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ABSTRACT: Microvascular networks show promise for applications such as self-
healing, self-cooling, and structural damage sensing. Fluid-filled micro-scale
channels have been investigated extensively in the field of microfluidics, but three-
dimensional networks in polymeric structural materials have been achieved only
recently. The purpose of microvascular network integration is to provide a vehicle
for the distribution and replenishment of active fluids throughout a matrix material
enabling multifunctional operation. This perspective seeks to examine the advances
in fabrication techniques, characterization, and new theoretical and computational
tools for guiding design that are leading to systems with greater functionality and
complexity.
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INTRODUCTION

R
ECENT ADVANCES IN fabrication techniques at smaller length scales have generated
interest in employing biomimicry to make new functional materials. The ability to

make structures with hierarchical order similar to biological systems means that we can
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look to those same systems for solutions to emerging technical challenges. Microvascular

systems are a prime example of the application of a biological solution to long-standing

problems within structural materials. Vasculature primarily serves one pur-

pose within complex biological organisms � transport of functional fluids to relevant

tissues. However, within that framework there are many functions, such as delivery of

nutrients and removal of waste, temperature regulation, and damage inhibition and repair.

In the same way, the potential for synthetic microvascular systems lies within the ability to

transport functional fluids within a material to effect changes to that material. This is a

subtle distinction from the more general and widely studied field of microfluidics, where

the emphasis is frequently on effecting changes within a fluid (e.g., performing chemical

reactions) and the matrix serves primarily as a confinement for the manipulation of that

fluid. In fact, there are several instances where the two fields overlap, especially in relation

to fabrication techniques.
The basic concept for these systems is the introduction of microchannels � with diam-

eters ranging from 1 micron to 1mm � within a polymer, or polymer composite. Fluid can

then be introduced into these channels to provide added functionality to the matrix mate-

rial either by pumping, or taking advantage of capillary forces. Microvascular composites

offer the benefits of added functionality and increased autonomy, namely, the ability to

distribute active or reactive fluids for interactions with the matrix in regions traditionally

difficult or impossible to reach in monolithic materials.
Currently, the applications that have received the most attention are in the areas of self-

healing and active cooling. Self-healing microvascular systems employ the use of func-

tional fluids as healing agents, usually monomeric formulations that can polymerize within

an area of damage, or some combination of monomer and catalytic agent. The creation of

new healed material restores the structural integrity of the matrix. Active cooling micro-

vascular systems continuously circulate a fluid into, through, and out of the matrix in

order to absorb and remove excess heat. The design of a microvascular network is highly

dependent on a number of factors including the application, the properties of the matrix

and the fluids, and the distribution method. Researchers have explored many aspects of

these hybrid materials, both from a theoretical standpoint as well as approaches to fab-

rication and properties characterization. Much of the research discussed in this article is

focused on the systems with channel diameters at the microscale, due to the unique advan-

tages that this intermediate regime offers in terms of functionality. Nanoscale-channel

diameters make fluid distribution difficult, especially at higher viscosities. In addition,

the creation of macroscale networks with nanoscale features is at present difficult and

somewhat impractical.
Finally, the presence of a microvascular network requires consideration of its effects on

the materials’ structural integrity both due to the absence of what would otherwise be

load-bearing material replaced by the channels, and the compatibility between the fluid

medium and the matrix itself. The expansiveness of the network must be balanced to

maximize the benefit of the network, while minimizing the negative structural impact.

There are several examples of structural (load bearing) biological tissues or materials

that successfully incorporate microvasculature while maintaining robust mechanical prop-

erties, primarily due to exquisite control over the local micro- and nanostructure.

Examination of these materials can lead to insight for future design of more effective

microvascular composite materials.

2588 S. C. OLUGEBEFOLA ET AL.



BIOLOGICAL EXAMPLES

Biological materials such as dentin and bone possess toughness and strength signifi-

cantly higher than their primary constituents, polymeric collagen fibrils and hydroxyap-

atite nanocrystals [1]. This robustness is attributed to the complex structural hierarchies

that allow the matrix to benefit from the favorable properties of each material, the plas-

ticity of the biopolymer, and the high tensile strength of the mineral component.

Furthermore, both of these materials are highly vascularized and as such, there are specific

morphological features near embedded channels whose primary purpose is to mitigate the

adverse effects from the presence of the network.
Dentin is a natural composite material that makes up the bulk of human teeth below the

enamel layer. It contains a high density of cylindrical tubules one to two micrometers

in diameter that extend from the pulp to the enamel, roughly parallel to one another

(Figure 1(a)). The tubules are sheathed in a ring of highly mineralized peritubular

dentin within a bulk matrix of intertubular dentin. Balooch et al. [2] have estimated

that the mineralization of the peritubular dentin results in an increase in compressive

modulus from 17�23GPa to 40�50GPa. Nalla et al. [3] identified and estimated the rel-

ative effects of various mechanisms contributing to dentin’s high fracture toughness by

observing notch-induced crack initiation and growth. The creation of microcracks within

the matrix and the peritubular regions was determined as one of the major extrinsic

toughening mechanisms, along with crack bridging by collagen fibrils. Significantly, the

reinforced tubules did not appear to deflect the crack tip, or influence the direction of

crack propagation [4], suggesting the neutralizing effect of reinforcement on local stress

concentrations.
Cortical bone, which makes up a large percentage of the load-bearing tissue in bones

throughout the body, has been extensively studied for its excellent mechanical properties

and complex hierarchical structure. Similar to dentin, it is made up of collagen fibers

impregnated with apatite crystals. While bone is vascularized, in contrast to dentin,

there is a more complex structure surrounding that vasculature. Each (Haversian) canal

within cortical bone runs longitudinally to the bone long axis and is surrounded by an

osteon made of many concentrically oriented 3�5 mm thick lamellar regions of compact

tissue (Figure 1(b)) [5]. Work done by Götzen et al. [6] found that similar channels in

equine cortical bone are surrounded by a region of low stiffness (as low as 2GPa), then a

region of high stiffness (up to 22GPa), and then a far-field region of intermediate stiffness

(10�13GPa). The authors posit that this distribution of properties shifts peak stresses

away from the edge of the channel and may explain some of the fracture behavior

observed in the bone.
Studies on the fracture of bone [7,8] show that cracks tend to avoid the Haversian

canals, following instead the line between osteons [7]. Microcracking in bone occurs pref-

erentially around, between and at the lamellar interfaces within osteons; not at the edge of

the canals [9]. Crack bridging by collagen fibrils here also serves as an important tough-

ening mechanism.
The functional benefits of vascularization in load-bearing biomaterials are significant.

The distribution of fluid between cells for nutrition and signaling allows these materials to

support cellular processes for damage sensing and tissue repair, without compromising the

structural function of the material. In the same way, various researchers seek to achieve
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this balance of enhanced function from the presence of a functional fluid and the main-
tenance of matrix properties through control of the microstructure near channel interfaces
as well as the rational design of network architectures.

NETWORK DESIGN

Design Principles

While most microvascular network designs are constrained by the choices of fabrication
method and materials, there remains a great deal of freedom in determining factors such as
channel diameter, degree of branching, location of branch points, channel orientation, and
others. Depending on the application, the optimal network architecture can vary signifi-
cantly, but there are several parameters that apply to most systems. Some of these criteria
are included here, as detailed in the literature [10,11].

PUMPING OPTIMIZATION
In general, if small microchannels and high flow rates are a requirement for a micro-

vascular network, pumping optimization will be an important consideration. Fluid flow

(a) (b)

(c) (d)

Figure 1. Microstructural examples from biological and synthetic vascular systems. (a) Section of dentin
fracture plane showing tubule morphology [4]. (� Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.) (b) Osteonal bone cross-section with Haversian canals surrounded by concentric osteonal
lamellae [6]. (c) Glass-fiber composite with integrated fluid carrying fibers for self-healing and damage sens-
ing [34]. (d) Air-filled glass tube in laminate composite structure for damage sensing [35]. (Reprinted with
permission from Elsevier.).
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through a microvascular network requires pumping power, which is dependent on the
network resistance to flow. In considering biological optimization of microvascular flow
in animals, Murray [12] considered two costs: the cost to pump fluid, which increases with
smaller channels according to Poiseuille’s Law, and the metabolic cost of blood, which
increases proportionately with blood volume. The optimization, known as Murray’s law is
given by:

X
r3p ¼

X
r3d, ð1Þ

where rp is the radius of the parent branch and rd the radii of the daughter branches [12].
Biological studies have shown general agreement with Murray’s Law [13,14]. Subsequent
studies have demonstrated that close to the Murray’s Law optimum, pumping power does
not change dramatically, such that a 10% change in radius yields an increase in pumping
power of only 3�5% [15,16].

While Murray’s Law, which assumes a non-pulsatile flow, is valid for smaller branches
within mammalian microvascular systems (e.g., arterioles), this agreement breaks down for
larger branches (e.g., arteries) [17]. For branches higher up the hierarchy and nearer to a
pulsatile pump, the pulsatile flow creates a dampened traveling wave that causes the
microvascular network impedance to deviate from Murray’s Law. Optimization of flow
in the pulsatile case yields an area-preserving relationship:

X
r2p ¼

X
r2d, ð2Þ

where rp and rd are the same as in Equation (1). At smaller branches, viscosity effects again
dominate the flow resistances and application of Murray’s Law is recovered. Thus, design
of microvascular networks depends upon the fluid flow conditions and the level of hier-
archical branching.

SPATIAL OPTIMIZATION
Many microvascular network applications, such as self-healing and active cooling,

would ideally contain volume-filling networks. However, vascular networks can adversely
affect the structural properties of a material. This is particularly relevant to composite
materials designed for demanding mechanical performance.

Optimization of the network location may mitigate adverse mechanical effects.
Sandwich composite structures composed of fiber-reinforced skins separated by a core
of rigid foam are one example. Microvascular networks can be placed in the core foam,
such that the sandwich composite has an area-filling network without compromising the
flexural stiffness of the overall composite [10].

Networks also impart stress concentrations to the overall structure. Shape factor can
strongly influence the stress concentration, such that circular cross-sections are preferred
over polygonal shapes with sharp angles. Stress fields are also affected by the spacing
between neighboring vessels [18].

RELIABILITY OPTIMIZATION
In systems where the microvascular network provides a critical function, reliability is an

important consideration. A system comprised of independent parallel components will
have a probability of failure given by:

p ¼ pncomponent, ð3Þ
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where p is the system probability of failure, n the number of independent parallel compo-
nents, and pcomponent the failure probability of a single component [11]. Addition of dupli-
cate components, such as pumps, will raise the total mass of the system and change the
optimum radii of the network to achieve minimum system mass.

All these design principles focus on either optimization of network function or optimi-
zation of the network against failure. Network function may be optimized with regard to
pumping or spatial distribution (as above), or with regard to healing, temperature control,
or damage sensing. Protection against failure may be optimized with regard to pump
failures, to fluid leaks, to blocked vessels, and to degradation of functional fluids over
the component lifetime [11]. Both these optimization directions involve complex trade-offs
requiring detailed knowledge of which functions and failure modes are critical. Moreover,
these trade-offs are highly dependent on the end application.

For instance, the pumping and spatial distribution optimizations detailed above will
depend on the system. In structural materials, minimization of the void volume and choice
of a cross-sectional shape that minimizes stress concentrations are critical microvascular
network design parameters. In order to meet these structural demands, pumping demands
may be increased and network redundancy (and spatial distribution) may be reduced.
Conversely, in a non-structural component cooled with a microvascular network, circula-
tory concerns are most important, so that using larger channels will reduce pumping power
and greater network spatial distribution will increase total heat transfer. However, such a
network will compromise the ultimate structural properties of the system.

Computational Design and Optimization

As a result of the large number of design variables associated with microvascular net-
works, optimization lends itself to computational approaches. Several methods have been
proposed including (1) semi-analytical approaches; (2) gradient-based search methods;
and (3) evolutionary algorithms (EAs).

Bejan and Lorente [19] have introduced the idea of constructal theory as a method of
optimizing microvascular networks. The premise behind the theory is that flow systems
tend to reach optimum delivery configurations over time. Researchers have used this
approach for the example of channel coverage of defects in self-healing applications,
examining the effects of both channel orientation, and simultaneous presence of two chan-
nel diameters [20]. By modeling a crack as a circular defect in a two-dimensional (2D) grid
of channels with various regular geometric loop shapes, they determined that triangular
grid sections aided crack filling with optimal coverage and determined the optimal ratio of
channel diameters based on defect size. Kim et al. [21] examined the coverage ability of
matched, branched network architectures (Figure 2(a)). Results indicated that having a
single stream that branched was optimal relative to several smaller streams for covering
clusters of subvolumes. Semi-analytical approaches such as constructal theory can be used
to solve network optimization problems that do not involve a large set of optimization
variables. These methods often require a priori information about the optimal solution.

Gradient-based optimization techniques iterate toward optimal solutions to problems or
functions by approximating the local gradient of the function and determining the variable
iteration direction that leads to a more optimized state. Within the gradient-based optimi-
zation techniques, topology optimization has been used to optimize flow networks [22].
Figure 2(b) shows a three-dimensional (3D) spherical arterial tree network with prescribed
pressure at two nodes. As with most gradient-based search techniques, it involves design
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variables that are continuous and lead to a solution that is likely to be a local optimum; so
finding a global optimal solution is not guaranteed. In addition, due to the nature of the
approach, it can only be used for objective functions for which a gradient can be computed.

EAs are population-based algorithms that improve a set of candidate solutions through-
out their evolution. Genetic algorithms (GAs) [23,24] are the most widely known meth-
odology of this group and use selection, crossover, and mutation as genetic operators to
obtain better candidate solutions. The determination of the fittest individuals is done by
the computation of one or more objective functions, which quantitatively describe how fit
the individuals are to solve the problem. GAs can use discrete and/or continuous variables,
and they search the entire decision space, so that optimal solutions found are likely to be
global optima. Furthermore, there is no need for a priori knowledge about the optimal

(a) (b)

(d)(c)

D3
D2 D2

D1

D2

D2 D1

D2

D1D1D1 D1

D2

D2

Figure 2. Examples of computational design methods for microvascular network design. (a) Two tree net-
works with two levels of branching joined canopy to canopy with channel diameters optimized for minimum
flow resistance using constructal theory (Network 1 D1/D2¼ 0.827 and D2/D3¼ 0.762. Network 2
D1/D2¼ 0.682). Reprinted with permission from [20]. (� 2006, American Institute of Physics.) (b) Arterial
3D flow network path for two input nodes determined by gradient-based optimization [22]. (c) 3D microvas-
cular network optimized for flow efficiency and reduced volume fraction. Inlet and outlet are located at
the lower left and upper right corners, respectively [25]. (d) 3D microvascular network optimization based
on the self-healing coating experiment shown in Figure 5(a). This structure achieves the most uniform outflow
to the upper surface [25]. (Reprinted with permission from Elsevier.).
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solutions, but this information can be used to obtain a starting population with those

features (knowledge-based GAs).
Aragon et al. [25] have used a multi-objective GA to optimize 2D and 3D microvascular

network structures, considering various objective functions and constraints. Figure 2(c)

shows an optimized microvascular network, considering the void volume fraction and the

flow efficiency as objective functions. The flow efficiency is obtained by measuring the

maximum pressure drop between any two locations in the network. The algorithm was

also used to optimize the topology of a microvascular network used in self-healing coating

experiments [26], so that the healing agent is uniformly distributed to the coating surface

while minimizing the energy needed to drive the flow. The resulting topology, shown in

Figure 2(d), creates a distribution network at the bottom of the material with the highest

possible diameter vertical channels that connect to the upper surface with the minimum

diameter available. This technique is also used for the multi-physics optimization of

actively cooled microvascular materials. An example of this study is illustrated in

Figure 3, where the GA has been used for a multi-objective optimization of a cooling

network of microchannels embedded in a rectangular domain, subjected to a uniform heat

source and convective boundary conditions [27]. Figure 3(a) shows the grid-like template

on which the network (composed of microchannels of 100 mm diameter) is to be defined,

and the temperature field in the absence of a cooling fluid. The inflow and outflow loca-

tions are located in the middle of the left and right edges of the domain respectively. Three

objective functions are considered in the minimization process: the maximum temperature

in the domain, the maximum pressure drop (assuming Poiseuille flow through all micro-

channels), and the void volume fraction (defined as the relative projected area of the

network). Figure 3(b) shows the optimized network that provides the lowest maximum

temperature in the domain for a given mass flow rate, showing a serpentine-like pattern for

the microchannels in the network.
There is a great deal of inherent parameter space when determining the nature of a

microvascular network to be used for a particular application. While optimization can be

determined for a material theoretically, the choice of many of these parameters is deter-

mined by the material and network fabrication method. The more versatile the fabrication,

the greater the design freedom, which leads to networks more suited to performing opti-

mally at whatever function the design merits.

(a)

T (K)
282. 314. 347.

(b)

mI
⋅ mO

⋅

Figure 3. An active cooling network optimized using GA techniques. (a) Template microvascular network
used as a starting configuration for the optimization algorithm superimposed over the temperature distribution
in the absence of flow, where a uniform heat source is applied in the entire area and heat is lost by convection
through the four edges. (b) Optimized microvascular network that reduces the maximum temperature in the
domain, obtained using multi-objective GAs.
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NETWORK FABRICATION AND APPLICATION

Microvascular network fabrication currently employs either discrete or interconnected
channels, each of which has advantages and disadvantages. Discrete channels are generally
easier to manufacture and in many cases can be fabricated independently from the matrix
in which they are housed. In addition, premade channels can be loaded with whatever
functional fluid is intended for use in the network prior to incorporation into the final
material. By contrast, the creation of an interconnected network usually requires simul-
taneous fabrication with the surrounding matrix, increasing the process complexity, and
necessitating compatibility between the manufacturing methods for the channels and the
matrix.

Discrete Channel Arrays

Single channels can be manufactured and placed into a material in an array, in order to
distribute functional fluids throughout that material without the flexibility and complica-
tion of creating interconnections. A large part of the network design considerations then
relate to the appropriate spatial distribution of channels and the choice of channel
diameters.

Early attempts to integrate a functional liquid phase in a solid material were made by
embedding millimeter-scale diameter glass pipettes pre-filled with epoxy resin into bulk
epoxies for the purpose of creating a self-healing material [28]. The channels in these cases
were examined through optical and scanning electron microscopy of sample cross-sections
before and after damage incurred through four-point bending tests. Motuku et al. [29]
looked at glass millimeter-scale pipettes inserted into fiber-reinforced polymers (FRPs) for
fluid release into damage areas. Initial studies focused on the structural effects of higher
channel volume fraction on the matrix, a precursor to subsequent investigations with
functional self-healing systems. Impact testing confirmed pipette breakage and fluid infil-
tration into damage areas, but no investigation into the self-healing properties of the
composites was made. Importantly, these investigations were unconcerned with matrix/
fluid compatibility prior to damage, as the fluid was enclosed within the glass channels
alleviating any potential problems.

Glass and carbon fiber polymer composites are the most thoroughly explored materials
for incorporation of discrete channel arrays. This is primarily due to the ease with which
hollow fibers can be integrated into the fiber composite assembly process. Microscale
filamentary channels for self-healing were initially investigated by Bleay et al. [30],
making use of commercially available 15 mm diameter glass fibers to create a unidirectional
pre-impregnated ply. These plies were stacked to create [(0,90)12]s and [(� 45,0,90)6]s com-
posite laminates. Post-cure, the fibers were filled with liquid resin using vacuum-assisted
capillary action. The authors began to address some of the pertinent factors concerning
microvascular network incorporation, namely the effects of the fibers on the material
structural integrity, methods for filling microscale fibers already embedded in the
matrix, and the effective functionality of the fluid component in the channels, and in
this case, the ability of the fluid to reach damage areas and effect strength recovery.
The visualization of the channels in situ was accomplished using X-radiography with a
contrast agent doped fluid. Significantly, the narrow internal diameter of the hollow fibers
coupled with the high viscosity of the resin hindered the uptake of the resin into the fibers
as well as its post-impact release into damaged regions. Compression testing after impact
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showed that these two problems thwarted any potential self-healing effects, as ‘healed’
samples showed no more mechanical recovery than control samples with unfilled fibers.

Pang and Bond [31,32] fabricated 60-mm diameter hollow glass fibers with optimized
void volume and incorporated both hollow and solid glass fiber plies into a hybrid lam-
inate, with a [(90,0)solid, (90,0,90,0)hollow, (90,0,90)solid]s stacking sequence. The increased
hollowness of the fibers allowed easy filling using vacuum-assisted infiltration. A two-part
fluid epoxy resin/hardener system was used to investigate self-healing capability, with each
part separately loaded into perpendicularly oriented fiber arrays, designed to mix and cure
only after being released into the damaged region. To add functionality to the system, a
UV-fluorescent dye was incorporated with the resin to enable both fluid-filled fiber and
damage visualization. Four-point bending tests post-indentation showed flexural strength
recovery under some conditions, but the healing system possessed poor long-term activity,
posited to be the result of the incorporation of solvent and other additives into the resin.
Visualization of released fluid from the channels was quite successful, enabling clear and
rapid delineation of the damage area when compared to more laborious characterization
approaches, such as C-scan ultrasonography. Bond and coworkers [33,34] further explored
the structural effects of hollow fiber channels through examination of simulated-impact
damaged specimens with variations in lateral channel distribution. Network designs with
smaller channel-to-channel distances were found to increase healing recovery of flexural
strength, but conversely to reduce baseline strength along with modifying crack propaga-
tion behavior. The effects were partially attributed to poor uniformity of channel spacing
during fabrication and to the replacement of some load-bearing carbon fiber material with
the hollow fiber channels.

Kousourakis et al. [35,36] have also utilized discrete channel arrays for damage sensing
in laminar composites through comparative vacuum monitoring. By integrating air-filled
channels alternating between high and low pressure, any damage that spans two adjacent
channels will detectably equalize their pressures. The authors examined the mechanical
effects of incorporating both micro- and millimeter-scale hollow glass fibers, and empty
channels created by inserting and removing space-filling polydimethylsiloxane (PDMS)
mandrels. Microchannels were observed to increase mode I interlaminar fracture tough-
ness when oriented normal to the crack propagation direction, with reduced additional
enhancement at larger diameters. This mechanical improvement was attributed to crack
blunting (empty, hollow fiber) and deflection (hollow fiber) mechanisms. A trade-off was
found in that the interlaminar shear strength decreased linearly with increasing channel
size. In addition, the authors determined that the tensile and compressive strengths and
moduli decreased at critical channel diameters, as they approached the millimeter scale.

The potential for discrete channel arrays for use in damage reduction and detection
is significant, but limited by the difficulty in replacing fluid to depleted channels. The
need for each channel to fill specific damage volumes for complete self-healing places
constraints on how sparsely the channels can be distributed, which affects mechanical
properties. Creating interconnected networks reduces that constraint, while opening
up additional applications for the network that take advantage of fluid flow, such as
self-cooling.

Interconnected Networks

Greater control over the placement and orientation of channels in network architectures
is one of the most important goals of this research. Customizing a network to a particular
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matrix or shape will enable the fabrication of modular subsections with added function-
ality. While glass and carbon fiber composites are a convenient embedment material due to
the similarity in shape between support fibers and channels, creating interconnected net-
works will necessarily involve a divergence from purely parallel arrays. In contrast to
channel arrays, where hollow glass fibers are the dominant paradigm, there are several
techniques that have been developed to fabricate interconnected networks, driven by appli-
cations in self-healing, but also self-cooling for integrated circuits (ICs) and microfluidics
for chemistry and biology/bioengineering.

MACHINING AND ETCHING
Bond and coworkers [37,38] have created millimeter-scale vascular networks for self-

healing within composite sandwich structures by laying down parallel polyvinyl chloride
‘supply vessels’ along the central plane of the core and drilling vertical risers through the
thickness of the material followed by the application of the surface skins. The channel
spacing was chosen to achieve reasonable areal coverage of the skin-core interface.
Specimens that achieved good resin/hardener mixing showed full recovery of compression
strength after impact [37].

Micromachining techniques have been used extensively to create microchannels for
cooling applications in ceramics, metals, and polymers. The most basic form is to apply
traditional machining principles at the microscale to create channel grooves. These types
of systems have been utilized to create channels on the order of 600�700 mm in width and
depth [39]. Current CNC machines utilizing electrical discharge machining (EDM) are
capable of producing feature sizes on the order of tens of microns. [40] Laser microma-
chining can also be utilized to fabricate microchannels in a layer-by-layer fabrication
approach, where the channel structure is written in a series of successive layers that are
subsequently bonded together [41]. Current laser micromachining technology is capable
of sub-micron resolution [42] and is well suited to fabricating precise microchannels.
Figure 4(a) shows microchannels fabricated in polycarbonate via direct write laser abla-
tion. This method creates V-shaped grooves, where the cross-section is determined by the
laser power and writing speed (Figure 4(a)) [43].

Three-dimensional networks for cooling have been fabricated using chemical etching of
silicon for close integration with IC components. Wei et al. [44] used stacked 2D manifolds
to create two-layer networks with independently controllable flow directions. The authors

(a) (b) (c)

Figure 4. Microvascular networks formed by different fabrication methods. (a) Microchannel fabricated by
laser ablation of a polycarbonate substrate [43]. (Reprinted with permission from Elsevier.) (b) SEM image of
one layer of an integrated microchannel heat sink with fluidic through-silicon vias [45] (� 2008 IEEE). (c) 104-
layer direct ink written microvascular network encased in a clear epoxy matrix [48]. (� Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.).
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noted several differences between the cooling profiles of the parallel flow and counterflow
cases, notably increased thermal resistance, but better thermal uniformity at low flow rates
for the counterflow case. King et al. [45] describe a complex method for creating 3D
stacked die ICs etched in silicon with copper, and polymer component interconnects
(Figure 4(b)). As opposed to most heat exchangers that are placed outside the relevant
heat source, this technique puts the channels within and throughout the part, resulting in a
truly integrated network.

Most of these techniques are versatile with respect to 2D patterning capability, but
suffer the limitation of requiring stacking, and thus fine control over registration, to
create 3D interconnected networks. For applications such as IC cooling where the
matrix itself is carefully patterned, this is not as significant as an issue; but for other
applications, these methods may be less practical. While the materials used for many of
these techniques are commonly ceramic, or semiconductor based, the basic ideas could be
straightforwardly applied to the creation of networks within polymeric systems.

FUGITIVE SCAFFOLD PROCESSES
The direct ink writing (DIW) technique involves the controlled extrusion of fugitive

viscoelastic inks through a fine nozzle to build 3D structures [46]. The nozzle, mounted on
a three-axis, robotically controlled stage permits fabrication of structures in a layer-by-
layer approach. Interconnected, 3D microchannels are produced by first depositing an
organic ink in a pre-defined pattern, then infiltrating the structure with a material, such as
a two-part epoxy or photopolymer, that is subsequently cured to form a solid matrix. The
fugitive ink is liquefied and removed from the matrix with application of modest vacuum,
leaving behind the desired microchannel network (Figure 4(c)) [47,48].

Toohey et al. [26] used DIW to produce a system that schematically mimics the structure
of skin, with an epoxy substrate containing a 3D vascular grid of microchannels filled with
the monomeric fluid dicyclopentadiene (DCPD), and a surface coating with incorporated
Grubbs’ catalyst (Figure 5(a)). The fracture of the coating under four-point bending
released the DCPD from the vertical channels into the crack plane, leading to contact
with the catalyst and subsequent polymerization. Tests of the coatings after damage and
healing showed partial recovery of fracture toughness. Most notably, due to the intercon-
nected nature of the network, the monomer reservoir could be replenished, enabling up to

Figure 5. Examples of direct-write microvascular networks. (a) Grid network for surface coating self-healing
(scale bar¼ 5 mm) [26]. (Adapted by permission from Macmillan Publishers Ltd.) (b) Interpenetrating network
fabricated through direct-write assembly with dual inks. The networks are highlighted with red and blue
fluorescent solutions (scale bar¼ 5 mm, inset scale bar¼ 2 mm).
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seven consecutive healing events in a single sample. In an effort to extend the number of
healing cycles, the researchers employed the DIW method to make single grids, and then
utilized photo-polymerization to isolate separate networks for two-part epoxy healing
schemes [49]. In contrast to similar healing systems used by Bond and coworkers, where
the fluid was sealed within a glass fiber, the choice of resin and hardener required chemical
compatibility tests with the matrix due to their direct contact at the channel surface. An
appropriate two-part epoxy avoided swelling and cracking of the network matrix, extend-
ing the number of healing cycles to 16. The healing process was not indefinitely repeatable,
due to build up of polymer in the crack plane from previous healing cycles. This healed
polymer ‘scar’ prevented proper mixing of the fluid components, highlighting the impor-
tance of network geometry and fluid viscosities in controlling the network effectiveness.

Hansen et al. [50] achieved greater control over network architecture through the use of
a dual ink writing method. The authors used microcrystalline wax ink that melts at high
temperatures, as well as a block-copolymer ink that melts below room temperature. This
advancement allowed the writing of complex, separate, and interpenetrating networks to
aid the mixing of healing components (Figure 5(b)). By creating vertical channels from
each network in a number ratio close to the ideal chemical stoichiometry of the epoxy and
by decreasing the diffusion distances, the number of healing cycles was further extended
beyond 30.

Kozola et al. [51] have also used DIW to make networks for active-cooling by creating
thin fin polymer specimens with embedded channels with varying network geometries.
Using infrared imaging, the researchers examined the effects of flow rate, channel diam-
eter, dimensionality, and cooling fluid on the transition from the heated specimen in the
absence of flow to the steady-state regime with flow as well as the effectiveness of steady-
state cooling. Additionally, they applied micro-scale particle image velocimetry to measure
flow rates in individual channels, in order to determine critical threshold flow rates for
effective channel cooling.

Bellan et al. [52] have generated microvascular networks within PDMS, epoxy, and poly-
caprolactone matrices using melt-spun sugar fugitive scaffolds. While this technique is lim-
ited in the fine control of microchannel placement and diameter, it is readily scalable and
relatively inexpensive to apply. Huang et al. [53] have generated microvascular networks
within poly(methyl methacrylate) and poly(lactic acid) blocks with electron beam irradia-
tion followed by rapid discharge. The resulting structures closely resemble biological vas-
culature in morphology and various properties of the networks such as the degree of
branching and the number and location of entry and exit points can be loosely controlled.

FUTURE DIRECTIONS

The field of microvascular composites is poised to advance rapidly due to the recent
advent of appropriate tools for both fabrication and design. There are some fundamental
aspects of network design that still need further study, notably the investigation of struc-
tural changes caused by the presence of the network. While some systems have managed to
mitigate their effects through minimizing network volume, the interaction between the
matrix and the channel at the interface can also be potentially modified to aid in control-
ling adverse structural problems. In most discrete channel arrays of hollow fibers, there is a
stiff glass layer at the interface between the network and the matrix, though the effects
have not been optimized. Hamilton et al. [54] have shown that the strain concentrations of
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a channel in an epoxy matrix under tensile load can be significantly reduced by deposition
of a stiff alumina particulate layer at the channel interior surface. Similarly to biological
responses to the presence of a channel network, modification of the mechanical properties
near channel surfaces may lead to improved damage tolerance and toughness.

The ability to accurately determine optimal solutions given the constraints for a partic-
ular application through modeling, coupled with the ability to fabricate complex, integrated
3D networks, should enable multifunctional microvascular composites without sacrificing
structural integrity. The next steps for increasing the applicability of these systems will be
increasingly dependent on methods for easily constructing large-scale specimens that can be
used to replace monolithic materials. For top-down assembly techniques such as the ones
described previously, there may be a natural trade-off between the degree of control over
network architecture and the difficulty in constructing said architecture.

While the microvascular network concept shows significant promise, in comparison to
biological systems the current states of design and functionality are still very basic. Recent
studies look at artificial systems designed for one type of application at a time, but com-
plex biological vascular systems can support multiple functions � transporting nutrients to
and removing waste from distributed tissues, storing, and delivering healing components,
temperature regulation, signaling � without isolating, and usually without interference
between the relevant agents. Up to this point, fluids used in synthetic microvasculature
studies have been mostly homogeneous, optimized to function at most two ways (self-
healing, damage visualization). In the future, the use of multifunctional mixtures may lead
to greater efficiency and utility for these systems. Balazs and coworkers [55�57] have
explored the use of self-segregating particles to autonomously heal cracks in poly-
mer�semiconductor multilayer structures and similar particles within a functional fluid
could lead to more advanced multifunctional systems.

In addition, the ability to control the fluid flow through microvascular networks has not
yet been fully exploited. The modular nature of biological circulatory networks is a func-
tion of tissue remodeling processes on long-time scales, and constriction of flow from
reduced vessel diameter on short-time scales. Incorporating valves and external stimuli-
based autonomic behaviors into synthetic vascular systems can only increase their reliabil-
ity and further expand their usefulness. Changing the direction of flow through different
regions of a sample for modular cooling is just one example of the way in which these
systems can yield new and interesting properties.
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