ABSTRACT

DEVI, URMI. Thermal Regulation and Multifunctionality in Bioinspired Microvascular
Materials. (Under the direction of Jason F. Patrick).

Multifunctional materials are of critical importance to meet the increasing demands
and challenges of modern engineering. Bioinspired vascularization of synthetic materials
has proven to be a viable route to engender dynamic functionality via liquid infiltration
of an internal micro-fluidic network. Vascular-enabled multi-functionalities, including
self-healing and thermal regulation, hold great potential in expanding the operational
envelope for structural materials. For instance, active circulation of a coolant through
internal micro-channels within fiber-reinforced polymer (FRP) composites can preserve
the thermal stability of the polymer matrix. While such attributes have been widely
demonstrated in separate platforms, research investigations that combine functionalities
within a single material have been limited. In Chapter 2 of this dissertation, we demonstrate
a promising pathway for achieving both multifunctional, and reconfigurable behavior
in microvascular-based structural FRP composites. Specifically, we detail the ability to
regulate temperature and modulate electromagnetic signature in a glass-fiber composite
via fluid substitution within the same serpentine vasculature. Varying micro-channel
density alters both polarized radio-frequency wave reflection by liquid metal infiltration
and active-cooling efficiency by water circulation. Furthermore, a combined experimental
and computational investigation on thermal regulation reveals new challenges in heat
transfer modeling.

In an effort to better predict thermal regulation performance within microvascular
materials, we have also developed a practical and theoretically consistent methodology to
accurately measure heat transfer properties that are guided by better understanding of
physical phenomena. Prior studies on active-cooling used a single heat transfer coefficient
(HTC): one that combines convection and radiation effects. This results in a set of linear
equations with respect to temperature field - a feature attractive for computational
efficiency; however, this combined approach does not represent the actual physics. In
Chapter 3 of this dissertation, we examine the limitations of the combined HTC approach
and advocate separating the convective and radiative HTCs. Also, this study accounts for
the non-ideality in assumed adiabatic boundary conditions by estimating the heat loss
across imperfectly insulated lateral boundaries. We demonstrate the broad applicability of

the proposed methodology by applying it to three material systems with different thermal



transport properties: epoxy-matrix glass- and carbon-fiber composites and an additively
manufactured metal alloy. From experiments and numerical simulations, we show the
differences in predictions between the combined HTC approach and proposed decoupling
strategy become more prominent at higher heat fluxes. Also, a scaling is established based
on dimensional analysis to transfer the solution field (i.e., temperature) across material
platforms, which is verified by numerical simulations for established scaling parameters
(i.e., host solid characteristic length and liquid coolant mass flow rate).

The significance of this doctoral research is multi-fold. First, the research is funda-
mental, developing a multifunctional micovascular platform that demonstrates different
physical phenomena (e.g., electromagnetic reconfiguration and thermal regulation) simply
by substituting the fluid sequestered within the internal vasculature. Second, this work
provides an accurate framework for critical heat transfer measurements and facilitates the
development of theoretically consistent and predictive computational /analytical models
for vascular-based thermal regulation. Finally, the scientific findings, related discussions,

and potential future research directions have immense pedagogical value.
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Chapter 1

INTRODUCTION

1.1 Bioinspired Vasculature for Synthetic Multifunc-
tionality

The survival of living organisms hinges on a multitude of homeostatic and metabolic
functions including temperature regulation, nutrient delivery, waste removal, damage
repair, and regeneratioft!. These functionalities are largely enabled by uid transport via
internal vasculatured?®l, For example, the large ears of a jackrabbit contain an extensive
network of blood vessels that help release excess body heat and stay cool in hot desert
weather (Figure 1.1 ). In a dog's paws, blood vessels are arranged in a way to act like a
heat exchanger protecting the dog's feet from freezing temperatures as low as -G5In

the case of humans, blood circulation through veins and capillaries within skin layers (e.qg.,
epidermis and dermis) not only aids thermal regulation, but also transports nutrients
to help repair damage. Blood vessels also allow self-healing in other structural elements
of our body, for example, bones (Figure 1.1). Mimicking microvasculature in synthetic
materials has proven to be a viable route for achieving dynamic and multifunctionality
such as self-healingf®, active-coolindg'®4, electromagnetic recon guratiort*>®% and
structural health monitoring %23, Such bioinspired vascular materials are a promising
platform to meet the increasing demands and challenges of modern engineering.

Early approaches for creating vasculature relied on embedding permanent hollow
element$?42%! removal of temporary core&8’®° or micro-machining®*#?l; however, such
approaches can only produce straight (i.e., 1D), segregated micro-channels. More complex
2D and 3D interconnected vascular networks can be fabricated using stochastic



Figure 1.1. Vasculature examples from nature.a) Large ears of the jackrabbit are used in
cooling by radiating heat via an extensive network of blood vessels (image from asknature.org).
b) Dog's paws acts as a living heat exchanger in cold weather (image from asknature.org))
Schematic of a cut in skin of human body lled with blood from capillaries (image from[>33]).
d) Schematic of the healing of a bone fracture (image froni®34]),

processes such as electric dischal§eor controlled deposition of sacri cial materials,
for example, direct ink writing!®¢®8. However, it remains challenging to create intercon-
nected, multi-dimensional and multi-scale vasculature in ber-reinforced composites due
to the heterogeneous material makeup and harsh processing conditions (e.g., elevated
temperatures and compaction pressuredy*°. The vaporization of sacri cial components
(VaSC)H4 a recent technique based on thermal depolymerization of sacri cial poly(lactic)
acid (PLA), overcomes such processing limitations and enables the fabrication of intricate
and interconnected microvascular networks in ber-reinforced structural composites. The
VaSC procedure, outlined inFigure 1.2 , begins with catalyst-treated sacri cial PLA
being integrated into a composite preform prior to resin infusion. After infusion and
matrix solidi cation, the sacri cial PLA is then removed via vaporization at elevated
temperatures (e.g., 200C) under vacuum, which results in inverse-replica microchannels
that become conduits for transporting uid throughout the host material.
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