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Abstract 
Structures that have embedded microfluidic networks have the potential to bring a range 

of multifunctionality and adaptability to aerospace structures including active cooling, self-
healing, structural health monitoring, and morphing structures.  This will ultimately enable 
increased persistence, responsiveness, and multi-mission capability of structures that use this 
technology.  We examine fiber-reinforced polymer composite processing techniques to create 
scalable, hierarchical fluidic networks within polymer-based hybrid materials.  This includes the 
investigation of microvascular composite fabrication methods for lined and unlined channel 
formation, investigation of fundamental thermal transport characteristics, and characterization of 
the range of adaptive mechanical properties. 

Introduction 
Imagine an aircraft skin with an artificial circulatory system that enables autonomic 

temperature regulation, dynamic mechanical response, transpiration cooling, and self-healing of 
the vehicle similar to a living organism.  Such bio-inspired concepts are driving the development 
of adaptive composites that mimic this responsive functionality over a broader range of extreme 
operational environments.  Correspondingly, there is a need to understand the fundamental 
science of fabrication and multifunctional design of these adaptive composites.  Traditionally, the 
high-performance, load-bearing sub-structures of aircraft, satellites and robots have been rigid, 
passive, and structurally efficient.  Active system functionalities such as electronics, sensors, 
controls, energy storage, or energy harvesting are conventionally added by attaching components 
to the rigid structure.  While this 
compartmentalization of functions 
into attached subsystems 
streamlines assembly and 
facilitates easy maintenance or 
upgrades, it also increases part 
count, slows assembly, adds 
weight, and decreases the level of 
integration.  This modular 
approach is in stark contrast to the 
highly integrated, redundant, 
hierarchical, self-regulating, and 
adaptive systems in natural 
organisms.  An example of such a 
subsystem is the mass-transporting 
networks within animals and the 
optimally arranged xylem and 
phloem vessels of vascular plants.i

Figure 1.  The Human Circulatory System –
an Inspiring Hiearchical and Multi-

functional Microfluidic System.  
By including fluids and associated 
mass transport within the composite, a wide range of “life-like” properties can be envisioned.  
However, the corresponding complexity, balancing of multifunctional properties, and 
sustainability of using fluidic networks within structures also poses substantial scientific and 
engineering challenges.  This proposed effort seeks to create methods and understanding 
regarding how mass-transporting networks can be incorporated into structural hybrid composites 
using scalable, composite-like processing methods to impart numerous multifunctional properties 
without significantly impacting structural properties.  Specifically, the use of microvascular 



 

2 

composites to actively cool, to transport material for subsequent reconfiguration, and to respond 
to damage is proposed with the potential for the realization of synergistic, nonlinear coupling 
between multiple interactions.   

Size Consideration 
The choice of microvascular passage diameter depends on several factors.  The first is 

mechanical considerations where a large diameter vascular network could adversely affect the 
mechanical properties of composites.  The second is flow rate considerations.  Flow rate is 
governed mainly by the Hagen-Poiseuille relation: 
 ΔP = 128µLQ·(πd)-4, [1] 
where ΔP is the pressure drop, µ is the dynamic viscosity, L is the passage length, Q is the 
volumetric flow rate, π is the constant Pi, and d is the passage diameter.  These two opposing 
considerations must be balanced to achieve desired vascular flow rates while maintaining the 
mechanical robustness of the composite.  Biology has tackled many of these issues with the 
vascular networks present in plants and animals.  A multi-scale approach and associated 
fabrication techniques will be needed to realize the full potential of microvascular systems. 

Fabrication Techniques 
The desired goal of microvascular processing techniques is integrate it with existing 

composite processing technology.  This would include VARTM (vacuum assisted resin transfer 
method) and autoclave techniques.  Both the composite processing method and the desired 
vascular passage size affect the choice for microvascular processing.  The initial phase of this 
research focused on the microvascular processing techniques. 
Tube Extraction 

Tube extraction is applicable to larger vascular passages in a composite, which typically 
has diameters that span mm to cm.  This method involves the use of hollow shrink tubes made 
from PTFE or FEP, which shrink at 343° C or 190° C, respectively.  The tube shrink temperature 
is chosen so that the tubes shrink after the resin has cured.  When the shrinkage occurs, the tube 
walls pull away from the resin and the low friction surface allows for them to be extracted. 

The advantages of this method are that it allows for changing diameters, branched 
networks, and preformed networks that can be placed into a composite.  The disadvantages are 
join leakage, autoclave incompatibility, and extraction difficulties for tortuous pathways.  The 
networks must also be designed so that all tubes can be reached at the exterior of the cured 
composite for extraction.  This may have some use with VARTM techniques. 
High Temperature Wax 

High temperature wax was used to mold microvascular passages spannimg diameters 
from 100µm to 1+cm.  The COTS Machinable Wax was purchased from Freeman Mfg. and 
Supply Co, Avon, OH, where it’s intended use if for rapid prototyping and testing of machining 
operations.  The softening point of this wax is relatively low at 108° C.  It is chemically 
compatible with Epoxy based resins. 

To manufacture microvascular passages, the wax can be cast and/or machined into 
preformed networks.  Due to the relatively low softening point, this wax is not compatible with 
autoclave curing techniques.  The wax also suffers from a relatively large CTE of 1.71·10-5 
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(mm/mm/°C), which can lead to vascular network deformation.  The wax is extracted after 
curing the composite by liquefying the wax and purging with a secondary fluid. 

The advantages of the high temperature wax technique are complicated flow networks 
can be easily manufactured and that networks can be quickly cast from a mold.  The 
disadvantages are numerous besides the previously mentioned low softening point and CTE 
issues.  The most critical issue is the wax extraction due to the amount of wax that can be trapped 
in the vascular passages. 

Another use for high temperature wax is to coat polymer or metal fibers and rods to form 
a liquid boundary layer for extraction.  The technique is still limited by the tortuosity of the 
vascular passages.  This coating technique does not allow for complicated vascular networks like 
the pure wax. 
Soluble Fiber 

For the soluble fiber technique, we used a COTS product called Solvron (Nitivy 
Company Ltd., Tokyo, Japan), which is a water soluble PVA yarn.  PVA is commonly used for 
mold releases for hydrophobic resins, such as epoxies.  The size range for the Solvron yarn 
extends down to a diameter of 60µm for a monofilament.  Larger diameters are possible with 
multifilament yarns or PVA tubes, such as the COTS Povinal tubing (Randolph Austin 
Company, Manchaca, TX). 

Both PVA yarns and tubes were tested for this work with Epoxy based resins.  The yarns 
are compatible with autoclave processing techniques, while the tubes are not.  This type of 
processing is a promising technique for creating unlined microvascular passages for crack 
detection and self-healing purposes, as the vascular mold material is dissolved by boiling water 
and removed.  Some of the issues encountered with the extraction process are slow rates.  This is 
fueled by both the aspect ratios of the passages and the molecular weight of the PVA, which must 
be high for fibers to be extruded.  The high molecular weight yields a viscous solution, which 
ultimately must diffuse out of a high aspect ratio passage. 

Some advantages of this technique are the capability to solution cast vascular networks, 
solvent weld various pieces together for branched networks, and the potential to use 3D rapid 
prototyping print techniques.  Exploring a lower molecular weight PVA would also be highly 
advantageous for template dissolution and removal.  This technique warrants further 
investigation. 
Fiber Extraction 

Fiber extraction techniques focus on the smaller diameters.  We utilized COTS 
fluorinated (FEP) fishing line for this purpose.  Seaguar (New York, NY) Grand Max FX tippet 
in diameters 90µm, 128µm, and 205µm had tensile strengths of 41N, 80N, and 198N, 
respectively.  These fibers were cured in neat Epon 862 with Cure W resin and the extraction 
force was recorded.  As seen in Fig. 2, the possible pullout lengths for these fibers are 3.1m, 
3.9m, and 6.9m for the 90µm, 128µm, and 205µm diameters, respectively from the Epon 862/W 
cured resin. 
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Figure 2.  Pullout Force for FEP Monofilaments in Epon 862/W Cured Resin.   
The disadvantage of this vascular network technique is that it is not autoclave compatible.  

In the presence of carbon fibers, these FEP fibers are embossed by the carbon fibers, which 
hinders the pullout extraction.  This technique is suited for VARTM layups. 
Embedded Tubes 

Embedded tubes can span a large range of possible diameters.  We examined 304 
stainless steel tubes for this work.  The smallest size that we worked with is 203 µm outside 
diameter and 102 µm inside diameter.  These tubes are well suited for all processing techniques, 
including autoclave.  When incorporated within unidirectional carbon fiber prepreg, it is best to 
run these tubes parallel to the fiber tows, where they readily submerge into those tows.  Running 
them perpendicular to the tows causes substantial fiber displacement that is readily visible in 
two-ply layups. 

Embedded tubes are useful for manufacturing isolated vascular networks, which could be 
used for cooling fluids or high pressure networks.  The difficulty with these networks arises with 
branching and macroscopic connection techniques, which as discussed in the next section. 
Manifolds 

A critical consideration for any vascular network fabrication technique is the connection 
to a macroscopic fluid system.  The connection choice is greatly influenced by the pressures 
involved with pumping the fluid through the network.  In general, the pressure does follow the 
Hagen- Poiseuille relation ship in Eq. 1.  Figure 3 shows flow rate vs. pressure data for 25°C 
water flowing through an unlined 203µm passage manufactured with an extractable fiber 
technique.  It is apparent that the pressures can quickly reach 15 atm and beyond. 

y = 121.27x + 4.3235
R2 = 0.9955
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Figure 3.  Pressure drop vs. flow rate for a 203µm, unlined passage with water at 
25°C.  The blue markers are experimental data and the line is from the Hagen- 

Poiseuille relation.   
Three main solutions have been developed for this issue, though many other 

possibilities exist.  The first is to cast an entry tube into the composite and have the 
vascular passages branch from there where they are sealed to the entry tube by the 
composite resin.  This works well for unlined passages.  The second is to bundle the tubes 
from lined passages and either glue or solder them into a manifold.  The third is to 
machine a hole in the composite where either lined or unlined passages converge and use 
a Banjo bolt type connection to make the fluid connection. 

Thermal 
Some of the potential of incorporating microvascular networks into composites 

was demonstrated for thermal aspects.  Figure 4 shows the thermal image for a composite 
panel with a microvascular passage sitting on a hot plate.  The potential of this technique 
to utilize the skin composites of aircraft for multifunctional capabilities is quite realistic.  
Other capabilities, such as damage detection and self-healing, still warrant investigation. 
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Figure 4.  A 508µm thick panel of IM7 with Epon862/W.  A single 102µm ID and 
203µm OD 304 stainless steel lined passage is in the middle.  The panel is on a 110°C 

hotplate.  The thermal image should the difference between no flow (top) and 
2ml/min water entering at 25°C (bottom).  The cooled width is ~30 times the 

capillary diameter.   
Granular 

Some of the vascular work has focused on the inverted vascular network, where a 
fluid surrounds micron sized particles.  These materials are referred to as granular solids.  
Depending on the applied granular bed pressure, these materials demonstrate a yield 
behavior, leading to liquid-like and solid-like states.  We investigated the potential of 
these materials to be used for morphing and variable stiffness applications.  This work is 
represented in the journal article by Phillips, et al. (SAMPE Fall Technical Conference 
Proceedings, 2007), where the flexural properties of granular reinforced bending sections 
were examined.  The file is attached. 

Presentations 
D.M. Phillips, G.S. Jacobson, and J. Baur, “Granular Reinforced Materials for 

Morphing Structures,” 2007 SAMPE Fall Technical Conference and Exhibition, 
Cincinnati, OH, Oct. 29-Nov. 1, 2007. 
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D.M. Phillips, F.J. Khan, M.D. Negilski, G.S. Jacobson, and J.W. Baur, “Novel 
Activation and Deformation Mechanics of Reinforced Shape Memory Polymer 
Composites for Morphing Aerostructures,” 2006 MRS Fall Meeting, Presentation A1.5, 
Dynamic Modulus, Shape Memory and Gels, Boston, MA, Nov. 27-Dec. 1, 2006. 

Publications 
D.M. Phillips, F.J. Khan, G.S. Jacobson, and J.W. Baur. “Granular Reinforced 

Materials for Morphing Structures,” SAMPE Fall Technical Conference Proceedings CD 
ROM, 7 pp. (2007). 
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