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Project Introduction

Background. The exhibition of complex group behaviour in a variety of organisms in nature has been well
documented [1], and includes complex collective navigation in birds, swarming in fish, and trail selection in ants.
These actions or conduct is observed to occur predominantly in groups of organisms concertedly aggregating
together as a swarm. This aggregation or swarming by these organisms in their communities has been posited as
evolutionary behaviour, which benefits one or more of the activities of reproduction, stress reduction, anti-predator
mass collaboration, and others. It is also prudent to consider that this aggregation amongst organisms improves
communication between individuals, and often allows the formation of significantly complex, innate physical
organizations.

Interactions among individuals are the primary mechanism through which complex group behaviour emerges.
Bacterial species, for instance, interact with each other via the controlled release of signalling molecules, and are
able to detect the population density of similar species, (known as quorum sensing) [2]. By leveraging such
interactions to monitor the environment, they are able to alter their behaviour on a population-wide scale to
“intelligent” activities such as biofilm formation, sporulation, spatio-temporal bioluminescence, and other
swarm-specific behaviour.

Main Principle. Inspired by how a group of individuals in nature exhibits complex behaviour, this project develops
a unified framework for the design of self-organizing swarms of bio-particles. Here we abstract individuals in
nature as bio-particles, design a set of primitive mechanisms for bio-particles to interact, and identify conditions
that bio-particles self-organize to achieve given goals.

Long-term Goal. The unified framework we develop in this project will be first used to simulate pattern formation
observed in nature, then further engineering applicable patterns are expected to be designed and simulated. Finally,
based on the above work, future applications of bio-particles in biomedical engineering will be explored and
developed, such as targeted drug delivery and tissue regeneration where bio-particles self-organize into a spatial
distribution to release drug molecules or to form a tissue structure.

Related Works. Swarming behaviour has been extensively studied with the goal to apply its principles to the fields
of artificial intelligence, robotics, and engineering [3] [4]. This usually involves constructing mathematical models
to predict and later parametrically regulate the behaviour of the swarm. Unlike existing work geared mostly towards
close agent aggregation, this project will take the path towards de-aggregation where individual agents seek to
spread across the area rather than isolate themselves to specific sections of the space. Furthermore, our long-term
aims of developing physical analogues to our agents, including a controlled self-replication mechanism is unique to
this study as far as our secondary research reveals.

Research Objectives

In initial phase of this project, we aim to investigate the applications of swarming models and algorithms towards
micro-scale pseudo-biological agents (i.e., bio-particles). These agents will demonstrate an ability to self-organize
and carry out tasks without direct input from outside the system. Certain phenomena of pattern formation by
micro-scale biological agents are expected to be replicated. Existing simulations of pattern formation in biology are
based on continuous equations, ignoring individual behaviors, under the assumption that the population size is
sufficiently large. The innovative point of our project is that we integrate continuous spatial conditions with discrete
countable agents, in order to shape individual behaviors for future engineering applications with a limited number
of individual agents.

The initial application goal considered in this project is to distribute agents uniformly over a target space by
having them unambiguously self-organize in the space. These agents may emit molecules to form a relatively
uniform concentration distribution of the molecules in the space, and this could be used as a method of achieving
spatially uniform drug delivery. In the future, such self-organisation capability of these agents may serve as
enabling technology for effective control of agents in other applications such as tissue regeneration.

References

[1] S. Camazine, J.-L. Deneubourg, N. Franks, J. Sneyd, G. Theraulaz, and E. Bonabeau, Self-Organization in Biological Systems, lllustrate. New Jersey: Princeton
University Press, 2003, p. 538.

2] Y. Zhang, P. Agarwal, V. Bhatnagar, S. Balochian, and J. Yan, “Swarm Intelligence and Its Applications,” The Scientific World Journal, vol. 2013, Article ID 528069,
3 pages, 2013. doi:10.1155/2013/528069

3] C. M. Waters and B. L. Bassler, “Quorum sensing: cell-to-cell communication in bacteria.,” Annu. Rev. Cell Dev. Biol., vol. 21, pp. 319-46, Jan. 2005.

[4] M. Rubenstein, A. Cornejo, and R. Nagpal, “Programmable self-assembly in a thousand-robot swarm,” Sci. , vol. 345 , no. 6198 , pp. 795-799, Aug. 2014.
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Research Plan and Methods

The main goal of this project is to develop a self-organization mechanism in micro-scale bio-particles, and apply
the mechanism to create novel applications. Toward this goal, our short-term objectives are: the mathematical
modelling of the mobility and interactions of the bio-particles and in silico experiments through computer
simulations; and our long-term objectives are structured towards the development of physical bio-particles featuring
ideal self-organization behaviour and interactions. In the following, we describe specific tasks that we plan to
perform in FY2015.

* (Task 1) Framework design for self-organizing bio-particles: Figure 1. Research method overview
This includes a functional design of bio-particles and (a) Agent-based model of bio-particles.
self-organization mechanisms for bio-particles. We review he
existing work on self-organization mechanisms in various = ¥
areas of study. Here we may need funding in order to obtain Changeless Concentration A Range of tmbling angle
additional authoritative references. Decreasing Conceatration R

* (Task 2) Mathematical modelling of self-organizing  S— EQ jc
bio-particles: For our first specific goal of uniform (b) Diffusion model g signaling molecules.
occupancy, we develop multi-scale models to describe the Decay Diffusion
behaviour of micro-scale bio-particles and nano-scale R . '
signalling  molecules that bio-particles wuse for -J%W‘(C “‘(Bl,¢*3; g+ D)+ddg, i Qx(0®)
self-organization. Figure 1(a) shows the bio-particles’  gucormmgenm EO=h), o QO
behaviours in response to varying concentrations of ~— emenet [aexpc—1)  at positions where agents exist
signalling molecules. Figure 1(b) shows the diffusion model p»=\.0‘ LA positions no agent exists
of the signalling molecules. For the long-term goals of ‘
pattern formation and structure formation, more complex Production

(c) Results of distribution of particles and ion of si

mechanisms will be explored in this model.

* (Task 3) Computer simulation of self-organizing
bio-particles: We use the mathematical models from Task 2 ‘
to develop computer simulation programs (i.e., MATLAB ]
codes), and examine the feasibility that bio-particles
self-organize through the proposed mechanism to achieve a
specific distribution in space (Figure 1 (c)). We will run the
simulations using arbitrary dimensions for this work.

* (Task 4) Preparation for wet laboratory experiments: At the earliest opportunity, we design wet laborabory
experiments to examine the feasiblity of engineering bio-particless that we propose. The proposed experiments
include those to mutate extant chemotactic systems in organisms like bacteria to favour our model behaviour; as
well as investigate protein-molecule interactions (as a means to describe agent-environment relationships) via
mass spectrometry and other means. Attempts will also be made to investigate potential biochemical methods
for the agents’ development, particularly via the methods described by Mano and Heller [5], and Gao et al. [6].

* (Task 5) Paper writing: We summarize results from Tasks 1-3 and write a conference paper.

Initialization Phase Distribution Phase Explore and Halt Phase

References
[5] N. Mano and A. Heller, “Bioelectrochemical propulsion,” J. Am. Chem. Soc., vol. 127, no. 33, pp. 11574-5, Aug. 2005.
[6] W. Gao, R. Dong, S. Thamphiwatana, J. Li, W. Gao, L. Zhang, and J. Wang, “Artificial Micromotors in the Mouse’s Stomach: A Step toward in Vivo Use of Synthetic
Motors,” ACS Nano, Jan. 2015.
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This interdisciplinary project is a new attempt to model self-organisation behaviour by bio-particles in a way
similar to that observed in natural systems like bacterial biofilms. From the analysis and observation of computer
simulations carried out in line with our derived models, we expect to discretely demonstrate the ability of ideal
bio-particles to self-organise in an arbitrary space. In the long-term, an ideal expected result is the development of
physical bio-particles that exhibit the behaviour demonstrated by the simulations; leading to a uniform distribution
of bio-particles in the given space. This will be followed by a space-filling mechanism through which bio-particles
replicate to fill the space. By these developments, we hope to set a foundation for novel uses of controllable
bio-particles in healthcare (via covering of surface injuries) and civil engineering (via self-assembling component
building structures).
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