, and internally looped 

MF channels which start and end within the embedding polymer block. For vaso-mimetic 

LoCs, the MF channel junction must be physiologically realistic as well
31,32

. In particular, the 

MF junctions must be properly tapered to suppress unphysiological flow patterns that are 

detrimental to cell culture and hemodynamic modeling
14

. 

Existing schemes exhibit limitations in these aspects. Schemes in which the template has 

to be physically pulled out require pre-swelling of the embedding polymer block, a process 

prone to deform the pattern
25,26

. Moreover, such schemes cannot produce internally looped 

MF channels. Thermally dissolvable metal wires tend to produce channels with initial 

diameter > 300 m
27

. Only recently was the channel size issue addressed by casting 

thermally dissolvable polymer into a very thin fiber form
28

. Most template-based schemes are 

also very limited in their ability to form a proper 3D MF junction in which the center of one 

cylindrical channel’s cross-section meets the side of the other channel at its midline. Forming 
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such a junction needs end-to-side bonding of two cylindrical templates. With the template 

materials not providing effective bonding methods, end-to-side junctions have been made by 

thermal
25,28

 or mechanical
26

 fusion of two simply over-stacked templates. Such processes, 

however, hamper the formation of predictable junction shapes, let alone the tapered ones 

required for vaso-mimetic LoCs. Omni-directional printing
24

, self-assembly
29

, and UV-

writing
30

 schemes are more promising in these aspects, but the accompanying demands for 

specialized instruments and materials huddle their wide adoption. 

In this paper, we describe a new fabrication scheme for 3D-networked, cylindrical MF 

channels which addresses all issues stated above. Our scheme allows facile realizations of 

highly curved 3D MF channel trajectories, proper MF junctions, and internally looped MF 

channels. The diameter of the MF channels can be well below 100 m. It also allows the 

formation of tapered junctions and locally dented MF channels, which will especially benefit 

vaso-mimetic applications. Utilizing only water-based, low-temperature processes, our 

scheme is ideal for rapid prototyping of LoCs without fume-hoods or clean room facilities.  

The main enabling factor is the use of sucrose as the template material. Sucrose is a 

readily available material that can be drawn into thin cylindrical fibers at low temperatures. 

The resulting fibers display mechanical and surface characteristics suitable for handling, 

shaping, and formation of transparent MF channels. Removal of the sucrose fiber requires 

only warm water, allowing fabrication of complex MF networks in fume-hood-free settings. 

It also permits the use of polymers incompatible with strong etchants and/or high molding 

temperature. 

These beneficial features of sucrose as a sacrificial template material have been exploited 

for LoC fabrication in two different ways. Bellan et al. fabricated 3D artificial vascular 
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structures by melt-spinning random sugar fiber networks and then molding them with curable 

polymer
33

. On the other hand, Li et al. fabricated bundles of poly-(L-lactic acid) (PLLA) 

tubules by coating sucrose fibers with PLLA and then dissolving the fibers, for eventual use 

as MF nerve scaffolds
34

. However, there has been no explicit report on shaping/assembly of 

the sucrose fibers to form 3D networks, as Esser-Kahn et al. have done with polylactide 

(PLA) fibers to make 3D vasculated structures
28

. Unlike sucrose, however, PLA template 

removal and fusion-based junction formation require 200~280C. 

Our scheme distinguishes itself from other sucrose-based ones by providing specific 

techniques to shape, assemble, and bond the sucrose fibers. They allow us to build pre-

designed, rather than random
33

 or monotonically tubular
34

, 3D networks of cylindrical MF 

channels, which will eventually lead to vaso-mimetic LoCs.  

 

5.3 Materials and methods 

5.3.1 Pulling and shaping of sucrose fiber templates 

Steps for sucrose fiber fabrication are described in Figs. 5.1a-b. Sucrose (S5-500, Fisher) 

was melted at 200C for 10 min. Then we decreased the temperature to 125C and waited for 

20 minutes at which the sucrose viscosity became optimal. While maintaining the 

temperature, we pulled sucrose fibers with a cylindrical rod moving at 0.1~26 cm/s. The 

pulling speed mainly controlled the sucrose fiber diameter. The diameter of the pulling rod 

was also important. For sucrose fibers with diameter < 80 m, we used a 125 m-diameter 

glass fiber (SMF-28, Corning). For thicker ones, we used un-jacketed SMF-28 (900 m in 

diameter).  
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Figure 5.1 Schematic outline of the sucrose-based rapid-prototyping process: (a) We melted 

sucrose and (b) pulled fibers which can be (c) shaped and (d) bonded with water-based 

adhesives (e) to form a template assembly. (f) Then we immersed it in liquid-phase PDMS. 

(g) Upon curing, the template was removed from the water bath. For visualization, we filled 

the channels with dye. (h) A 3D MF channel in PDMS (scale bar: 5 mm).  
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We routinely produced highly uniform fibers with < ±5 m deviation in diameter. The 

fibers were examined with optical (E-Zoom6, Edmund) and atomic force (Veeco) 

microscopes. We consistently obtained fibers with their diameters ranging from 30 to 900 

m. Diameter < 30 m led to handling difficulties. The upper limit was only set by the 

availability of adequate pulling rods and the ability to maintain a constant temperature over 

its facet. The fibers were then shaped in preparation for the assembly, as shown in Fig. 5.1c. 

By controlling the pulling conditions, we could taper the fibers as well. More details on the 

shaping and tapering of the sucrose fibers can be found in Supplementary Information. 

 

5.3.2 Sucrose template bonding, assembly, and replication 

Junctions were made by bonding one end of a sucrose fiber to the side of another. We 

used two methods, both based on the high water solubility of sucrose. In the first, we used 

steam to provide moisture and heat simultaneously. The two areas to be bonded were 

exposed to water vapor at 90C for 3 seconds and were then attached. Subsequently, the 

junction was annealed by a few seconds of extra vapor exposure. In the second method, we 

used sucrose mixed with 90C water at 2:3 weight-ratio as the adhesive as shown in Fig. 

5.1d. The amount of required adhesive depends on the junction area. For instance, we applied 

0.4 nL adhesive to bond 100 m-diameter fibers. We added water continuously to maintain 

the adhesive composition. While requiring an additional step, this method enables a stronger 

bonding and a wider junction area. Furthermore, this method can produce tapered junctions, 

contributing critically to the vaso-mimetic effort. Further details on the assembly process of 

complex 3D MF networks and their replication (Figs. 5.1f and g) with PDMS and 
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polyurethane-based optical polymer are in Supplementary Information. Figure 5.1h shows 

one 3D MF network made within a PDMS cube. 

 

 

Figure 5.2 Optical microscope images of sucrose templates pulled at (a) 25.6 and (b) 2.0 cm/s 

in side and cross-section views. Scale bars: 100 m. (c) The template diameter as a function 

of the pulling speed. The dotted curve represents an exponential decay. (d) An AFM scan 

image over a 4  4 m
2
 area on a sucrose template. 

 

5.4 Results and discussion 

5.4.1 Physical characteristics of sucrose templates  

Figures 5.2a and 5.2b show the microscope images of the sucrose fibers pulled at 25.6 

and 2.0 cm/s in side and cross-sectional views. The graph in Fig. 5.2c also presents statistics 

obtained from five measurements. It indicates that thinner fibers pulled at higher speeds 
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exhibit better repeatability in diameter, probably due to shorter exposure to environmental 

disturbances. The curve-fitting result shows that the diameter and pulling speed are related 

through an exponential decay function. Within the observed range of pulling speed, the 

sucrose templates reveal excellent cross-section circularity. More details on physical and 

surface characteristics of the fibers are in Supplementary Information. 

 

5.4.2 MF junction formation  

The water-dissolvable nature of sucrose facilitates the realization of MF channel 

junctions greatly. Two template bonding methods were described in the previous section. 

Figures 5.3a and 5.3b are the microscope images of two steam-bonded sucrose templates 

(633 and 220 m thick) in the side and bird’s-eye view, respectively. It is clear that the cross-

sectional center of the thinner template meets the side of the thicker one at its midline, 

forming a proper end-to-side junction. The steam-bonding is also effective for attaching 

sucrose templates with greatly dissimilar diameters at a wide range of branching angle. 

Figure 5.3c shows a junction between sucrose templates with 594 and 63 m in diameters. 

Even though the two met at a near-grazing angle, they formed a mechanically robust junction 

that can withstand subsequent manual handling. Figure 5.3d shows the PDMS MF channel 

branch molded from the template in Fig. 5.3c. The flow of red dye clearly confirms proper 

MF channel branching. The branching point in Fig. 5.3d is actually located on the far side of 

the main channel and the transparency attests to the exceptional surface quality of the molded 

channel.         
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Figure 5.3 An end-to-side junction formed between two sucrose templates in (a) side and (b) 

bird’s-eye view. (c) Steam-bonding is also effective between templates with greatly 

dissimilar diameters. (d) A MF channel branch PDMS-replicated from (c). The junction is 

located on the far side but clearly visible, confirming the transparency of the MF channel. (e) 

A 3D assembly of three internally looped templates to a cylindrically tapered backbone. No 

loop is in the same plane with another. (f) A 3D MF network made with (e). Scale bars: (a)-

(d) 600 m, (e)-(f) 5 mm. 
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5.4.3 3D MF channels trajectories and internal looping 

The highly curved templates, such as the ones shown in Fig. 5.1e, can be bonded to other 

templates to obtain more complex 3D MF networks. Thanks to the easy, water-based 

dissolution process for sucrose, the templates can take more complex forms such as internal 

loops. Figure 3e shows a template assembly with 3 internally looped, 68 m-thick branches 

steam-bonded to a backbone. The backbone itself is tapered with its diameter changing from 

622 to 237 m over 2.5 cm (0.44 taper angle), achieving another important architecture in 

3D. Details of tapering is in Supplementary Information. Figure 5.3e and its inset, a slightly 

rotated view, clearly show that none of the loops are in the same plane, forming a completely 

3D network. The minimum radius of curvature was 1.43 mm. Figure 5.3f shows the flow of 

red dye through the multi-branching network molded from the template with PDMS, 

affirming the integrity of the MF network.   

 

5.4.4 Vaso-mimetic architectures: tapered junctions and stenosis 

Sucrose-based scheme’s other important feature is its ability to realize templates with 

their shapes varying rapidly in the axial direction. Figure 5.4a shows one example: a junction 

between two templates (387 and 61 m in diameter) made with the second, adhesive-based 

bonding method. By controlling the volume of liquid adhesive and the speed of its 

application, a wide variety of junction shapes can be realized. Due to the total water-

solubility of the adhesive itself, the PDMS-molded channels replicate the junction shape with 

high fidelity, as shown in Fig. 5.4b. As mentioned in the introduction, this tapered junction 

will contribute greatly to the completion/attainment of vaso-mimetic LoCs. As another 

example of axially modifying the template, we made a smooth dent (687 and 178 m in 
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length and height, respectively) to a 436 m-thick sucrose template using the material’s low-

temperature deformability. Figure 5.4c shows that the PDMS-molded channel replicated the 

dent shown in the inset. Such a localized deformation in a 3D-curved cylindrical microfluidic 

channel will function as an ideal mimicry for studying the impact of stenosis on blood cells’ 

hydrodynamic behaviors. 

 

 

Figure 5.4 Vaso-mimetic MF architectures: (a) A tapered junction between two sucrose 

templates bonded with water-based adhesive. (b) A PDMS MF channel molded from (a) with 

red dye flowing through the branch. (c) A stenosis-like structure formed by localized thermal 

deformation of the sucrose template (inset) and its PDMS molding. Scale bars: 300 m. 
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5.5 Conclusions 

In conclusion, we have demonstrated a new fabrication scheme for 3D-networked, 

cylindrical MF channels based on the shaping, bonding, and assembly of sucrose fibers. It is 

a simple and fast method requiring no cleanroom facility or fume-hoods. Its total reliance on 

sugar and water also makes the fabrication process very environment friendly. Despite its 

simplicity, our scheme can produce complex, pre-designed 3D networks, rather than the 

random or monotonic ones realized with existing schemes. The list of 3D MF channel 

architectures uniquely obtainable with our scheme includes: cylindrical tapers, internal 

looping, end-to-side junctions, tapered junctions, and local stenosis. The last two will 

especially benefit vaso-mimetic efforts, hemodynamic studies, and 3D tissue scaffolding. 

Finally, the low temperature required to dissolve the template will allow molding with 

polymers incompatible with high processing temperature, such as polyurethane (PU). 
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CHAPTER 6. Conclusion and Future Aspects 

By conducting reviews of current interests in bioengineering, I realized that microfluidics 

and polymer-based MEMS devices play significant roles in advancing the fields. In 

particular, the development of platform technologies, which enable the fabrication of 

microscale systems with ease at a low cost, seems indispensable. Polymer-based technologies 

help reduce the price of microscale fabrication. It is also essential for mimicking biological 

systems in nature which are inherently made with soft materials. Simple yet elegant 

structures found in nature have provided endless sources of inspiration, prompting many 

great scientific and engineering advances. In this work, I developed four major platform 

technologies to contribute to bioengineering. 

First, I studied a microscale optofluidic waveguiding scheme and its potential in 

functioning as an optical sensor. An optical sensor is preferred for its EMI-free nature in 

biomedical applications. By utilizing theoretical and numerical methods, anti-resonance 

reflection-based light confinement was proposed and validated. Specifically, the optimum 

confinement conditions for the proposed ML/SL-ARROW design have been investigated. 

Upon proper selection of the parameters, the propagation lengths of light waveguiding could 

be as long as 6 to 10 cm, which is useful for sensing. Moreover, the wavelength scan 

performed with the structure (Fig. 2.5c), proves its potential as a FL biosensor. 

As an effort to develop a low-cost, simple sensing technology, I also studied bio-inspired 

polymer microwires. The polymer MEMS structure can be utilized as optical waveguides in 

the same way that the deep-sea amphipod, sensors, or actuators do. I devised a simple 

fabrication method using elastomer molding, which is a soft lithography method. Since only 

poly(dimethylsiloxane) (PDMS), water soluble wax, and the stainless-steel-wire templates 
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were used, the method was also very cost-effective. Using the method, we obtained a 10 x 10 

array of 150 µm-diameter polymer wires, which can be elongated more than 300% 

repeatedly. The surface quality tested by SEM and AFM especially proves its smoothness in 

microscale. With four different diameter microwires, tensile strength was also tested. The 

force-strain curve computed with the Ogden model shows that microwires thicker than 200 

µm in diameter can withstand force higher than 70 mN. 

As an extension of the previous work, I developed a bio-inspired gas flow sensor using 

the PDMS microwire. A 100 µm-diameter PDMS wire was used as the transducer which is 

optically transparent and tunable. By fixing the input end and laterally changing the output 

end of the PDMS transducer, I could change the tension. The sensing range was altered by 

tension applied to the polymer transducer. Fig. 4.4b illustrates the range tunability scan for 

several elongated stages and also proves the flow rate modification from 1 to 4 SLM over 

500µm-elongation. The sensitivity measured for high elasticity was 9.8dB/SLM at 1 cm. 

The last part established another fabrication technique based on elastomer molding of a 

bio-compatible material, sucrose, as a solution to generate microfluidic channels imitating 

vasculatures complete with circular cross sections and 3D assemblies. Thanks to the sucrose 

and its humid/temperature deformability, microscale (smallest 20 µm to several hundred 

micrometers) structures were fabricated and assembled. The smooth surface of the pulled 

sucrose was confirmed with AFM over 16 µm
2
 of several randomly chosen areas. This 

platform technology also provided tapered, stenosis-like, and internally looping structures, 

which will be useful for biomedical studies.  

In summary, I have actively sought bio-inspired solutions to well-known problems in 

bioengineering, emphasizing ease of fabrication, low cost, and miniaturization. Through the 
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platform technologies studied, the research group gained ample experience for developing 

more complicated sensors. I am positive that we would achieve more by combining the 

optical components and microfluidics we had developed as well as through learning from 

nature more proactively. It also seems that each of the platform technologies can be further 

improved. For instance, the optofluidic sensor can be fabricated with MEMS and tested; 

polymer wire actuators can be thinner down by utilizing pulling and temperature control; and 

endothelial cells should be grown inside the vasomimetic channels to perform actual cell 

mechanics or vascular studies. 
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