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ABSTRACT 

Inspired by the readily observed phenomenon of self-assembly in nature, 

multiple self-assembling microfabrication techniques have been developed to 

fabricate various 3D structures in both micro and nanoscale. Among the structures 

that can be fabricated via self-assembly are polyhedra, an attractive model system for 

studying a wide range of disciplines including mathematics, chemistry and biology. 

While polyhedra have been considered as an attractive model system with a 

wide range of implications in multiple fields of study, they are also an effective 

choice of encapsulant in particle technology to enable spatially controlled chemical 

reactions. From the formation of milk from fat globules to the development of the 

central nervous system (CNS) through diffusible chemoattractants, nature has 

benefitted from selecting and fine-tuning particles to enable spatially controlled 

chemistry. In past studies, scientists have mainly utilized particle technology to 

develop an effective system of drug delivery in micro and nanoscale.  

However, the potential application of particle technology is unlimited; we 

were inspired to develop a novel application of a chemical display in addition to other 

existing applications of particle technology. We herein describe a concept of a 

chemical display system that can generate a dynamic pattern based on a controlled 

chemical release from an array of porous self-assembled micropolyhedra with various 

tunable properties such as dimensions, pore sizes, chemical concentrations and 

arrangements. 

Based on the idea of controlled chemical release via particle technology, our 

goal is to develop a chemical display system that would be able to address an inherent 

limitation that exists in conventional electronic display. A concept of a chemical 
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display would benefit from the absence of components or interfaces that connect each 

pixel, allowing increased freedom in both design and utility. We fabricated our 

chemical display system based on an array of self-assembled micropolyhedra, a 

structure that can be produced in parallel at high efficiency.  

In this study, we have successfully demonstrated the viability of a chemical 

display system by loading porous self-folded metallic cubes with chemicals and by 

precisely controlling the porosity, volume and chemical concentration.  

We expect that our highly tunable chemical display system based on a self-

assembled micropolyhedra would be able to benefit current display systems by 

complementing currently existing electronic displays. We also anticipate that the 

technology could open up new possibilities in other fields such as biotechnology, 

benefitting from a sequential release of chemicals, cells and more.  
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CHAPTER 1. INTRODUCTION 

1.1 Introduction to controlled chemistry and particle technology  

In many contexts, chemical reactions are typically discussed based on the 

assumption that the reactants are well-mixed in a homogenous medium without 

detailed considerations on varying concentration gradients and mass transport [1]. On 

the other hand, non-uniform chemical reactions occurring in a heterogeneous medium 

are often less noticed. However, it is crucial to investigate these non-uniform 

chemical reactions in a heterogeneous medium; one way of doing so is by re-creating 

spatially controlled chemical reactions and investigating them. These spatially 

controlled three-dimensional (3D) chemical reactions or spatially controlled chemical 

patterns often offer unique properties and are known to play critical roles in many 

areas including various intra/intercellular processes in biological systems. For 

example, in Caulobacter crescentus, critical functions such as cell division is 

controlled by intracellular localization of histidine kinases and proteins based on 

controlled chemistry (Figure 1a) [2]. Figure 1 shows other examples of chemical 

patterning in biological cells. 

 

 

Figure 1. Examples of Chemical Patterning at in biological systems [3-5]: (a) An anterior-

posterior cellular localization axis is exhibited by the Caulobacter histidine kinases PleC (red) 

and DivJ (green) that dynamically and selectively localize to specific cell poles. The ZapA 

cell division protein (blue) localizes to the FtsZ ring. (b) Live streptococcal cells (seen in the 

image as a diffuse ring) secrete enzymatically active SpeB at a single locus (brighter spot in 

the image). Representative micrograph shows that each cell displays a single punctate 

fluorescent locus. (c) Co-localization of expression of Eps apparatus (green) and flagellum 

(red) at the same pole in the cells of Vibrio cholerae. The bacteria were visualized by phase-

contrast microscopy. Reprinted with permission from [1]. ©  2012, RSC Advances. 
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To address and further investigate these spatially controlled chemical reactions, 

scientists have devised a way to generate a spatially controlled chemical field with 

patterns via a fine tuning of chemical sources. The spatial characteristics of the 

chemical field can be adjusted by varying different features of the chemical source, 

including the size, shape, chemical concentration, porosity and spatial distribution of 

chemical source in a medium. As a chemical source, particles with varying size and 

properties such as vesicles, capsules, microspheres and polyhedra can be an excellent 

candidate, as they can be functionalized or customized with ease [1]. Encapsulating 

the chemicals in these particles also allows a greater control over the rate of chemical 

release as well.  

While most of the customizable synthetic particles that are currently available 

have been developed for different applications such as drug delivery, they can be 

utilized for the generation of spatially controlled chemical patterns. These include thin 

shells of molecular membranes (vesicles), capsules, polymer microspheres, polyhedra, 

matrices and more [1]. Among the different classes of particles, scientists can benefit 

the most from the lithographically patterned self-assembled polyhedra in developing a 

spatially controlled chemical field with favorable properties such as highly tunable 

and versatile nature that allows a precise control of chemical reactions and a highly 

parallel production process.  

Utilizing spatially controlled chemistry via particle technologies can offer wide 

variety of applications in many areas, including drug delivery, biotechnology, 

chemical kinetics, reaction diffusion systems, chemotaxis and morphogenesis [1]. Our 

laboratory have been working extensively with polyhedra in past studies and we will 

work with polyhedra to develop a chemical display system based on spatially 

controlled chemistry in this study, which will be discussed in Chapter 3.   
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1.2 Introduction to polyhedra 

Originating from the combination of Greek word poly (many) and hedron (base), 

a polyhedron (polyhedra in plural form) can be described as a three-dimensional 

shape with straight edges and sharp vertexes. Since Classical Greece, polyhedra have 

always been a source of intellectual interest and their popularity have continued for 

years. While their practical applications may not seem too evident at first glance, 

understanding the principle behind their construction and patterns have contributed to 

advancements in several field of study in many ways and will continue to do so in the 

future. 

Although there numbers of different categories that consist the world of 

polyhedra, polyhedra can be divided into two main categories: Platonic solids and 

Archimedean solids. The Platonic polyhedra, named after a mathematician named 

Plato, is a group of convex polyhedra with identical regular polygons as their faces 

with all of the vertex angles being equal [6]. Platonic solids, also known as regular 

polyhedra in some cases, have five different types as shown in Figure 2. Due to their 

highly ordered and symmetric nature, Platonic solids have been extensively studied by 

mathematicians and researchers and have been of main interest. 

 

Apart from the Platonic solids, the other major group of polyhedra is called 

Archimedean solids, named after a mathematician named Archimedes. While its 

definition may vary, Archimedean solids are perceived as Platonic solids with a lower 

Figure 2: The five Platonic solids: Tetrahedron (P1), isocahedron (P2), dodecahedron (P3), 

octahedron (P4), and cube (P5). Reprinted with permission from [7]. ©  2009, American 

Physical Society. 

Figure 1. The five Platonic solids  
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degree of regularity and can be defined as a group of convex polyhedra with varying 

kinds of regular polygon faces joining in identical vertices [9]. Archimedean solids, 

also known as semi-regular polyhedra in some cases, have thirteen different types as 

shown in Figure 3.  

Figure 2. The 13 Archimedean sol ids  

 

 

Archimedean solids share multiple properties with Platonic solids, such as having 

convex polygon as faces, straight edges and more. They can also be produced by 

truncating the Platonic solids [9]. While Archimedean solids have not gained much 

attention, scientists have kept a close eye on them as they are closely related to 

Platonic solids. In addition to Platonic solids and Archimedean solids, there are also 

other types of polyhedra such as prisms and anti-prisms that are less studied. 

 

Figure 3. The 13 Archimedean solids: Truncated tetrahedron (A1), truncated icosahedron 

(A2), snub cube (A3), snub dodecahedron (A4), rhombicosidodecahedron (A5), truncated 

icosidodecahedron (A6), truncated cuboctahedron (A7), icosidodecahedron (A8), 

rhombicuboctahedron (A9), truncated dodecahedron (A10), cuboctahedron (A11), truncated 

cube (A12), and truncated octahedron (A13). Reprinted with permission from [7]. ©  2009, 

American Physical Society. 
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1.3 Polyhedra in nature and science: an attractive model system  

Apart from their fascinating physical shape that sparks intellectual interest, 

polyhedra have always existed virtually everywhere in our lives and influenced the 

way people live. For decades, polyhedra have been related to a wide range of 

disciplines including philosophy, mathematics, chemistry, biology and physics and 

more [6].  

Firstly, famous astronomoers and philosophers have made use of polehedra in 

the theories of the universe. Several decades ago, Plato associated with the five 

Platonic solids with the four Empedoclean elements and the universe in an effort to 

explain the properties of matter [8]. In addition, German astronomer Johannes Kepler 

utilized polyhedra to determine the size of the known universe, and the relative 

distances of the planets [8].   

More importantly, polyhedra can be found everywhere in nature. Scientists 

believe that nature has benefitted from the structural stability and efficient packing 

that polyhedra offer. Noting this, scientists have identified polyhedra as a highly 

efficient building blocks of various structures, such as spherical virus (Figure 4), 

honeycomb, and even foams (Figure 5).  
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Figure 3. Po lyhe dra in Spherical Viruses: Cowpea C hlorotic Mottle Virus (CCMV) 

 

Figure 4. Po lyhe dra in nature 

 

As a very attractive model system, polyhedra have drawn significant attention 

and scientists have spent much effort in understanding and characterizing the packing 

of polyhedral shapes as a result. With their significance, it is expected that a further 

investigation on polyhedra can contribute greatly to an understanding of complex 

problems such as the topology of cells, grains, polycrystals and other three-

dimensional microstructures [11]. 

Figure 4. Polyhedra in Spherical Viruses: Cowpea Chlorotic Mottle Virus (CCMV). 
Icosahedral symmetry of a viral capsid. (a) Cryo-TEM reconstruction of CCMV. (b) 

Arrangement of subunits on a truncated icosahedron; A, B and C denote the three symmetry 

nonequivalent sites. Reprinted with permission from [10]. ©  2004 Proceedings of the National 

Academy of Sciences, USA.  

Figure 5. Polyhedra in nature. (a) Hexagonal honeycomb structure. Reprinted with 

permission from Merdal [CC-BY-SA-3.0]. (b) Packing of foam cells from a variety of 

polyhedra. Reprinted with permission from André Karwath [CC BY-SA 2.5].  
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While polyhedra have been studied extensively for years, the progress in research 

on polyhedra has been quite slow. However, with a recent revolution in fabricating 

techniques of 3D structures, working with microscale polyhedra has become more 

accessible and a rising tide of research on polyhedra is expected. Currently, a variety 

of research on polyhedra is ongoing in multiple fields of research, including algebraic 

geometry, mathematical programming, computer graphics, combinational 

optimization, topology, crystallography, VLSI design, robotics and more [12].  

1.4 Limitations of conventional techniques for the fabrication of 3D 

structures 

Although the potential of structures in micro and nanoscale was noted for 

decades (see the American physicist Richard Feynman’s lecture titled “There’s Plenty of 

Room at the Bottom” in 1959), the fabrication of these structures was very difficult until 

various microelectromechanical systems (MEMS) microfabrication techniques started to 

emerge. Currently available techniques that are used to fabricate microscale structures can 

be classified into three broad categories: bulk machining, surface machining and LIGA 

methods (German acronym for ‘Lithography’, ‘Electroplating’ and ‘Molding’) [13].   

While currently available microfabrication techniques based on processes such as 

photolithography and etching can be used to synthesize various structures in microscale, 

their utility is largely limited in the synthesis of a 2D structure [14]. 

An example of such techniques is surface micromachining, a well-developed 

method that is one of the major fabrication techniques for 2D and 3D microscale 

structures and devices. In surface micromachining, multiple layers of films with different 

materials are deposited as structural and sacrificial materials then etched upon patterning 

for the production of microstructures [13,15]. In the process, sacrificial layers are first 

deposited onto the substrate in order to protect and maintain subsequent layers onto which 
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a structural layer will be deposited. Then, thin layers of structural layers are deposited 

which will then undergo selective patterning and etching. Finally, the remaining 

sacrificial layer will be removed, leaving only the desired structure [13]. A typical 

fabrication process in surface micromachining is outlined in Figure 6. 

Figure 5. Process flow for surface micromachining fabrication  

 

Also called a thin film process,surface micromachining allows the fabrication of 

3D microdevices along with the production of electronic integrated circuit (IC) devices 

[15]. However, with limitations on each film’s thickness, the production of 3D structure 

and devices is largly limited to planar-type and does not allow fabrication of complex 3D 

structures such as polyhedra or hollow rods [18]. As shown in Figure 7 below, typical 

structures and devices fabricated by micromachining fabrications are mainly planar 

structures such as sensors, microchannels and cantilevers. In addition, although surface 

micromachining allows the production of precise and versatile structures, it has limited 

range of materials that can be used at a relatively high production cost [16]. 

Figure 6. Process flow for surface micromachining fabrication. (a) Deposition of the 

sacrificial layer on a silicon substrate. (b) Etching of the sacrificial layer after patterning. (c) 

Deposition of a layer for the structure material. (d) Etching of the structural layer after 

patterning. (e) Final etching of the sacrificial layer. (f) Final product with structural layer only. 
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Figure 6. Resonant mass se nsors base d on f ilm Bulk Acoustic Resonator (FBAR) produced by  micromac hining process 

 

 Apart from the traditional microfabrication techniques mainly based on 

photolithography, other microfabrication techniques still suffer from issues such as the 

pattern resolution and the flexibility of geometry [16]. These techniques include injection 

molding, imprinting, cast molding, screen printing and more [18-22]. 

1.5 Introduction to self-assembly  

As discussed above, many of the traditional microfabrication techniques do not 

perform particularly well when it comes to the fabrication of 3D micro and nanostructures 

with numbers of limitations. To address the inherent limitations in the production of 3D 

structures found in the majority of microfabrication techniques, scientists looked for 

solutions. Finally, they were able to get a clue from our nature; the answer lied in the 

phenomenon of self-assembly.  

While its definition varies, self-assembly can be defined as “a process in which 

components, either separate or linked, spontaneously form ordered aggregates [23].” In 

nature, self-assembly occurs in a wide range of length, including both molecular scale and 

macroscale. Self-assembly accounts for thousands of phenomenon in nature; it includes 

Figure 7. Resonant mass sensors based on film Bulk Acoustic Resonator (FBAR) 

produced by micromachining process. (Left) Schematic of an FBAR. (Right) Photo of a 

fabricated FBAR sensor. Reprinted with permission from [22]. ©  2011 IEEE.  
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the self-arrangement of sand dunes from thousands of individual dust particles and the 

self-assembly of nanoscale biological structures such as virus and DNA molecules. 

Figure 8 illustrates some examples of self-assembled the biological structures. 

Figure 7. Examples of biological self-assemble d structures showing t he building bloc ks and t he relevant interactions invo lved in t he self-asse mbly process  

 

 As self-assembly is ubiquitous in various fields of study such as chemistry, 

biology and materials science, numbers of research have been made in self-assembly in 

the past [23]. Although studying self-assembly will benefit these fields of study as a 

whole, one of the most important applications of self-assembling process is found in the 

fabrication of 3D structures in nano and microscale. This is because self-assembly offers 

“routes to ordered states of matter that probably cannot be generated practically by any 

other type of processes [and] has specific applications in materials science and 

engineering [23,25].” Self-assembly allows not only an efficient route to fabricate 

complex 3D microstructures but also a possible assembly of nanoscale components, 

which is often an extremely difficult process. Figure 9 illustrates some examples of self-

assembled 2D and 3D structures.  

Figure 8. Examples of biological self-assembled structures showing the building blocks and 

the relevant interactions involved in the self-assembly process. (a) Protein folding. (b) ds-

DNA. (c) Tobacco mosaic virus (TMV). (d) Cell membrane. Reprinted with permission from 

[24]. ©  2013 John Wiley and Sons.  
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Figure 8. Examples of 2D (A and B) and 3D (C-F) structures, asse mbled in systems of macroscopic compone nts interacting via  capillary interactions  

 

 With their strong potential and increasing interest, self-assembly based 

microfabrication techniques are expected to open up new opportunities in fabricating 

highly functional structures in both micro and nanoscale. We hereinafter focus on the 

fabrication of microscale 3D structures based on self-assembling processes in the 

following chapters.  

 

CHAPTER 2. SELF-FOLDING POLYHEDRA 

2.1 Introduction to self-folding approach in self-assembly 

Figure 9. Examples of 2D (A and B) and 3D (C-F) structures, assembled in systems of 

macroscopic components interacting via capillary interactions [23, 26-31]. (a) Open 

hexagonal array. (b) Hexagonal lattice formed around circular templates. (c) Spherical structure 

formed by self-assembly of hexagonal metal plates. (d) Compact 3D structure formed by self-

folding of a string if tethered, polymeric polyhedra. (e) Large crystal self-assembled from 

micrometer-sized hexagonal metal plates. (f) Aggregate with electrical connectivity self-

assembled from polyhedral, polymer components. Reprinted with permission from [23]. ©  2002 

Proceedings of the National Academy of Sciences, USA. 
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Although an efficient, high-volume production of patterned planar 2D 

structures is readily available using conventional microfabrication techniques, the 

fabrication of precisely patterned 3D structures is still very challenging. By 

combining current lithography techniques with self-folding approach, however, a 

production of complex 3D structure is possible by folding planar 2D templates 

structures into 3D structures. The result is a highly parallel fabrication process of 

precisely patterned and complex structures such as polyhedra.  

 In the context of self-assembly, self-folding broadly refers to the process in 

which interconnected “planar structures fold up spontaneously, typically when 

released from a substrate or exposed to specific stimuli [32,33]." The resulting 

product are complex 3D structures such as polyhedral, cylindrical tubes, spirals and 

corrugated sheets that are otherwise hard to fabricate using other approaches [32].  

 The concept of self-folding can be seen as a “more deterministic form of self-

assembly” where components are linked in a specific way in order to reduce the 

degrees of freedom and guide the interactions between the components in order to 

achieve a "guided assembly of a pre-determined 3D structure [34]. ” Figure 10 gives 

an example of an approach in developing different methods in the self-folding process 

of different structures. 

Figure 9. Variations on t he self-asse mbly the me  
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Currently, there are multiple mechanisms to enable self-folding. These 

include magnetic forces, pneumatics, swelling of electro-active polymers, ultrasonic 

pulse impact, stressed thin films, surface forces and more [34]. Figure 11 shows the 

implementation of these self-folding techniques with various 3D microstructures as 

the product.  

Figure 10. Imple mentation of various self-folding techniques  

Figure 10. Variations on the self-assembly theme. (a) It is highly improbable that 12 free-

floating pentagonal panels will self-assemble to form a hollow dodecahedron. (b) Tethering 

limits the number of possible self-assembly outcomes and can be used to construct a hollow 

dodecahedron with higher probability. Reprinted with permission from [34]. ©  2010 John Wiley 

and Sons.  

Figure 11. Implementation of various self-folding techniques [24, 35-41]. (a) Pneumatically 

actuated microhand. (b) Magnically assembled microstructures with elastic hinges. (c) TiN 

membrane folded due to the stress in TiN hinge. (d) End gripper made of ionic polymer-metal 

composites. (e) 3D microwell self-folded from a hydrogel bilayer. (f) SU8/DLC normally-closed 

microcage folded by residual stress. (g) Microcube fabricated using thermal shrinkage of 

polyimide. (h) SMA-actuated microgripper. Reprinted with permission from [34]. ©  2010 John 

Wiley and Sons.  
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2.2 Fabrication of the surface tension driven self-folding polyhedra 

 Among the several strategies to facilitate self-folding in the self-assembly of 

3D structures, the utilization of surface forces has become one of the most preferred 

method for self-folding due to its several advantages over the other approaches.  

First of all, the surface-tension driven self-assembly is a very appealing and 

versatile production method as it does not require active actuation [42]. In addition, in 

the surface-tension driven assembly, the surface force scales linearly with the 

characteristic length and the gravitational force scales with the length cubed. This 

means that the interfacial force will dominate at smaller length scales instead of the 

gravitational force, thereby allowing the assembly of 3D structures over a wide range 

of sizes from nano to microscale [29,38].  

The surface force or tension involved in the surface-tension powered self-

assembly is produced when each meltable surface of a 2D planar template tries to 

minimize its interfacial free energy by minimizing its surface area. The process of 

surface tension driven self-assembly begins with the production of the 2D template, 

where a movable panel is attached to a flexible hinge. Then the meltable pad is 

deposited on the hinge, which will melt upon heating. Upon heating, the free surface 

of the hinge will deform with a decrease in surface energy that will provide the 

rotational torque to rotate the attached panel. The folded structure will then stabilize 

after a balance among the torques is achieved, with the meltable pad portion 

resolidifying back to the original state to give a stable folded structure [42]. The 

general overview of the self-assembly powered by surface tension is illustrated in 

Figure 12 below. 

Figure 11. Rotation of panels powered by surface tension 
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By adapting the existing surface tension powered self-assembly technique 

and developing it further, our lab has successfully mass-fabricated various untethered, 

patterned polyhedral structures in microscale [34]. The additional step that allows the 

fabrication of untethered polyhedra based on surface tension driven self-assembly is 

the incorporation of sacrificial layers in the fabricating steps of 2D planar structures. 

In the self-assembly process, sacrificial layers get selectively removed and allow the 

2D planar structure to be completely released from the substrate, which will then fold 

into a sealed 3D structure with fluidic locking hinges. The schematic illustration of 

the surface-tension driven assembly of polyhedra is shown in Figure 13 below. 

Figure 12. Sche matic il lustration of key fabrication steps for surface tension driven asse mbly of a c ubic polyhe dra 

Figure 12. Rotation of panels powered by the surface tension. (a) A 2D template with a 

flexible hinge attached to rotatable panel deposited with a meltable pad. (b) As the meltable 

region starts to melt, the surface area starts to decrease. (c) The surface area of meltable pad 

region gets minimized as the surface tension (Fγ) and the Laplace pressure (Fp) balances to reach 

the equilibrium. (d) Folded hinge stabilized in the equilibrium position. Reprinted with 

permission from [42]. ©  2003 IEEE.  
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Since this fabrication method is based on previously well-developed 

lithographic techniques, it allows the versatility in size, shape, porosity with added 

functionality such as patterning. Figure 14 shows the images of various microscale 

polyhedra structures fabricated from the surface tension driven self-assembly.  

Figure 13. Surface tension driven self-assemble d patterned po lyhedra  

Figure 13. Schematic illustration of key fabrication steps for the surface tension driven 

assembly of a cubic polyhedra. Reprinted with permission from [14].  
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As shown above, these versatile polyhedral structures can be fabricated into 

multiple shapes, added with various types of patterns in their panels with their size 

ranging from nanoscale to macroscale (mm). Added with a highly parallel and cost-

effective manufacturing process, these polyhedral structures offer a wide range of 

applications in multiple fields of study. 

First and foremost, due to their hollow nature, these self-assembled polyhedra 

can be utilized as containers. As they can be facilitated with micro and nanoscale 

pores, their potential use in 3D membrane for separations and sampling and controlled 

drug delivery have been demonstrated previously [43,44]. Since these structures can 

be fabricated with metallic materials based on lithography, people have also 

demonstrated their use in controlled chemistry and medical imaging based on external 

forces that can actuate these structures [45,46]. Scientists also believe that the self-

assembled polyhedra may even be able to provide “a framework for building 3D 

electronic device modules for self-assembled electronic systems [21].” 

Figure 14. Surface tension driven self-assembled patterned polyhedra. (a) Optical image of 

self-assembled polyhedra in a variety of shapes. (b) SEM image of self-assembled porous cube. 

(c) SEM image of self-assembled pyramid. (d) SEM image of self-assembled truncated 

octahedron. (e) SEM image of self-assembled dodecahedron. Size of the scale bars are 100μm. 

Reprinted with permission from [14]. 
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 While surface tension driven self-folding technique allows a highly efficient 

and parallel production of complex 3D structures with multiple advantages, it is not 

free of limitations. Because surface tension driven assembly relies on a surface 

curvature of liquefied metals to propel attached structures, it often requires high 

temperatures for the meltable hinges to melt. This requirement limits the technique’s 

biocompatibility and therefore other mechanisms that enables self-assembly may be 

able to provide a better biocompatibility in biological systems. All in all, surface 

tension driven self-folding is a very attractive process that allows the fabrication of 

complex 3D structures in a highly parallel and efficient manner while retaining the 

benefits of existing microfabrication techniques.  

2.3 Design considerations and geometric design rules of self-folding 

polyhedra 

Although the self-folding process by surface tension is guided by the 

patterned structure of the planar 2D template, its yield of completely folded, defect 

free structure is far from being perfect. In order to address this issue, our laboratory 

has worked extensively with the surface tension guided self-folding process and 

discovered the factors that affects the folding process, developing several design rules 

and considerations that can be implemented to maximize yield with defect-free 

structure.  

In their work, Leong et. al successfully developed the optimal design rules for 

generating 2D templates that can be used for the surface tension driven assembly of 

polyhedra. After observing how different dimensions of a 2D template affected the 

folding process, they reported that for a polyhedra with a side length of L, folding 

hinges should have a dimension of 0.8L × 0.2 L (length × width) while sealing 
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hinges should have a dimension of 0.8L × 0.1 L (length × width) [14,47]. The 

schematic representation of this design rule is shown in Figure 15.  

Figure 14. Mask design rules for the asse mbly of patterned polyhedral particles  

 

In addition, they also investigated the dependence of the folding angle of a 

panel on the volume of hinge material and demonstrated that the folding angle of a 2D 

template decreases with an increasing volume of a hinge material, thereby effectively 

controlling the folding process in self-assembly [47]. Figure 16 illustrates the 

simulation results. 

 

Figure 15. Mask design rules for the assembly of patterned polyhedral particles. (a) 

Schematic of the panel mask for a polyhedron of side length L. (b) Schematic of the hinge mask 

featuring folding hinges (0.2L×0.8L) and sealing hinges (0.1L×0.8L). (c) Schematic of the 

overlaid 2D template or precursor. Reprinted with permission from [14]. 
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Figure 15. Simulation results of the dependence of fold angle on so lder volume for the self-asse mbly of a 200 micron c ube.  

Based on this design rule, our lab has been able to mass-produce various 

polyhedra particles with sizes ranging from microscale to macroscale (cm). In 

addition to these design considerations, other studies on other principles that guide 

self-assembling process of polyhedra such as the investigation on the role of 

compactness nets for polyhedral self-assembly have been made in an effort to gain a 

better understanding of self-assembly process with improved yield [48]. Figure 17 

and 18 illustrate Pandey et al.’s findings that “compactness is as simple and effective 

design principle for maximizing the yield of self-folding polyhedra” [48].   

 

 

Figure 16. Self-folding experiments on high Vc (total number of distinct vertex connections) nets with varying Rg (radius of gyration). Optical and SEM images.  

Figure 16. Simulation results of the dependence of fold angle on solder volume for the self-

assembly of a 200 micron cube. Reprinted with permission from [47]. ©  2007 American 

Chemical Society.  

Figure 17. Self-folding experiments on high Vc (total number of distinct vertex connections) 

nets with varying Rg (radius of gyration). Optical and SEM images. (A–D) Dodecahedral 

nets with Vc = 10 and Rg = 810.2, 797.4, 755.4, and 747.7 μm, respectively. (E–H) Truncated 

octahedral nets with Vc = 12 and Rg = 911.6, 870.2, 867.4, and 852.8 μm, respectively. (Scale 

bar: 300 μm.) Reprinted with permission from [48]. ©  2011 Proceedings of the National 

Academy of Sciences, USA. 
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As shown in Figure 16 and 17, Pandey et al. reported that by adjusting Vc 

(total number of distinct vertex connections) and varying Rg (radius of gyration), the 

two factors that measure the metric and topological compactness of a structure, can 

result in a high yield of defect-free self-assembled structures [48]. 

Figure 17. Self-folding experiments on high Vc (total number of distinct vertex connections) nets with varying Rg (radius of gyration). Optical a nd SEM images.  

 

 

 

 

 

 

 

Figure 18. Self-folding experiments on high Vc (total number of distinct vertex connections) 

nets with varying Rg (radius of gyration). Optical and SEM images. (A–D) Dodecahedral 

nets with Vc = 10 and Rg = 810.2, 797.4, 755.4, and 747.7 μm, respectively. (E–H) Truncated 

octahedral nets with Vc = 12 and Rg = 911.6, 870.2, 867.4, and 852.8 μm, respectively. (Scale 

bar: 300 μm.) Reprinted with permission from [48]. ©  2011 Proceedings of the National 

Academy of Sciences, USA. 
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CHAPTER 3. A CHEMICAL DISPLAY BASED ON POLYHEDRA
*

3.1 Introduction 

 While currently available electronic display system such as liquid crystal 

displays and flexible displays is being widely used, fundamental limitations lie in its 

utility and design exist due to their design in nature: the wired interface that connects 

individual pixels [45,46]. Because the information to be displayed in electrical display 

needs to be transmitted through wired interfaces, the wired interface is required in the 

majority of conventional electronic visual display, with the exception of recently 

introduced wireless display [45-49]. As a result, the internal design of electronic 

display becomes increasingly complex due to multiple interconnecting components 

with the need for external power source to operate the display; the utility of these 

devices can be limited [55]. 

Based on the idea of controlled chemical release via particle technology 

described in previous chapters, we devised a plan to develop a chemical display 

system that would be able to address some of the limitations found from electronic 

display. The concept of a chemical display would benefit from the absence of 

components or interfaces that connect each pixel, allowing increased freedom in both 

design and utility. For example, a chemical display system could be built onto a 

variety of substrates including hard and flexible substrates in both 2D and 3D. We 

aim to construct the system based on an array of self-assembled micropolyhedra, a 

structure that can be produced in a very efficient and parallel manner. Detailed 

                                                 
* Parts of this chapter have been adapted from Kalinin Y.V., Pandey S., Hong J., Gracias D.H. “A 

Chemical Display: Generating Animations by Controlled Diffusion from Porous Voxels,” Accepted in 

Advanced Functional Materials (2015).   
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information about surface tension driven self-assembled polyhedra is described in 

previous chapters. 

We first note our past research work involving self-assembled micropolyhedra 

to enable controlled chemical release. In 2006, Leong et.al developed a 3D metallic 

micro containers with controlled surface porosity that enables a pico-nanoliter scale 

chemical encapsulation and delivery [54]. However, the previous work only consisted 

of a simple demonstration of the controlled dye release from a container (Figure 19). 

Figure 18. Optica l images of c hemical release from microscale porous cube 

 

Based on the highly versatile and tunable particle technology ideal for 

enabling controlled chemistry, we herein describe a concept of a chemical display 

system that can generate a set of moving visual images by the unprecedented 3D 

spatial control of chemical release. We plan to construct the chemical display system 

by creating an array of precisely engineered self-folded metallic porous cubes with 

Figure 19. Optical images of chemical release from microscale porous cube. (a) Spatially 

isotropic release of a dye from a container with identical porosity on all faces. (b) Anisotropic 

release of a dye from a container with anisotropic porosity (five faces with an array of 5 micron 

pores; the sixth face has a 160 micron sized pore). (c) An example of a remotely guided spatially 

controlled chemical reaction. Reprinted with permission from [54]. ©  2007 American Chemical 

Society.  
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various tunable properties such as dimensions, pore sizes, chemical concentrations 

and arrangements loaded with dyes to be released. 

With electronic display’s exceptional performance and extensive list of 

advantages already in place, our goal is not to replace electronic display. Instead, we 

anticipate that advantages of the chemical display would be able to complement 

existing display systems by providing new capabilities for dynamic display 

technology in multiple applications. We view several advantages in our chemical 

display system: (1) a back-end interface free system without the need for external 

power sources, (2) a wide range of substrates onto which the chemical display can be 

installed and (3) a highly versatile and tunable porous cube that allows the adjustment 

of the produced image. 

3.2 Key design considerations and approach 

3.2.1 Means of enabling a controlled chemical release 

Past studies reveal that there are various ways of enabling controlled chemical 

release. The possible means of enabling controlled chemical release in continuous or 

discontinuous form include: (1) a diffusion that allows the spontaneous release of 

chemicals and (2) external stimuli such as temperature, pH level, ultrasound, electric 

current and magnetic field that allow the release of chemicals in response to stimuli. 

[55-60]. 

We chose to utilize diffusion for the spontaneous controlled chemical release for 

our experiment in order to maximize the utility of our chemical display system based 

on its tunability and ease of use. The use of external stimuli would be possible, but it 

would limit the utility of the chemical display system due to their complicated and 

costly process.  
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3.2.2 Concept of chemical voxels  

Similar to individual pixels found in electronic display, we utilize precisely 

patterned and chemically loaded 3D porous metallic cubes fabricated by surface tension 

driven self-assembly and refer them as chemical voxels. Although different types of 

containers that are well-developed such as porous capsules and microgel particles can 

be used as chemical voxels, controlling the chemical release from these types of 

containers is highly difficult [61,62]. Also since the porous metallic cubes can 

withstand prolonged use thanks to its robust structure, they are better suited for 

chemical displays. Figure 20 illustrates different types of containers that can be utilized 

as chemical voxels. 

Figure 19. D ifferent types of containers that can be ut ilized a s che mical voxels  

 

Through the fine tuning of different characteristics of chemical voxels placed in 

arrays, such as the concentration of chemical and controlled release time of chemicals, 

we would obtain dynamic visual images via spatial and temporal control of chemical 

release. 

 

Figure 20. Different types of containers that can be utilized as chemical voxels. (a) 

Fluorescence microscopic images of three-layer FITC insulin microgel thin film for thermally 

modulated insulin release. Reprinted with permission from [61]. ©  2004 American Chemical 

Society. (b) SEM image of Hydroxyapatite nanostructured hollow ellipsoidal capsules for 

application in drug delivery. Reprinted with permission from [62]. ©  2008 Royal Society of 

Chemistry. (c) Optical image of microscale porous metallic cube fabricated by surface tension 

driven self-assembly.  
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3.2.3 Demonstrating the concept of a chemical display 

To demonstrate the concept of a chemical display, we will first conduct multiple 

numerical simulations followed by a series of experiments and show how the variations 

in multiple designing parameters such as the concentration of chemicals, porosity, 

volume, shape and the positioning of the chemical voxels can be utilized in order to 

control the dynamics of the produced image from our chemical display system. Then 

we will provide a proof-of-principle by demonstrating an animation of a running man 

produced from an array of chemical voxels via controlled chemical release. Finally, we 

conclude by addressing the compatibility of a chemical display system to be 

implemented onto various substrates including both rigid and flexible substrates.  

To sum up, the three key principles of our chemical display system is as follows:  

(1) a high throughput strategy to synthesize chemical voxels with adjustable 

characteristics such as volume, shape and porosity, (2) design criterion for programmed 

chemical release with both local and global control based on numerical simulations and 

(3) a strategy to dispense and arrange the voxels into well-ordered arrays onto multiple 

types of substrates.  

3.3 Experimental methods 

3.3.1 Numerical simulations of a controlled chemical release from voxels 

All of the numerical simulations in this study was performed using COMSOL 

Multiphysics (COMSOL, Inc.). In our simulations, we assumed that the voxels were 

surrounded by a 4 mm thick stationary medium and sought solutions to the time-

dependent diffusion equation in stationary medium in the absence of chemical reactions 

as described previously [63,64].  
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Prior to conducting the final round of simulations for the exact types of chemical 

voxels that we would use to construct our arrays for the chemical display, we first 

conducted simulations to find the chemical concentration variation as a function of 

distance away from a voxel by working with two types of chemical voxels: 500 µm 

cube with a single 100 µm pore on each face and 250 µm cube with a single 3µm pore 

on each face. The simulation result is shown below in Figure 21.  

Figure 20. Simulation results showing t he concentration variation as a function of distance away from a voxel  

 

Based on this simulation result, we then conducted different sets of simulations in 

order to demonstrate the temporal control over the chemical release from chemical 

voxels with varying design parameters. This result is shown in Figure 22 in the results 

section.  

Our final round of simulation was on dynamic visual images of that would be 

produced from our chemical display system. We conducted the simulation using three 

types of chemical voxels as described in Table 1. The simulation results were obtained 

by plotting the concentration field in a plane parallel to the plane of the voxels and by 

offsetting from it by 600 µm. Photobleaching of the fluorescent dye was not taken into 

Figure 21. Simulation results showing the concentration variation as a function of distance 

away from a voxel plotted along the line shown in green in the inset for different times. The 

voxel used for simulation is a 500 µm cube with a single 100 µm pore on each face for (a) and a 

250 µm cube with a single 3 µm pore on each face for (b). Reprinted. 
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account in the simulations. In addition, when simulating the chemical release from 

individual voxels we assumed zero boundary conditions thus neglecting possible 

chemical interactions between voxels. Such interactions were taken into account in 

simulations of the chemical release from ordered voxel arrangements.  

3.3.2 Fabrication of chemical voxels 

In this study, all of the chemical voxels were fabricated using the surface tension 

driven self-assembly technique in which patterned 2D templates get folded into 3D 

structures due to minimization of surface energy of the molten hinges. Detailed 

information of this technique is listed in previous chapters. 

We designed planar templates of voxels based on the design rules described in 

previous chapters using AutoCAD and printed them on transparency film to make 

photomasks. We utilized these photomasks for photolithography processes including 

the patterning of 2D panels and hinges, followed by electroplating and wet etching. In 

order to release the 2D templates of the chemical voxels, we used etchants APS100 and 

CRE-473 to dissolve the sacrificial layer. Then we heated the released templates to 

100°C, with the addition of liquid flux. Then we slowly increased the temperature to 

150°C, then finally to 200°C until the voxels were folded completely. [47].  

3.3.3 Experimental setup of the chemical display system 

For the animation of a running man, we positioned three different types of cubic 

voxels manually to form three frames of a running man figure and attached them on 

glass slides using an adhesive (Gorilla Glue; Catalog No. 23629-1002). In order to 

facilitate the chemical display, we loaded the arrayed voxels with fluorescein (Sigma-

Aldrich; Fluorescein Sodium Salt, Catalog No. 231-791-2) by soaking them in aqueous 

solutions overnight. In the case of voxels with small pores, the voxels were placed in a 
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desiccator to remove air bubbles and speed up the loading process. The concentrations 

of chemicals loaded in the voxels were calculated in accordance with the numerical 

simulations. Figure 22 shows the schematic diagram of the experimental set up and 

Table 1 describes the experimental setup of chemical voxels used to generate a dynamic 

image of a running man. 

Figure 21. Sche matic diagram of the experime ntal setup of t he chemical display syste m 

 

Table 1. Experimental setup of che mical voxels for the che mical display sy stem.  

Frame 

# 

Size of each 

voxel 

Pore size and type 

Number of 

voxels 

Fluorescein 

concentration 

a 500 µm 25 µm pores, 4x4 array 19 2 mM 

b 400 µm 17 µm, single pore 26 4 mM 

c 250 µm 3 µm, single pore 36 15 mM 

 

3.3.4 Implementing the chemical display system onto substrates 

For the implementation of the chemical display system onto a substrate, the 

chemical voxels can either be positioned manually or by nozzle based printing methods. 

In order to set up our chemical display system in a house shape shown in Figure 27, 

Figure 22. Schematic diagram of the experimental setup of the chemical display system. The 

voxel used for simulation is a 500 µm cube with a single 100 µm pore on each face for (a) and a 

250 µm cube with a single 3 µm pore on each face for (b). Reprinted. 

Table 1. Experimental setup of chemical voxels for the chemical display system. 
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we added approximately 200 cube shaped voxels in a 2 mL (1% w/v) agarose gel and 

mixed them well using a pipette. We used a disposable transfer pipette (FisherbrandTM; 

Catalog No. 13-711-7M) to dispense the voxels and write a shape of house on a glass 

slide. The gel solidified in 5-7 minutes at room temperature.  

To create the design of a man on a flexible surface shown in Figure 27, we first 

mixed the elastomer base and curing agent (Dow Corning Sylgard®  184 Silicone 

Elastomer Kit) in a ratio of 10:1 (w/w) and put it in a desiccator to remove bubbles. 

After removing the bubbles, we cured it at 65°C for 2 hours to prepare a flexible 

polydimethylsiloxane (PDMS) substrate. Then, 300 µm sized dodecahedron shaped 

voxels were positioned manually on the PDMS substrate and attached with an adhesive 

(Gorilla Glue; Catalog No. 23629-1002). We loaded these voxels by covering them 

with a green color liquid dye (McCormick Food Color & Egg Dye) and placing the 

substrate in a desiccator for 10 minutes to speed up the loading process. We removed 

the excess dye by rinsing the voxels with distilled water and dried the excess by wiping 

with KimWipes™.  

3.3.5 Chemical diffusion and imaging 

In order to generate the moving images of the running man shown in Figure 25, 

we rinsed loaded chemical voxels briefly with water and gently wiped them to remove 

any excess fluorescein that remained on the outer surface of the voxels. Then we placed 

the arrayed voxels in a 4 mm tall PDMS chamber and activated the display by gently 

pouring a mix of glycerol, ethyl alcohol and water in a ratio of 2:1:1 (v/v) onto the 

chemical voxels. Once diffusion began, we imaged the diffusion of fluorescein under a 

fluorescence microscope. Each frame was imaged separately but at the same time and 

then stitched together to make an animation of three frames thus illustrating a running 
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man figure from left to right. The voxels were used and reused for image formation 

over 10 times.  

3.4 Results and discussions 

3.4.1 Simulations of the controlled chemical release from voxels 

In order to demonstrate the controlled chemical release from chemical voxels via 

the fine tuning of various designing parameters, we investigated the controlled chemical 

release from a self-assembled cube with porous walls as shown in Figure 23a.  

When the porous cubic voxel filled with a chemical is placed into a stationary 

diffusion medium, the spontaneous diffusion the chemical occurs through the pores on 

the surface. This means that we can control the temporal characteristics of the chemical 

release, such as its duration of release, timings of start and peak of the chemical 

diffusion process by manipulating geometric design parameters such as porosity, shape 

and volume of the voxels. 

In order to simulate the controlled chemical diffusion from chemical voxels, we 

had to define two key terms in regards to the chemical diffusion. Firstly, we defined the 

“start” of the chemical release as the time when chemical starts coming out and its 

concentration in the vicinity of the voxel is one half (1/2) of the maximal value. Then 

we defined the “peak” as the time when the concentration in the vicinity is maximal 

and the “end” as the time when the concentration of the chemical reaches one half (1/2) 

of its maximal value in the vicinity of the voxel.  

Based on the spatial profile of the chemical concentration around a cubic voxel in 

a stationary diffusion medium shown in Figure 21, we simulated how the manipulation 

of geometric design parameters of a chemical voxel would affect the temporal 
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characteristics of the chemical release, such as its duration of release, timings of start 

and peak of the chemical diffusion. The simulation results shown in Figure 23b suggest 

that the separation of starts and peaks can be controlled by varying the pore sizes and 

dimensions of voxels. For example, smaller pores would result in a slower release of 

chemicals from the pores of the chemical voxel, causing the duration of a chemical 

release to increase.  
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Figure 22. Sche matic diagram of the 

experimenta l setup of the che mica l display 

system.  

Our simulation results shown above indicates that it is possible for us to precisely 

“engineer” the chemical voxels to generate a dynamic image synchronizing the release 

times from different chemical voxels via a fine tuning of geometric design parameters 

such as the pore size and volume of the voxels. For example, some voxels will only 

Figure 23. Numerical simulation results of the controlled chemical release from chemical 

voxels. Numerical simulation results demonstrating temporal control over chemical release from 

chemical voxels with different shapes, sizes and pore characteristics. (a) Schematic illustration of 

chemical diffusion from a cubic voxel. (b) The variation of chemical concentration diffused from 

the voxel as a function of time. Black line corresponds to diffusion from a 500 µm size cubic 

voxel with a single 100 µm pore on each face, and red line corresponds to a 500 µm size cubic 

chemical voxel with a single 20 µm size pore on each face. (c) Plot of the time of chemical 

release as a function of pore size. The start, peak and end points of chemical release are plotted 

for a 500 µm size cubic chemical voxel. The dashed lines in the plot illustrate the procedure for 

synchronizing release times from voxels with different pore sizes. For example, in this plot, when 

the chemical release from a voxel with 100 µm size pore ends, the release from a voxel with 20 

µm size pore reaches the peak. This way we can engineer these chemical voxels when a given 

voxel would become visible and when it would fade away. (d) Images of voxels with various 

time release characteristics. (A-C) are chemical voxels described in Table 1 and (D) is a parallel 

pipe with dimensions 2000 µm by 500 µm by 500 µm with a single 100 µm pore. (e) Numerical 

simulation plot of chemical concentration as a function of time for the voxels shown in (d). (f) 

Time of chemical release plotted as a function of voxel volume. Voxels have same pores and 

cross-section (500 µm x 500 µm) with varying heights. It shows that we can control the duration 

of chemical release by using voxels with different volumes. Reprinted. 
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start releasing chemicals when other voxels have released almost all of their content. 

This approach can be utilized for “programming” various time-dependent chemical 

patterns by placing precisely designed voxels in the immediate vicinity of each other. 

Since the duration of the chemical release depends on pore size and volume of the voxel, 

we can use voxels of different geometry with different pore characteristics to control 

the separation of peaks and the duration of chemical release as illustrated in simulation 

results shown in Figure 23 above.  

3.4.2 Designing the chemical display system 

In this study, we demonstrate the concept of a chemical display by arranging 

chemical voxels with different geometric design parameters in an array to generate 

dynamic images of a running man. In order to do so, we first visualized the dynamic 

image first by simulation. As in conventional animations, we broke up the moving 

image of the running man into a sequence of three static images and performed 

numerical simulations in order for us to be able to “engineer” the chemical voxels with 

different volumes, pore sizes and chemical concentrations into appropriate 

arrangements to produce our desired image. The dynamic image that we can our 

chemical display system to generate was made available via numerical simulations and 

is shown below in Figure 24. 

 

 

 



 

35 

 

Figure 23. Simulation results of che mical display sy stem show ing dynamic images of a running man 

In order to control the release time of chemicals diffusing out from different arrays, 

the voxel volume and pore size were varied in simulation. Our simulation result above 

suggests that a dynamic image shown above (from left to right) can be generated by 

arranging chemical voxels with decreasing volume, decreasing pore size and increasing 

concentration from left to right. In order to engineer our chemical display system to 

generate the dynamic image shown in the simulation, we would have to construct the 

frame on the left with voxels of the largest volume, largest pore size and lowest 

Figure 24. Simulation results of the chemical display system showing dynamic images of a 

running man. (a-c) Sequential generation of dynamic images of a running man from left to right. 

The geometric design parameters of the chemical voxels used in the simulation are listed in Table 

1. Reprinted. 
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chemical concentration while we would construct the frame on the right the with voxels 

of the smallest volume, smallest pore size and highest chemical concentration and so 

forth. This process would ensure the duration of chemical release for each image frames 

to be well separated thereby producing a set of dynamic images where the concentration 

of chemicals from diffusion is precisely controlled. 

As shown above, our simulations suggest that dynamic images can be generated 

by carefully engineering each frames with an arrangement of appropriately designed 

voxels with varying geometric design parameters and the concentrations of loaded 

chemicals. To create a single animation, the frames can be arranged either in the same 

location or on top of each other.  

3.4.3 Experimental validation of the chemical display and implementation of 

the chemical display onto multiple substrates 

In order to validate our concept of a chemical display experimentally, we built 

our chemical display system by attaching three different types of fluorescein-loaded 

cubic voxels onto glass substrates.  

  The chemical voxels we utilized in our chemical display were fabricated by 

surface tension driven assembly, a process that has been detailed in previous chapters. 

By using well-known lithography steps and microfabrication steps detailed in the 

experimental methods section above, we first fabricated three groups of cubic voxels 

with different geometric design parameters. The properties of three different types of 

chemical voxels with varying properties are shown in Table 1. Then we arranged them 

in multiple arrays on a glass slide to represent chemical voxels for the generation of 

three distinct frames of a running man in the chemical display. The optical image of the 

experimental setup of the chemical display is illustrated in Figure 25 below. 

Figure 24. Optica l image of the experime ntal setup of c hemica l display  
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After setting up the chemical display, we loaded each voxels with fluorescein to 

visualize the image shown in our simulation. Instead of fluorescein, different dyes or 

chemicals could also be utilized. To trigger the image generation, we gently poured our 

diffusion medium. As we hypothesized, the first frame appeared at the time when the 

fluorescence intensity of fluorescein released from the chemical voxels constituting this 

frame reached its peak. When the fluorescence intensity of the first frame was decreased 

to the half of its maximal value, the fluorescence intensity of the voxels in second frame 

reached the peak and thus the second frame became visible. Similarly, when the 

fluorescence intensity of the chemical voxels in the second frame was reduced to half 

of its maximal value, the third frame became visible. Hence, the three frames appear 

one after the other from left to right in agreement with simulations, thereby validating 

our concept of a chemical display. Figure 26 shows this experimental validation of our 

chemical display.  

 

Figure 25. Optical image of the experimental setup of the chemical display. (a) Top view of 

the chemical voxels arranged on a glass slide that represent the first, second and third frames of a 

running man. (b-d) The three different types of chemical voxels used in the chemical display. 

Detailed information is listed in Table 1. The inset in (c) is a zoomed image of a 17 µm size pore 

and the inset in (d) is a zoomed SEM image of a 3 µm size pore. Scale bars are 100 µm for (b), (c), 

(d), 30 µm for the inset in (c) and 2 µm for the inset in (d). Reprinted. 
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Figure 25. Optica l image of the experime ntal setup of c hemica l display  

After the experimental validation of the chemical display, we also show that 

the voxels can be implemented onto different substrates with to highlight the use of our 

methodology with conventional artistic media. By using a voxel-loaded pipette, we 

were able to write the shape of a house as shown in Figure 27 below.   

 

 

Figure 26. Experimental demonstration of the chemical display. Experimental demonstration 

of the chemical display depicting a man running from left to right. (a-c) Experimental results 

showing time dependent images of the frames of a running man via fluorescein diffusion from 

chemical voxels in a diffusion medium consisting of glycerol, ethanol and water in a ratio of 

2:1:1. All three frames were imaged separately at the same time and then the frames were 

stitched together. (a) Initially only the first frame becomes visible. (b) After 2:30 min, the first 

frame completely fades away and the second frame becomes visible. (c) Finally at time 6:00 min, 

the first two frames fade away and the third frame becomes visible. Scale bars: 1 cm. Reprinted. 
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Figure 26. De monstration of impleme ntation of che mical display on rigid and flex ible surfaces  

Although we wrote the shape of a house with chemical voxels by hand, we 

believe more efficient computer controlled nozzle-based printing techniques can be 

utilized to implement chemical displays onto various substrates in both 2D and 3D 

[69,70]. Figure 27 above demonstrates that chemical voxels can be arranged on a 

variety of substrates including both on rigid and flexible substrates.  

 

Figure 27. Demonstration of implementation of the chemical display on rigid and flexible 

surfaces. (a) Schematic illustration of the dispensation of chemical voxels using a nozzle-based 

approach to create the shape of a house on a glass slide. (b) Optical image depicting voxels 

written using pipette filled with agarose gel in the shape of a house. The agarose gel serves as a 

diffusion medium to visualize chemicals released from the voxels. The zoomed inset is an optical 

image of a single cube shaped chemical voxel. (c, d) Optical images of dodecahedron-shaped 

chemical voxels arranged on a polydimethylsiloxane (PDMS) surface to illustrate an artistic 

design of a man on a flexible substrate. (e, f) Optical images showing chemical diffusion from 

dye loaded chemical voxels on the PDMS surface. Scale bars: 1 cm for (b-f) and 100 µm for the 

inset in (b). Reprinted. 
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3.4.4 Fundamental limitations of the chemical display and potential issues 

Although we have successfully demonstrated the concept of a chemical display 

with a proof-of-principle, it is critical that we note some of the fundamental limitations 

and drawbacks of chemical displays described in this study. While a concept of a 

chemical display would benefit from the absence of components or interfaces that 

connect each pixel, allowing increased freedom in both design and utility, there are 

fundamental limitations that are inherent to chemical displays due to its operating 

mechanism.  

Firstly, the concept of a chemical display demonstrated here is non-reversible due 

to its working mechanism in which the information to be displayed is geometrically 

encoded within individual chemical voxels to generate a certain image. Once an image 

is generated, it gradually diffuses away over time and the chemical display system is 

unable to display any information until the system is re-loaded with the chemicals 

required to operate the display. Our current design of a chemical display lacks the 

repeatability or reversibility, a factor that is often critical to display technology and it 

will have to be addressed this issue in the future. 

In addition, we may also need to revise the current means of activation of our 

display described here. Because we built the chemical display system with voxels 

loaded with chemicals, there is a possibility that the chemicals may begin to diffuse 

immediately after the fabrication of the display even before the addition of diffusion 

medium. Also, since our current work only demonstrates a spontaneous release of 

chemicals upon the addition of diffusion medium, we plan to develop a different way 

to control the activation of the display in the upcoming research. This can include 

activating chemical voxels with external stimuli such as light, laser and radio frequency 

allowing on-demand or remotely controlled display [55-60]. 
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Other issues to be addressed in future studies include the environmental and 

sustainable aspects of the display, such as handling, storage and disposal of chemicals. 

3.4.5 Applications of a chemical display  

Our results above shows a proof-of-concept for the fabrication and the 

demonstration of a fully functional chemical display. As we emphasized above, while 

we do not expect our chemical displays to be able to match the robust performance of 

electronic displays including rapid frame rates and response time at the current stage of 

development, we believe that chemical displays can serve a unique role in media 

applications. Benefitting from its back-end interface free system without a need for 

external power sources and a wide range of 2D and 3D substrates onto which the 

chemical displays can be installed, chemical displays can serve as a relatively simple 

and compact display system such as greeting cards with animations, animated signs and 

more. In future studies, by developing a chemical display with an advanced design 

where voxels are precisely arranged on a pre-existing grid with a high resolution (higher 

number of voxels in a given area) based on traditional ink-jet or 3D printing 

technologies, more complex and dynamic images can be generated [69,70]. 

In addition to media applications, we also envision that spatially controlled 

chemical pattern formation from chemical voxels can offer a broad range of other 

applications such as controlled drug delivery in micro and nanoscale, chemical kinetics 

and reaction diffusion system. For example, In addition to media applications, we 

envision that the methodology could also be used in biotechnology and bioengineering 

to create programmable chemical patterns such as dynamic gradients to direct cellular 

behaviors [63,64]. This methodology would complement existing techniques, while 

allowing for precisely controlled release of chemicals by relying on the different 

geometric design parameters of the voxels such as shape and size. 
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CHAPTER 4. FUTURE OUTLOOK AND CONCLUSIONS 

4.1 Future outlook  

As briefly mentioned in the previous section, one of the biggest issue our 

current design of a chemical display is the non-reversibility. In our future studies, we 

believe that we may be able to address this issue by designing a chemical display 

based on reversible chemical reactions instead of a controlled chemical diffusion of 

non-reactive chemicals.     

An excellent example of such chemical reaction is the Belousov-Zhabotinsky 

(BZ) reaction, an interesting chemical reaction that results in a nonlinear chemical 

oscillator in which the color of the reaction mixture oscillates between red and blue 

due to multiple cycles of oxidation and reduction reactions of chemicals involved. 

Figure 28 below gives an overview of the BZ reaction.  

 

Figure 27. A n overview of ox idat ion reaction of Acidic Bromate responsible for color change in the B Z Reaction 

Our lab has also worked with the BZ reaction extensively with some 

interesting results. Figure 29 to 32 illustrates some of our findings on the BZ wave 

propagation in systems with different geometries and boundary conditions.  

 

 

Figure 28. An overview of oxidation reaction of Acidic Bromate responsible for color 

change in the BZ Reaction. Reprinted with permission from [68]. ©  1981 American Chemical 

Society.  
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Figure 28. B Z w ave propagation in a circular petri dish of radius 4 mm.  

  

 

 

 

 Figure 29. B Z w ave propagation from one circular geometry to anot her circular geometry (radius = 4 mm) through a narrow ope ning (d = 0 .1 mm).  

Figure 30. B Z w ave propagation from a diamond geometry to a circular geometry through a narrow ope ning (d = 0.1 mm). 

 

 

 

Figure 31. B Z w ave propagation a long a narrow channel of diameter 0.5mm.  

 

a) b) c) 

 

d) 

 

Figure 29. BZ wave propagation in a circular petri dish of radius 4 mm. 

Figure 30. BZ wave propagation from one circular geometry to another circular geometry 

(radius = 4 mm) through a narrow opening (d = 0.1 mm). 

a) b) 

c) d) 

a) b) 

 

c) 

 

d) 

 

Figure 31. BZ wave propagation from a diamond geometry to a circular geometry through 

a narrow opening (d = 0.1 mm). 

Figure 32. BZ wave propagation along a narrow channel of diameter 0.5mm. 
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Due to a drastic color change and reversibility, we believe that the BZ 

reaction may hold some value in chemical displays and may provide us some clue in 

addressing the issue of reversibility in chemical displays. In addition to the BZ 

reaction which is produces a chemical oscillator, there are also other reversible 

chemical reactions with color change that may be useful in chemical displays, such as 

the chemical reaction between ammonia and phenolphthalein or copper sulfate.   

In future studies, we plan to build an improved chemical display system with 

reversible chemical reactions that produce a distinct color change in the hopes of 

resolving reversibility. In addition, we can also implement a source and sink system in 

order to address current issues with the controlled activation of display.  

4.2 Conclusion 

 In this thesis, we have reviewed the importance of spatially controlled 

chemistry via particle technologies and the surface tension driven self-assembly 

technique to mass produce various polyhedra, one of the most attractive model system 

that has broad implications in multiple fields of study.  

 Using self-assembled porous cubes in microscale, we have successfully 

demonstrated the fabrication and operation of a chemical display based on three key 

principles of (a) a high throughput strategy to synthesize chemical voxels with 

adjustable characteristics such as volume, shape and porosity, (b) design criterion for 

programmed chemical release with both local and global control based on numerical 

simulations and (c) a strategy to dispense and arrange the voxels into well-ordered 

arrays in multiple types of substrates.  

Thanks to its design with the absence of components or interfaces that connect each 

pixel, we expect chemical displays to offer increased freedom in both design and utility 
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and complement existing display systems, opening up new possibilities in other fields 

of study such as biotechnology, chemistry and bioengineering benefitting from a 

sequential release of chemicals, cells and more.  

While we note several drawbacks and limitations from our chemical display such 

as non-reversibility and uncontrolled spontaneous activation of chemical voxels, we 

plan to address them by utilizing reversible chemical reactions with source and sink 

system in our future studies.  
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