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ABSTRACT

This paper presents a review on studies related to self-assembly of macroscopic scale structures. The main objective of this
review is the investigation of the mechanism of self-assembling system that can possibly be learned from nature for application
to the field of architectural engineering. Self-assembly can be generalized as a type of spontaneous process at all scales in which
an aggregation of related discrete building blocks with encoded information of disordered system autonomously forms a stable
ordered complex structure without external assistance, input and support. The basic building blocks of the self-assembling
system can be externally propelled or self-propelled and their mobility can be passive or active. The main principle of self-
assembly includes the following four essential characteristics: building blocks, interactions, environment and driving forces.
Static self-assembly, dynamic self-assembly or self-organization and programmable self-assembly are three main types of self-
assembly which are basically used in modern fabrication technology. The review of current status in research development in the
field of self-assembly specifically on problems and issues will provide possible inspiration or idea for using self-assembly
approach to architectural engineering application to achieve rapid assembly process. This review shows that recent development
of self-assembling system concentrates on the fabrication of smart building blocks which have decision making ability,
reconfiguration ability, self-awareness, self-mobility and high level of artificial intelligence. Identification of principles of self-
assembly is important for possible application in architectural engineering for intelligent way of rapid construction.
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INTRODUCTION

It is never imagined that all parts of the building structures can be designed to be self-assembled in the future (Figure 1). The
discrete basic units are designed to self-organize through communication, collaboration, self-awareness, independent decision
making process, distribution and working together for the assemblage of the whole structure. The idea of biomimetic self-
assembly (Fratzl, 2007) could potentially transform the construction of large-scale structures through self-assembly. The
principles of self-assembly (Misteli, 2001) can be used in the process of construction of large-scale structures especially with the
use of modular construction in the future. The review of principle of self-assembly in nature (Ingber, 2000; Zhang, 2001) is
aimed at exploring idea which can be adopted with modification for application to large-scale construction in the field of
architectural engineering (Ingber, 2006; Whitesides and Boncheva, 2002). Issues needed to be studied towards the adoption of
the idea of self-assembly in construction are also pointed out.

Figure 1: Self-assembly of building structure in future
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Nature is a good reference and idea (Stamenovic and Ingber, 2009) to display a successful hierarchical self-assembling system at
all scale (Pelesko, 2007; Whitesides and Grzybowski, 2002) which creates most complex structures using self-assembly (Figure
2). The profound source of natural self-assembly (Tirrell, 2005) stimulates our curiousness to study, investigate and understand
the principles and technique of these natural systems. Consequently, usable novel and artificial self-assembling systems at
macroscopic scale (Grob and Dorigo, 2008) could be created and designed to achieve certain objectives.

Figure 2: An example of natural self-assembling system for all scale
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The motivation of this review is to investigate and identify the properties of excellent natural self-assembling system for
potential use in the fabrication of artificial self-assembling structures at macroscopic level. Construction of structures such as
modular buildings using the idea of self-assembly which requires advanced technologies and new development of self-assembly
techniques for realization is worth exploring as a future intelligent method of construction. It is important to create a self-
assembly system that is simple, time-saving and transportable for achieving a functional structure.

The potential of construction method using idea of self-assembly is still in the stage of development especially in the field of
architectural engineering. Research studies have been actively carried out in biological systems (Ninham and Nostro, 2010),
chemical synthesis (Whitesides, Mathias and Seto, 1991), robotics (Shen, Will and Khoshnevis, 2003), nanotechnology
(Whitesides, 1996; Ozin, Hou, Lotsch, Cademartiri, Puzzo, Scotognella, Ghadimi and Thomson, 2009) , polymer (Rotello and
Thayumanavan, 2008) and materials science (Kuo, 2012). There are some works on mesoscale self-assembly which has been
carried out in the laboratories with potential of application to architectural engineering during the last few years. They are more
focused on the solutions of the problems using algorithmic self-assembly by computer simulation and development of theories
for programmable self-assembly manufactures (Pandey, Ewing, Kunas, Nguyen, Gracias and Menon, 2011). There is a variety of
disciplines which uses different approaches to investigate the origin of self-assembly. The understanding of the different
approaches is importance for the utilization for self-organization, self-construction and manufacturing system especially for
large-scale of structures.

DEFINITION

The term of self-assembly are defined differently in different disciplines with different idea. Biological self-assembly
(Rosenbaum, 2005) is a spontaneous process which exhibits discrete organic micro molecular self-assembly. It organizes
physical association of non-living chemical building blocks into a stable and static living systems in a medium containing the
appropriate building blocks and specific conditions (Figure 3).

Figure 3: Organic self-assembly diagram
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Chemical self-assembly (Whitesides, Mathias and Seto, 1991) is a spontaneous process which exhibits discrete inorganic
particles self-assembly. It organizes molecular structures into stable structure under thermodynamic equilibrium condition in
specific environment and potentials chemical gradients (Figure 4).
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Nanotechnology has brought the concept of self-assembly into prominent application. Self-assembly in nanofabrication (Ozin,
Hou, Lotsch, Cademartiri, Puzzo, Scotognella, Ghadimi and Thomson, 2009) is a stochastic process that forms a well-ordered
structure and generates in random configuration without external stimulation where the information was coded into individual
component to build a template of composing structure (Figure 5). It uses a bottom-up approach to program and synthesis a final
desire structure in the shape and functional groups of molecules. Creating microchip and nanostructures to improve computer
technology are examples of self-assembly in the field of nanotechnology (Whitesides, 1996).

Figure 4: Inorganic self-assembly diagram
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The idea and definition of the self-assembly can be generalized as a type of spontaneous process at all scales in which an
aggregation of related discrete building blocks with encoded information of disordered system autonomously forms a stable
ordered complex structure without external assistance (Figure 6). This regular assembly of complex structure exhibits a new
function and maximizes the benefit of the individual that the isolated monomer cannot exhibit.

Figure 6: The basic self-assembly diagram
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PRINCIPLES OF SELF-ASSEMBLY

All self-assembly uses common basic principles in the process of structure aggregation. It has four essential characteristics and
four complementary characteristics. The four essential characteristics are building blocks, interactions, environment and driving
forces (energy) which form the basis for the success of self-assembly (Figure 7). Reversibility, energy minimization, nucleation
and template are the four complementary characteristics of self-assembly principles which support and assist the completeness of
self-assembly process (Figure 8).
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Figure 7: Four essential characteristics of self-assembly principles
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The most crucial starting point is the design of a proper building block which is used in the process of large-scale self-assembly.
The building blocks are designed with encoded necessary information and instruction for the determination of the complexity of
the final desired structures and function of self-assembly system (Hormoz and Brenner, 2011). It is important to design a system
with good physical properties and proper mutual interactions in combination with natural energy in excellent environmental
conditions. It should be self-moving from disordered state to a final ordered state with the correct orientation by the driving
forces (energy) at the intended place (or site) of assembly (Mirica, Ilievski, Ellerbee, Shevkoplyas and Whitesides, 2011). It is
also important to choose the right and appropriate material of the building block for a flexibility in mobility, feasibility,
interaction and organization for large-scale self-assembly.

Figure 8: Four complementary characteristics of self-assembly principles
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The interaction of the building blocks in large-scale self-assembly strengthens the aggregation of the whole final desired
structure into a stable structure in static equilibrium. The reversible interaction should be designed with encoded connection rules
to determine the physical features of the building blocks in specific bonding (Hormoz and Brenner, 2011). The external stimuli
such as gravitational forces, external electromagnetic fields and magnetic interaction are more important and suitable to be
applied to meso and macroscopic structures such as building structures (Boncheva, Andreev, Mahadevan, Winkleman,
Reichman, Prentiss and Whitesides, 2005).

In the process of large-scale self-assembly, the binding force between building blocks should happen under proper environment.
Mobility space is required as a medium for building blocks to perform self-assembly. The use natural energy and interactions
among the building blocks in the system can be combined with the correct environment. Liquid, high altitude free-fall scenario,
ocean and space are examples of environment which are suitable to be used for large-scale self-assembled system (Shen, Will
and Khoshnevis, 2003; Paulos, Eckenstein, Tosun, Seo, Davey, Greco, Kumar and Yim, 2015).

The motion of the building blocks is the major problem in achieving a large-scale self-assembly especially for building
structures. The energy which is used as a driving force can cause the building blocks to interact with correct orientation using
encoded interaction rules. The driving forces become important to overcome the mobility of the building blocks under gravity
and friction condition in large-scale self-assembly. Good examples of driving forces which are suitable to be used for
macroscopic structures are solar energy, gravitation, electromagnetic fields, electric and magnetic field (Liu, Boyles, Genzer and
Dickey, 2011; Mirica, Ilievski, Ellerbee, Shevkoplyas and Whitesides, 2011; Reese and Firmani, 2011).

Reversible is an important process in helping the building blocks to restore their initial state from the final state without
producing any changes in the specific geometrical properties (Perumalla and Protopopescu, 2013). For large-scale self-assembly,
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reversibility is essentially for reassembling the completely separated structures upon returning to the initial configuration with
correct interaction rules and particular combination without errors (Jeanneret and Bartolo, 2014). Energy minimization is a
process to assist the ordered formation of the building blocks which is more stable than individual building block. Energy
minimization is rarely applied and used in large-scale self-assembly due to the different application of the driving forces or
energy between nanoscale and macroscopic scale self-assembly. In nanoscale self-assembly, nucleation is a combination process
with energy minimization (Kim and Whitesides, 1995) for stable structural growth of building blocks in the lowest free energy of
the system. The nucleation and growth of the assembly will be in equilibrium when the lowest energy configuration is achieved.
In order to form an ideal final desired structure, template (Ilievski, Mirica, Ellerbee and Whitesides, 2011) is an important
characteristic that can be used as a guidance in the large-scale self-assembled system for preventing defect formation and
controlling structural self-assembly.

The process of large-scale self-assembly can be successfully occurred with or without the four complementary characteristics of
self-assembly principles. It is dependent on the necessity of the systems in the process of self-assembly. The self-assembly
pathway and sequence of interaction should be properly designed in the large-scale self-assembly for accurate configuration and
error-free assembly (Whitelam, 2014).

TYPES OF SELF-ASSEMBLY

There are three particular types of self-assembly can be used to describe the phenomenon of self-assembly in biology, chemical
and nanotechnology. These particular types of self-assembly are static, dynamic and programmable self-assembly. However,
static, dynamic and programmable self-assembly can be further subdivided into the following three self-assembly categories —
co-assembly, directed self-assembly and hierarchical self-assembly which can be a mixture of different self-assembly sub-
division (Figure 9). Complex systems such as human organisms generally have all of these three aspects and are examples of
directed co-assembly hierarchical systems.

Static self-assembly is a spontaneous process involving physical association of building blocks where the aggregation of
permanent well-ordered stable structures occurs in either local or global static equilibrium in which the progression does not
dissipate energy in the absence of external influence (Timonen, Latikka, Leibler, Ras, Ikkala, 2013). The structure predetermines
the global order of the whole and remains fundamentally unchanged throughout the process. Self-assembled monolayers
(SAMs), lipid bilayers, liquid crystals, fluidic self-assembly, phase-separated and ionic layered polymers are examples of the
process of static self-assembly (Puzari and Borah, 2013).

Dynamic self-assembly or self-organization is a spontaneous non-equilibrium process involving continuously physical local
interaction of building blocks where the structural nucleation and growth occur in stable non-equilibrium well-ordered dynamic
structures in which the progression dissipates energy (Timonen, Latikka, Leibler, Ras, Ikkala, 2013; Matsunaga, 2011). The
whole organization system is decentralized, distributed and typically has the capability to self-repair independently. However,
the complexity and nonlinear ways of the components and the interactions with one another in dynamic systems present some
difficulties in the design of the components of dynamic self-assembly. Examples of dynamic self-assembly are biological living
cells, virus and bacterial colonies, solar systems and galaxies (Rapaport, Johnson and Skolnick, 1999).

Programmable self-assembly which creates autonomous ability in engineered systems is a process based on programmable
interactions in which the building blocks are programmed and equipped with built-in installation to operate and interact by
developing a collective algorithm for shape formation of target structure (Alander, 2005). Most of the macroscopic structures use
programmable self-assembly for manipulating their aggregation. The examples are graph grammar self-assembly, self-assembly
robot, molecular level, colloidal matters, nano- and microscale systems (Klavins, Ghrist and Lipsky, 2006; Nagpal, 2002).

Figure 9: An outline of self-assembly classification
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CURRENT APPLICATION AND ISSUES IN SELF-ASSEMBLY

Self-assembly is more intensively and extensively applied in nanoscience and nanotechnology. However, in recent years,
researchers in the manufacturing and robotics engineering have studied extensively self-assembly concepts which were imitated
from natural world into robotic application for large modular structures. Figure 10 illustrates an example of large-scale artificial
self-assembly in new building construction technique using flight assembled architecture and coordinated group of pre-
programmed and autonomous robots without human intervention (D’Andrea, 2011). It used a multitude of mobile flying robots
which are programmed to interact, lift, transport and assembles foam bricks to form a tower structure.

Figure 10: Flying robots build structure (D’Andrea, 2011)

Engineers and computer scientists from Harvard University (Werfel, Petersen and Nagpal, 2014) utilize the combined idea of
collective intelligence system and programmable self-assembly to create an autonomous robotic construction team named
TERMES that cooperates to build a complex spatial structure using decentralized algorithm. TERMES robots can carry bricks,
climb, add bricks to a structure, and follow simple set of rules to complete and coordinating their construction job independently
(Figure 11).

Figure 12: The self-assembly steps of the crawling robot (Felton, 2014)
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Researchers in the field of robotic engineering (Felton, Tolley, Demaine, Rus and Wood, 2014) developed a crawling robot that
can fold itself with embedded electronic which can transform autonomously into a functional mechanism. The geometry of the
robot is derived from computational origami in shape-memory composites which could self-fold into machinery mechanism
without human intervention (Figure 12). The primary applications of a practical self-folding method are rapid prototyping of
electromechanical systems, construction of low-cost satellites structures that assemble themselves in space and rapidly deploying
shelters in dangerous environments.

Figure 13: The kilobots use an algorithm to form a different shapes autonomously (Rubenstein, 2014)



https://3c1703fe8d.site.internapcdn.net/newman/gfx/news/hires/2014/1-roboticconst.jpg
http://phenomena.nationalgeographic.com/files/2014/08/Kilobot-assembly.jpg

Journal of Built Environment, Technology and Engineering, Vol. 4 (May)

ISSN 0128-1003

Self-organization of thousand robot swarm such as individual kilobots (Rubenstein, Cornejo and Nagpal, 2014) uses a simple
programmed rules, arrange and self-assemble themselves into encoded enormous, different and complex shapes autonomously
(Figure 13). It imitates biological system such as collective coordination and using collective artificial intelligence algorithms to
transform every individual of kilobots to move, communicate and collaborate with each other to accomplish swarm behavior and
construction job without external instruction.

The field of structural engineering is still stranger to the use of self-assembly idea. Nevertheless, there are some interdisciplinary
research projects which have been carried out in the field of architecture. Architects from MIT have tried to apply self-assembly
principles and technologies for larger installations which will achieve their goal of self-assembled building in the future (Falvello
and Tibbits, 2012; Tibbits, 2013). Figure 14 (a) shows the BioMolecular programmable self-assembly which uses stable
geometrical structures, shaking energy, magnetic attraction and glass flask environment to break structures apart randomly to
allow for the self-assembly of a complete and precise geometry. Figure 14 (b) shows the isolated set of modules which uses unit
geometry boundary conditions and attraction mechanisms (magnets) to auto-align each component into locally correct
configurations by external forces activated via stochastic rotation of larger container.

Figure 14: (a) Four main and importance aspects in BioMolecular self-assembly (Tibbits, 2013) and (b) The assembled
process of the Self-assembly Line (Tibbits, 2012)
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Figure 15: Fluid assembly furniture: chair test (Tibbits, 2014)

Water body such as ocean offers a good environment for large scale investigation in the fluid assembly structures. Tibbits (2014)
used water as an environment and turbulence as a driving force in an experiment with fluid assembly furniture (Figure 15). A
number of squat, unique white components of chair are released and self-assembly solely in a turbulent water tank with the
existence of small magnet at precise location. The exact and final structure of squat, white chair will be fully assembled after the
experiment (Figure 15).

Figure 16: The process of aerial assembly of 27 modules (Tibbits, 2015)

An aerial assembly is an example of large-scale self-assembly structure which uses wind-powered and physical environment for
construction in the airspace (Tibbits, 2015). It used natural system to design an optimal configuration and best shape of the object
that can be assembled in the airspace and assembly sites. The complete final lightweight lattice structure is formed after the
magnetic interactions of modules have been made (Figure 16). This aerial assembly is studied for use in structures that can be
applied to develop the sustainable and practical structures in future construction.

Figure 17: Unit cell of ‘HyperCell’ and its high population assembled ( Spyropoulos, 2015)
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Within the year 2015 to 2017, researchers from Architectural Association’s Design Research Laboratory (Mortice, 2015) have
studied robotics for use in architecture and designed a very smart self-organization units. Figure 17 shows an architectural
system named ‘HyperCell’ that responds dynamically to change through self-awareness, mobility, softness, local decision-
making, reconfiguration and organization to construct spatial structures. The units continuous create structure and space using
data information to communicate each other from local to global interaction.

Figure 18: Synergia proposes a new model of behavioral assembly system (Spyropoulos, 2016)
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Another example such as Synergia (Mortice, 2016) is a research that exploits a potential of adaptability to generate individual
communication within an environment which can assemble or dis-assemble evolutionary infrastructure into new form of spatial
structures (Figure 18). It is another dynamic system of new architectural form based on robotic revolution and new development
of locomotion that can respond to change through self-awareness, mobility, softness, transformation and reconfiguration.

Figure 19: Delta (Spyropoulos, 2017)
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Delta is another research project (Visnjic, 2017) which studied the foundation of mobility, self-reconfiguration and self-structure
of single unit scale to assembly scale (Figure 19). It creates structure of different scale with different level of communication,
motion, self-assembly and organization. The system dynamically transforms the individual unit to collective mass in
reconfiguration framework and structural organization.

PRESENT AND FUTURE PROSPECTS

Self-assembly is a very basic principle used in many different disciplines. However, the goal of various research studies is the
same that is to study the principles of self-assembly and investigate the basic process which can be applied in the subject.
Biomimetic self-assembly offers opportunities to achieve defect-free and high yields where the system can be made into template
to get accuracy of target structures. Self-assembly could benefit from ease of transportation where the units can be shipped or
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moved in the container for future self-assembly. It saves space for the solving the problem of the large-scale structures. It can
also be applied to construction in dangerous environments such as outer space, underwater, and in disaster-stricken environment.

To realize self-assembly in large-scale structures especially in building systems, there are many issues to be overcome. The first
important problem to be solved is the design of a good system and intelligent building blocks which can achieve the stable,
adaptable and functional final desired structures. It is necessary to design a lightweight structure in combination with the use of
energy for solving the driving force problem. The driving force is important to resolve the mobility issue of the building blocks
in the environment. In addition, the interaction rules must be designed to be capable to bind the building blocks into the stable
and strong final desired structure. The connection of the internal interfaces of the building blocks must follow the surface
complementarity and structural compatibility through proper design.

The self-assembly of large-scale functional structures is a challenge for researchers especially in the field of civil and
architectural engineering. Nevertheless, the environment such as ocean, space, high altitude with the use of gravitational force
and empty ground are examples with potential to be explored towards achieving self-assembly. Many researchers extensively
investigate the self-assembling system through many projects which are useable and applicable in future construction industries
such as investigating automatic assembly system for large modular structures, self-folding crawling robot, fluid and aerial
assembly, and self-organization of collective behavioral based design systems.

The problems associated with self-assembly of large-scale structure application require much research studies. Applicability of
the basic rules that govern self-assembly to large-scale system and ways of achieving self-assembly requires much topics where
more research works are needed. Issues such as scale of building blocks, external intervention for the movement of the building
blocks, connection of the every building blocks for stable and strong assembly and the design of the proper environment, safety
and the practical requirements for self-assembly, also need to be studied.

CONCLUSION

Research studies on biomimicry (Boncheva and Whitesides, 2005) as a design tool and idea to transfer the idea of the self-
assembly system in nature can be potentially used for application to the field of large-scale architectural systems. Through this
review, it is possible to identify the key factors for self-assembly system as building block, energy, driving forces and
interactions which should be designed and transformed into potential structures with suitable materials and methods. Further
research studies should aim at a achieving a functional structure that can be imitated over multiple length scales and hierarchical
self-assembly. Development of new self-assembly ideas is needed to overcome the issues associated with macroscale objects in
order to expand the idea of self-assembly to large-scale structures. Self-assembly is an idea with prospective application in
architectural engineering which could be used in future construction of building or space.
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