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microvasculature in synthetic mate-
rials has proven to be a viable route for 
achieving bio-inspired, multi-functionality 
such as self-healing,[4–9] active-cooling,[10–14] 
electromagnetic reconfiguration,[15–19] and 
structural health monitoring.[20–23]

Early approaches for creating vascu-
lature relied on embedding permanent 
hollow elements,[24–26] removal of tempo-
rary cores,[27–29] or micro-machining;[30–32] 
however, such approaches can only pro-
duce straight (i.e., 1D), segregated micro-
channels. More complex 2D and 3D 
interconnected vascular networks can 
be fabricated using stochastic processes 
such as electric discharge[33] or controlled 
deposition of sacrificial materials, for 
example, direct ink writing.[34–36] How-
ever, it remains challenging to create 
interconnected, multi-dimensional, and 
multi-scale vasculature in fiber-reinforced 
composites due to the heterogeneous 
material makeup and harsh processing 
conditions (e.g., elevated temperatures 
and compaction pressures).[37,38] The 
vaporization of sacrificial components 
(VaSC),[39] a recent technique based on 
thermal depolymerization of sacrificial 

poly(lactic) acid (PLA), overcomes such processing limitations 
and enables the fabrication of intricate and interconnected 
microvascular networks in structural composites. Latest addi-
tive manufacturing implementations for sacrificial PLA,[40,41] 
namely fused-deposition modeling, have furthered the fab-
rication envelope enabling greater flexibility in vascular 
composite design.

Nearly all-natural and synthetic composites derive their characteristic attrib-
utes from a hierarchical makeup. Engineered metamaterials exhibit properties 
not existing in natural composites by precise patterning, often periodically on 
size scales smaller than the wavelength of the phenomenon they influence. 
Lightweight fiber-reinforced polymer composites, comprising stiff/strong 
fibers embedded within a continuous matrix, offer a superior structural 
platform for micro-architectured metamaterials. The emergence of micro-
vascular fiber-composites, originally conceived for bioinspired self-healing 
via microchannels filled with functional fluids, provides a unique pathway 
for dynamic reconfigurable behavior. Demonstrated here is the new ability to 
modulate both electromagnetic and thermal responses within a single struc-
tural composite by fluid substitution within a serpentine vasculature. Liquid 
metal infiltration of varying density micro-channels alters polarized radio-
frequency wave reflection, while water circulation through the same vascu-
lature enables active-cooling. This latest approach to control bulk property 
plurality by widespread vascularization exhibits minimal impact on structural 
performance. Detailed experimental/computational studies, presented in this 
paper, unravel the effects of micro-vascular topology on macro-mechanical 
behavior. The results, spanning multiple physics, provide a new benchmark 
for future design optimization and real-world application of multifunctional 
and adaptive microvascular composite metamaterials.
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1. Introduction

The survival of living organisms hinges on a multitude of 
homeostatic and metabolic functions including temperature 
regulation, nutrient delivery, waste removal, damage repair, 
and regeneration.[1] These functionalities are largely enabled 
by fluid transport via internal vasculatures.[2,3] Mimicking 
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The ability to incorporate dynamic, multi-functionality in vas-
cular fiber-composites stems from the physical and chemical 
properties of the fluid sequestered within the vasculature. Exam-
ples include conductive liquid metals for electromagnetic modu-
lation,[42,43] coolants for thermal management,[44,45] and reactive 
agents for self-healing.[46,47] Such prior studies have demonstrated 
how to achieve various functionalities, independently, in different 
composite platforms. In this paper, we modulate and charac-
terize electromagnetic (EM) and thermal properties within the 
same structural composite while retaining its mechanical per-
formance. Figure 1 provides a general overview of our approach 
to microvascular multi-functionality within a structural glass 
fiber/epoxy matrix composite. Electromagnetic reconfiguration 
(i.e., frequency modulation and filtering) is achieved through 
infusion and withdrawal of eutectic gallium–indium (EGaIn) 
liquid metal[48] whereas thermal regulation (i.e., active-cooling) is 
achieved by circulation of water through the internal vasculature.

Our multi-functional material system can be considered a 
(reconfigurable) metamaterial since the dynamic properties 
are achieved via the physical placement of base materials (e.g., 
hollow vasculature, functional fluids, epoxy matrix, reinforcing 
fibers). Classically, a metamaterial is an engineered composite to 
realize desired functionalities that are not otherwise attainable 
with base materials; these macroscopic properties are derived 
from physical placement of constituents rather than chemical 
composition.[49–51] The realization of a metamaterial has cre-
ated opportunities in various emerging fields such as phon-
onics,[52] photonics,[53,54] mechanical topological insulators,[55,56] 

and programmable materials.[57,58] Through intelligent mate-
rial architecting, researchers have been able to: achieve unique 
mechanical (e.g., negative/zero Poisson’s ratio[59–63]), optical 
(e.g., negative refractive index,[64] optical cloaking[65]), and 
electromagnetic (e.g., negative permittivity,[66] EM cloaking[67]) 
properties; tune wave propagation characteristics (e.g., tailored 
bandgaps,[68–70] defect-immune wave motion,[71] seismic wave 
barriers, and foundations[72–74]); attain bulk/topological thermal 
systems;[75,76] and build reconfigurable/flexible mechanical sys-
tems.[77,78] However, prior research has focused on metamate-
rials with a single functionality. Motivated by these pioneering 
works, we take a modest step toward achieving a multitude of 
functionalities in a single structural composite.

To realize such a composite, we 3D printed sacrificial tem-
plates to create inverse-replica serpentine micro-channels (see 
Figure 1) via the VaSC process. This vascular topology is selected 
for its demonstrated versatility in functionality,[79–82] geometric 
regularity for manufacturing consistency, and presence of a 
single flow path for simplicity of the fluidic system. We selected 
a fixed channel diameter of ≈ 500 μm based on several factors: i) 
sacrificial PLA is easily extruded through a standard 0.5 mm 3D 
printer nozzle; ii) to alleviate structural impact based upon a prior 
study (in a different composite system) that has shown in-plane 
mechanical properties degrade appreciably beyond 500 μm diam-
eter;[83] and iii) to minimize pressure drop which scales inversely 
proportional to the 4th power of the channel diameter based upon 
the Hagen–Poiseuille relation[84] (i.e., a 250 μm diameter channel 
has 16 times the pressure drop of a 500 μm channel). Leveraging 

Figure 1. Multifunctional microvascular composite concept. Swapping different fluids within a pervasive serpentine vasculature enables multi-physics 
tuning of electromagnetic (via eutectic gallium–indium, EGaIn, liquid-metal) and thermal (via distilled water, H2O) properties within a structural, 
fiber-reinforced composite.
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analytical modeling, we designed and constructed a suitable 
vascular density (spacing, s = 2, 4, 6, and  8 mm) for liquid metal-
based polarization-specific electromagnetic shielding. Experi-
ments were conducted to validate the EM shielding efficacy along 
with water-based active-cooling and structural performance. 
While a particular spacing for each function results in enhanced 
performance, the same spacing does not necessarily translate 
to optimal outcomes for other attributes. Thus, it is crucial to 
understand competing effects and target application require-
ments in order to tailor the microvascular system for optimum 
overall performance. Here we employed computational analyses 
to better understand the effects of widespread vascularization 
on structural integrity (via finite element discretization of quasi-
static equilibrium equations) and heat transfer (via finite volume 
discretization of momentum–energy equations).

An outline for the rest of this article is as follows. Section 2  
describes the experimental methods. Section 3 details the elec-
tromagnetic reconfiguration study. Section 4 shows that our vas-
cularization approach does not adversely compromise structural 
integrity and provides a deeper insight into mechanical perfor-
mance. Next, in Section  5 we examine thermal regulation and 
quantify cooling efficiency of our multifunctional metamaterial. 
Finally, the main research findings are summarized along with 
a discussion on potential future research endeavors in Section 6.

2. Experimental Section

2.1. Microvascular Composite Fabrication

Microvasculature of circular cross-section (515  μm diameter) 
and varying channel spacings (s = 2, 4, 6, and 8 mm) was cre-
ated in glass-fiber/epoxy-matrix composites by: i) 3D printing 
sacrificial PLA templates;[40] ii) vacuum-assisted resin transfer 
molding (VARTM) of the reinforcing preform containing the 
templates; iii) VaSC process[39] to remove the templates from 
solidified composites. A commercially available 3D printer 
(Lulzbot TAZ 6) was employed to create the single print layer 
sacrificial templates via fused deposition modeling with a 
nozzle temperature 185 °C onto a heated bed at 65 °C; before 
removing the printed templates, the bed temperature was natu-
rally cooled to 40 °C (below the glass-transition temperature of 
PLA ≈ 57 °C[40]) to limit distortion. Six plies of an eight-harness 
(8H) satin weave E-glass fabric (Style 7781, Fibre Glast Develop-
ments Corp.) were stacked in a [90/0]3 layup sequence with 3D 
printed templates that were solvent-bonded to reinforcing plies 
using acetone and symmetrically placed between.

The single-layer electromagnetic and thermal composites 
contained one printed serpentine template placed at the mid-

plane (i.e., between plies 3/4) of the 6-layer stack while dual-
layer composites contained two printed templates placed sym-
metrically between layers 2/3 and 4/5. The single-layer tension 
samples contained one printed template of parallel lines placed 
at the mid-plane of the 6-layer stack with the longitudinal sam-
ples aligned to the 0° plies while the transverse samples were 
aligned with the 90° plies. For all samples, the printed tem-
plates were spatially arranged across the composite preform to 
balance the sacrificial inclusions and minimize panel warping 
during composite fabrication.

Epoxy-resin (Araldite LY/Aradur 8605, 100:35 by wt, 
Huntsman Advanced Materials LLC) was infused into the 
composite preform using the VARTM process at 2 Torr (abs.) 
vacuum until complete fabric wetting and then reduced to 
380 Torr (abs.) vacuum until resin solidification. Vacuum was 
released after 24 h at room temperature and the glass-fiber 
composite was post-cured in a forced convection oven for  
2 h at 121 °C followed by 2 h at 150 °C. The average thickness 
of single-layer vascular composites increased as the spacing 
of sacrificial serpentine templates decreased; for a fixed (s  = 
6 mm) spacing, the dual-layer samples were thicker than the 
single-layer counterparts (see Table  1). When possible, com-
posite samples for a particular study were fabricated from the 
same panel to minimize the effect of possible fiber volume frac-
tion and ply orientation variations.

Composite samples were then cut to desired areal dimen-
sions (Table  1) exposing vascule cross-sections using a dia-
mond-blade wet-saw. Compressed air-dried composite samples 
underwent the VaSC process in a vacuum oven at 200 °C under 
≈ 10 Torr (abs.) of vacuum for 12 h. Vaporization of embedded 
sacrificial templates resulted in inverse replica circular-shaped 
microchannels with a diameter of 515 ± 20 μm.

2.2. Liquid Metal Preparation

EGaIn (75.5 wt% Ga, 24.5 wt% In) was prepared by melting 
gallium in a container placed within a water bath on a hot 
plate heated to 80 °C, to which indium pellets were added and 
remained at temperature until alloyed. The liquid-metal was 
then cooled to room temperature and immediately stored in  
1 mL syringes to mitigate oxide formation.

2.3. Tension Testing

To prevent sample crushing in the load-frame grips, 50 mm 
long fiberglass tabs (Garolite G-10/FR4) with a 10° taper were 
cut to the same width as samples and bonded to each face with 

Table 1. Vascular composite sample dimensions.

Sample type Length × Width Average thickness

s = 2 mm s = 4 mm s = 6 mm s = 8 mm

Electrical 100 × 100 mm

Structural Longitudinal: 20-22 × 200 mm  
Transverse: 17 × 200 mm

1.8 mm 1.75 mm Single-layer: 1.65 mm  
Dual-layer: 1.75 mm

1.5 mm

Thermal 100 × 100 mm
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a high shear strength adhesive (3M Scotch-Weld DP460NS). 
The adhesive was cured at RT for 8 h to reach full-strength. To 
prepare the tension samples for DIC, the front/back and side 
profiles were spray-painted matte white followed by speckling 
with matte black paint to produce a high-contrast speckle pat-
tern (Supporting Information). To obtain higher-resolution 
strain measurements around micro-channels in the transverse 
samples, a finer black speckle pattern was applied using an air-
brush (Iwata HP-BCS ECL2000).

Samples were aligned/clamped in mechanical wedge grips 
and tested at a rate of 1.5 mm min−1 while force and crosshead 
displacement were captured by a computer running MTS Test-
Suite TW Elite software. The slower test rate than the ASTM 
D3039[85] standard recommends (≈ 2.0  mm min−1) was speci-
fied to increase the number of DIC images captured at 2  Hz 
during testing. Two cameras were used to capture the full-field 
displacements of the front and back faces while an additional 
camera used to capture side profile measurements. Time-
stamped images were subsequently analyzed using VIC-2D 
software (Correlated Solutions) to calculate strain. Strain and 
load data were then correlated by matching time of failure.

2.4. Thermal Evaluation

To provide more uniform heat distribution, a copper plate  
(100 × 100 × 6 mm) was adhered to the bottom of the vascular com-
posites via thermal grease and placed atop the resistive heater 
(Omega, part # KH608/2). The side profiles of the composite, 
copper plate, and heater assembly were insulated by 5 mm thick 
chloroprene rubber foam. The bottom of the entire assembly 
was also insulated by two 12.7 mm thick pieces of balsa wood. 
The composite top surface was free to convect and radiate 
heat to the surroundings, and we recorded the surface tem-
perature by an overhead-mounted infrared (IR) camera (FLIR, 
model # A655sc). Distilled water was distributed through the 
vascular samples via tubing connected to a peristaltic pump 
(Cole-Parmer Masterflex, item # EW-07522-30) and cylindrical 
micro-nozzles inserted into the inlet/outlet, which were over-
sized by machining to 810 μm diameter to reduce pressure drop 
and provide a tight fit for the 21 gauge nozzles (McMaster-Carr, 
part # 75165A679). For the dual-channel configuration, channels 
adjacent to the inlet/outlet orifices were shortened by ≈2 mm to 
prevent penetration of adjacent, machined nozzle entries (Sup-
porting Information). To measure the coolant temperature, 
two K-type thermocouples (Phidgets, part # TMP4103_0) were 
inserted into the center of the tubing at the connection junction 
of the inlet and outlet nozzles. The ambient temperature was 
also recorded by an additional thermocouple placed at the same 
height as the IR camera to provide measurement redundancy 
and ensure accuracy of the readings.

3. Electromagnetic Reconfiguration

Reconfigurable electronics have emerged to provide bandwidth 
versatility in an increasingly occupied and monitored radio 
frequency (RF) spectrum. While various approaches rely on 
surface-mounted devices or structural changes (e.g., origami) 

to modulate electromagnetic signature,[86,87] structurally-
embedded electronics offer enhanced physical protection and 
reduce overall material footprint. Liquid metal microfluidics 
is an emerging embedded modality for implementing elec-
tromagnetic (EM) reconfiguration in a variety of material sys-
tems.[15,17,43,88–90] This internal strategy provides EM flexibility 
without external geometrical modifications, especially impor-
tant for aerodynamic structures, and eliminates additional bias 
circuitry.[86] While several prior studies in structural composites 
demonstrate promise for local topology changes using liquid 
metal,[15,17,19] the ability of pervasive liquid metal patterning 
to achieve reconfiguration of equivalent bulk material proper-
ties—a main focus of this section—has been studied to a much 
lesser extent.

Applying our multipurpose serpentine vasculature as an inte-
grated platform for widespread electromagnetic reconfiguration, 
we utilized EGaIn[91] within microchannels for reconfigurable, 
polarization selective reflection of electromagnetic waves. In 
our experimental system, (Figure  2a), we placed the reconfig-
urable composite screen (≈ 100 mm square) behind an omni-
directional, vertically oriented transmitting monopole antenna 
at varying distances (25 mm < d  < 40 mm). The antenna is 
self-resonant at 5 GHz and the entire system is placed over a 
250 mm square copper ground plane. We located a copolarized 
broadband receiving horn in the far-field (≈ 1 m) of the trans-
mitting antenna in the broadside direction with respect to the 
screen location, see Figure 2a. In this configuration, the forward 
transmission |S21| between transmitter and receiver consists of 
direct and reflected components, and the latter component is 
dependent on the reflective state of the composite screen.

To assess the efficacy of the screen’s reconfigurable polariza-
tion-specific reflectivity state, we measured forward transmis-
sion between the antenna and the receiving horn over a band-
width of 3 to 7 GHz. We normalized the transmission data at 
each frequency point using a control data set S| |21

0  acquired 
with no screen present. Note that this normalization process 
removes the effects of antenna impedance mismatch as meas-
ured within the control measurement. Assuming plane wave 
behavior and neglecting minor antenna impedance changes 
introduced by the screen, an analytic homogenized model[92,93] 
for the measurement is given by:

S

S
kdΓ= + −| |

| |
| 1 e |21

21
0

j2

 
(1)

where k is the free space wave number in the incident field and 
Γ is the reflection coefficient of the homogenized screen, avail-
able analytically for both single- and dual-channel screens[92] 
(Section S1, Supporting Information). Based on the analyt-
ical model assumptions, the reflector screen should be large 
enough to be considered infinite and the serpentine micro-
channel spacing (s) should be small with respect to wavelength 
(λ), that is, s ≪ λ (≈ 4.3 cm at 7 GHz), for the screen to act as 
polarization selective surface when filled with EGaIn.

Two sets of experiments were carried out using single- and 
dual-channel screens (Figure  2b). Single-channel screens 
had channel orientations cc( ˆ) aligned or copolarized with 
the electric field ee( ˆ )  radiated by the transmitting monopole 
(i.e., e c�� � =· 1). In addition to this copolarized channel, the 
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Figure 2. Electromagnetic reconfiguration. a) Schematic of experimental setup for measuring forward transmission (| |)21S  between a monopole 
antenna and broadband receiving horn with the vascular reflector screen located behind the antenna. Dimensions used in experiments: ha = 15 mm,  
wc = 100 mm, wg = 250 mm, d ∈ [25, 40] mm. b) (Top) Single-channel (left) and dual-channel (right) composites containing 3D printed sacrifi-
cial serpentine templates with optical micrograph inset revealing post-VaSC microchannel (scale bar = 500 μm); (Bottom) Schematics depicting 
interlaminar location of microchannels in single- and dual-channel configurations. c) Forward transmission for single-channel configurations 
comparing the analytic model and experimental measurement with panel offset distance d = 27.5 mm. d) Virgin |S21| along with six repeat fill and 
empty cycles for the single-channel screen with 2 mm spacing. Shaded empty/filled regions depict data envelope for all repeat measurements at 
each frequency point. e) Forward transmission for dual-channel screens under four possible configurations (i.e., polarization states) compared to 
a solid copper panel.
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dual-channel screens contained a channel orthogonal to the 
field polarization, ee cc =⊥( ˆ·ˆ 0). Each micro-channel can be inde-
pendently emptied and/or filled with EGaIn that results in two  
(∥◦ and ∥•) and four (∥◦⊥◦, ∥◦⊥•, ∥•⊥◦, and ∥•⊥•) effective reflec-
tivity states for single-channel and dual-channel configurations, 
respectively; where the subscripts ◦ and • denote empty and 
filled states of each channel.

Figure 2c illustrates the forward transmission results obtained 
for EGaIn filled single-channel screens with varying channel 
spacing. We observed a close agreement between experimental 
and analytical results for denser (i.e., s = 2, 4, and 6 mm) single-
channel configurations, which reflects the validity of homog-
enized analytical model assumptions (i.e., s ≪ λ). Prior studies 
have shown that repeated reconfiguration is challenging with 
EGaIn due to native oxide layer adhering to the interior channel 
wall that, without special treatment, leads to imperfect clearing 
of micro-channels.[94] To assess the impact here, we measured 
forward transmission for the single-channel screen with closest 
spacing (s = 2 mm) over six repeated cycles of filling and emp-
tying with EGaIn. During each cycle, the channel was filled 
with EGaIn, measured using d = 27.5 mm in its filled state (∥•), 
flushed with ethanol, then measured again in its empty state 
(∥◦). We observed close agreement between each empty/fill cycle 
and the deviation from the virgin data set (taken before chan-
nels were first filled) was not cumulative (Figure 2d). Results in 
Figure 2d indicate that the presence of residual EGaIn has min-
imal impact on the screen performance, since our EM shielding 
system depends on bulk infiltration of liquid metal rather than 
precise, local delivery. Though depending on severity, local for-
mation and possible accumulation of metal oxide could increase 
pressure drop by decreasing channel diameter and potentially 
alter heat transfer characteristics.

We also investigated the transmission behavior of the four 
polarization states for the dual-channel screen against that 
obtained using a solid copper panel (Figure 2e). Dual-channel 
screens behave as anisotropic conductive sheets only when 
co-polarized channels are filled (∥•) with EGaIn that results in 
reflection characteristics comparable to the copper control. Our 
polarization-selective metamaterial therefore provides flexibility 
in electromagentic (EM) performance via variable vascular 
topology and reconfigurability via liquid-metal transport.

We have shown that the vascularized structural composite 
infiltrated with EGaIn operates as a tunable, and reversible ani-
sotropic EM reflective screen. We observed convergence between 
experimental and analytical evaluation with varying channel 
spacing. Better predictive performance for the reflective screens 
is achieved with higher vascular densities (s = 2, 4, and 6 mm) 
of the serpentine micro-channel. However, a denser vasculature 
results in an increased volume fraction of voids within the com-
posite, which could negatively impact mechanical properties. 
Thus, it becomes crucial to understand the trade-off between 
vascular topology and structural integrity to fully leverage multi-
physics performance in microvascular metamaterials.

4. Structural Integrity

While transport of functional fluids through pervasive vascu-
lature shows promise in expanding the application space for 

fiber-reinforced polymer (FRP) composites, the enabling micro-
vascular networks are, however, an intentional manufacturing 
defect to the hierarchical material layout. Embedding perma-
nent hollow or solid sacrificial elements alters fiber-architec-
ture, introducing fiber/ply waviness[21,83,95] and localized resin 
pockets[29,96,97] around vascular templates during fabrication by 
filling the displaced reinforcement with polymer matrix. An 
alternative approach to mitigate these microstructure altera-
tions relies on small recesses cut into the continuous fiber rein-
forcement, which disrupts the load-bearing path and results in 
significant reductions to mechanical performance.[28] Regard-
less of the fabrication approach, internal micro-channels induce 
stress concentrations around the void. These vascularization 
artifacts produce different effects depending on the material 
system, vascular configuration, and loading conditions. We 
sought to unravel the impact of widespread serpentine vascu-
lature on the tensile structural integrity of laminated woven 
composites; however, we acknowledge a more in-depth inves-
tigation focusing solely on mechanical properties is needed, 
which will be a part of our future studies.
Figure 3a highlights the effect of our variable density serpen-

tine vasculature on laminated woven composite microstructure, 
where a closer spacing results in an increased volume fraction 
of epoxy resin pockets surrounding the vasculature. For the  
2 and 4 mm spacings, a continuous midline resin-rich region 
is present, whereas discrete and channel-localized resin pockets 
are produced for the 6 and 8 mm spacings. Given that the epoxy 
matrix in this study has similar dielectric permittivity (εr ≈ 3) to 
the glass-fiber reinforcement, there is minimal impact of these 
resin domains from an electromagnetic standpoint. However, 
since the mechanical properties (e.g., strength/modulus) of the 
fiber-composite and matrix are drastically different (shown in 
Figure 3b), a more pronounced effect on the structural integrity 
can be expected.

To investigate the mechanical impact of resin domains (which 
result from incorporation of sacrificial templates) and surface 
undulations (present even in plain, non-vascular composites 
due to woven reinforcement but augmented by sacrificial tem-
plating), we conducted a series of in-plane uniaxial tension tests 
according to ASTM D3039.[85] We evaluated the tensile behavior 
of neat epoxy dog-bones along with plain and vascular compos-
ites for all four spacings (s = 2, 4, 6, and 8 mm) with micro-chan-
nels in the longitudinal and transverse directions with respect 
to the loading axis as illustrated in Figure  3c,d. For each com-
posite sample orientation, three samples of each type (plain/
vascular) were fabricated from the same panel to minimize the 
effects of small, but unavoidable, variations in layered ply orien-
tations and fiber volume fraction (Section S2, Supporting Infor-
mation). Quasi-static, displacement-controlled experiments were 
conducted using an electro-mechanical load frame (MTS Exceed 
E45.105) equipped with a 100 kN load cell at a test rate of 1.5 mm 
min−1. We employed 2D digital image correlation (DIC)[98,99] to 
accurately capture the full-field strain distributions of the front/
back and side faces of the samples (see Experimental Section and 
Supporting Information).

Figure  3b shows representative stress versus (engineering) 
strain behavior under uniaxial tension for the neat epoxy and 
plain composite samples. The epoxy matrix, which is more com-
pliant, exhibits nonlinear softening at higher strains while the 
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Figure 3. Structural integrity evaluation. a) Optical micrographs of transversely oriented channel cross-sections with varying spacing (s = 2, 4, 6, and 
8 mm) and also a non-vascular, plain composite (scale bar = 1 mm). b) Constituent material tensile response for plain composite and epoxy matrix. 
c) Failure strength and elastic moduli summary for longitudinal channel geometries (dashed lines signify plain composite average and numbers at 
the bottom of bar plots represent the normalized values to the plain, non-vascular control. d) Failure force per unit width and stiffness per unit width 
(initial and final) summary for transversely oriented channels. e) Normalized axial stress contours from linear elastic finite element analysis (FEA) of 
transverse geometries. Representative mesh shown for 2 mm contour depicts element size refinement in vicinity of maximum stress. f) Comparison of 
gross stress concentration factor (Ktg) from FEA simulations versus theoretical behavior for an infinite width plate containing two holes. g) Normalized 
axial strain contours from digital image correlation (DIC). h) Post-mortem micrographs of failed samples depicting transition of failure mode based on 
vascular spacing. (Note: error bars in (c) and (d) represent the standard deviation from three samples tested; error bars in (f) represent the standard 
deviation from the respective number of channels for each spacing configuration shown in (e)).
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plain composite exhibits a bilinear response as a result of matrix 
cracking between fiber tows transverse to the loading direc-
tion.[100] The change in composite modulus occurs around 1% 
strain (i.e., the knee point), where the initial (Ei) and final (Ef) 
moduli are determined from a linear regression based on least-
squares. We also determined Poisson’s ratio for both materials 
in the initial linear elastic regime using DIC data via the ratio 
of lateral to axial strains (Section S3, Supporting Information).

Figure  3c provides a summary of tensile properties (i.e., 
failure strength and moduli) for the longitudinal samples 
across all channel spacings (s = 2, 4, 6, and 8 mm) in compar-
ison to the plain composite. Despite the presence of surface/
thickness undulations, the longitudinally-oriented samples 
have nearly prismatic cross-sections along the length. Precise 
area measurements from optical micrographs (including undu-
lations and neglecting micro-channels) allowed the direct cal-
culation of normal stress, that is, force

areaσ = . We observed a max-
imum 5% ultimate strength reduction for the 2 mm spacing 
compared to the plain, non-vascular composite. The reduction 
in ultimate strength for the 4 mm spacing is 4%, and while 
statistically insignificant from the 2 mm spacing, both are sta-
tistically significant compared to the plain composite strength. 
Increased micro-channel spacing mitigates the longitudinal 
strength reduction, with only 1% average drop for the 6 and 
8 mm samples; both of these strengths remain within the 
standard deviation of the plain composite strength and are thus 
statistically insignificant. A similar increasing trend for moduli 
versus channel spacing was observed, which we attribute to a 
decreased areal percentage of more compliant resin pockets. 
We calculated theoretical strength and moduli based on the 
rule of mixtures and found the overall contribution of epoxy 
resin pockets to these quantities is small (< 2%); this rela-
tively small contribution can be attributed to the low volume 
percentage (< 15%) and reduced mechanical properties of the 
epoxy compared to the fiber-reinforced composite (Section S4, 
Supporting Information). Thus, in the aligned longitudinal 
configuration, the impact of micro-channels on structural per-
formance is minimal compared to a plain non-vascular woven 
composite laminate.

The second case we studied—vasculature oriented transverse 
to the loading direction—is far more interesting. Here due to 
the thickness undulations, it is not valid to calculate engineering 
stress using the ratio of force over area as the cross-section varies 
along the length. We therefore considered force and stiffness 
per-unit-width to compensate for thickness undulations as well 
as varying sample widths, resulting from fabrication constraints. 
Despite these geometrical variations, each sample (coming 
from a single composite panel) contains the same amount of 
reinforcing layers, which primarily governs the mechanical 
response. Figure 3d summarizes the mechanical properties for 
plain and vascular composites tested in the transverse direction. 
In contrast to the trends observed from the longitudinal tests, 
as channel spacing increases, stiffness per width (Sn) remains 
largely unchanged. An average reduction (maximum of 8%) in 
failure force per width (Fn) occurs at 6 mm spacing that is statis-
tically insignificant from the 8 mm results, but statistically sig-
nificant from the plain composite value. Overlaps in error bars 
amongst vascular samples make it difficult to fully explain the 
observed trends and the impact on structural integrity.

To better understand the effects of micro-channels, sur-
rounding resin domains and surface undulations, we per-
formed a 2D linear elastic finite element analysis (FEA) in 
COMSOL (v.5.6)[101] on geometries closely resembling the sam-
ples (i.e., actual surface undulations but uniform, yet repre-
sentative channel diameter and resin domains; see Section S5,  
Supporting Information). Normalized axial stress contours pro-
vided in Figure  3e show expected stress concentrations at the 
top/bottom of the vascules (cf. refs. [27,83,102,103]) as well as 
strong interactions with surface undulations, which have not 
been adequately studied. To decode these complex stress inter-
actions and the effect of resin pockets on tensile integrity, we 
performed additional FEA simulations on a series of prismatic 
geometries both with and without resin domains. As shown in 
Figure 3f, for a prismatic, homogeneous, and isotropic medium 
with two micro-channels, the gross stress concentration factor 
(Ktg, see Equation (2)) increases as the height-(i.e., thickness)-
to-diameter ratio decreases. Mathematically, Ktg is calculated as:

Ktg
σ
σ

=
∞

max

 
(2)

where σ∞ is the (applied) far-field stress and σmax  is the max-
imum stress (for our geometries and loading conditions, 
σmax  = σx occurs at either the top or bottom points on the sur-
face of the microchannels).

Also, as the channel spacing-to-diameter ratio increases, 
the stress concentrations increase and reach a plateaued value 
around 3.3 for a representative thickness (H  = 1.75); note for 
a plate with infinite thickness, the well-known asymptotic 
stress concentration solution is 3.0.[104] Interestingly, an impor-
tant observation from this study shows the presence of resin 
pockets (which are more compliant, Eepoxy = 2.5 GPa, than the 
homo genized composite material, Ecomposite = 20 GPa), serve to 
decrease the stress concentrations for all spacings with the most 
pronounced benefit (≈ 20%  reduction) for the 2 and 4 mm spac-
ings containing contiguous epoxy regions. When comparing 
FEA results for two-channel prismatic models against those 
containing multiple channels and surface undulations, we 
again observe a reduction in stress concentrations around the 
micro-channels due to the resin pockets. However, the undula-
tions and their relative locations with respect to the micro-chan-
nels introduce variability in the stress concentrations. Full-field 
strain contours via DIC provided in Figure 3g corroborate the 
complex structural interaction (observed in the FEA simula-
tions) between surface topology and internal micro-channels.

Post-mortem microscopic imaging of failed samples shown 
in Figure 3h provides insight into the damage behavior. Closer 
channel spacings of 2 and 4 mm exhibit a dominant delami-
nation mode through the contiguous resin region, the 8 mm 
spaced samples predominantly failed by ply-rupture similar 
to the plain composites, and the 6 mm spaced samples exhib-
ited a mixed delamination/rupture behavior. We hypothesize 
that damage initiates at the location of maximum stress con-
centration around the channels, however, fracture propagation 
is dictated by a myriad of material, geometrical, and micro-
structural factors. While beyond the scope of this study, we 
intend to conduct a comprehensive investigation, combining 
experimental and computational approaches, to unravel the 
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effects of geometrical (e.g., undulation-channel interactions), 
material (e.g., nonlinear and orthotropic) properties, and micro-
structural features (e.g., fiber orientation) on damage initiation 
and propagation.

Regardless of how complex the structural behavior, incor-
poration of pervasive microvasculature within fiber-reinforced 
composites, if designed properly, can provide multi-function-
ality without significant detriment to mechanical properties. 
For example, in our experiments, we only observed a maximum 
of 5% reduction in tensile failure strength for longitudinally-
oriented micro-channels, occurring from the 2 mm vascular 
spacing which resulted in the largest resin pocket volume frac-
tion. However, for transversely-oriented micro-channels, the 
same 2 mm spacing resulted in the highest failure force pre-
sumably due to lower stress concentrations resulting from: i) 
smaller spacing to diameter/ratio (supported by theory) and ii) 
contiguous, compliant resin pocket region that enhances stress 
reduction (revealed by simulations). Although we have only 
investigated in-plane tension, we expect compression to have 
a more pronounced effect given the ply waviness amplified by 
sacrificial elements; such geometrical imperfections are known 
to reduce local buckling strength of load bearing fibers.[27,83]

Aside from structural damage, deterioration from thermal 
loads is also a concern for epoxy-matrix composites, specifically 
as the thermoset matrix transforms from a glassy to a rubbery 
state near the glass transition temperature.[12] However, multi-
functional microvasculature can be further leveraged to provide 
an additional ability for combating thermal degradation via cir-
culation of liquids[13] or gaseous coolants.[44]

5. Thermal Regulation

Vascular-enabled, actively-cooled composites can provide 
lightweight structural performance and removal of excess 
heat in thermally demanding applications, particularly those 
in which FRP materials have been traditionally excluded due 
to lower thermal stability of the polymer matrix compared to 
metallic or ceramic counterparts. Some modern applications 
we envision for active-cooling in composites include high-
power antennas[105,106] and laser diode arrays,[107] hypersonic 
aircraft,[108,109] protective casings for fuel cells,[110,111] and electric 
vehicle battery packaging.[112,113]

To demonstrate the ability of our serpentine vasculature 
for regulating temperature and better understand governing 
physics, we began with a series of experiments via active 
pumping of liquid coolant (i.e., distilled water) under a constant 
heat flux. Figure 4a shows the experimental setup where a resis-
tive heater substrate is used to maintain a constant heat flux 
of 250 Wm−2 while a copper plate bonded via thermal grease 
between the heater and vascular composite ensures uniform 
heat transfer. The balsa wood platform and chloroprene foam 
insulation along the sides minimize heat loss to the surround-
ings. An infrared (IR) camera is used to acquire temperature 
data from the top surface of the microvascular heat exchanger 
along with thermocouples placed at other key measurement 
locations (see Experimental Section). We actively delivered the 
H2O coolant using a peristaltic pump connected to tubing with 
a micro-nozzle that was inserted into the inlet channel, with the 

water exiting the composite through an outlet using the same 
tubing/nozzle configuration. An important metric for micro-
fluidics is the pressure drop (ΔP) across a length (L) of channel, 
where the resulting flowrate (Q) for a given input pressure 
scales inversely proportional to the 4th power of the (circular) 
channel diameter (D) according to the Hagen–Poiseuille rela-
tion: P Q L

D
∆ = µ

π
128

4 , where μ is the dynamic viscosity of the 
fluid.[84] Typically, a faster coolant flow rate increases heat extrac-
tion, but naturally results in a higher pressure drop. Herein we 
wanted to compare the cooling efficiency of our various serpen-
tine patterns (s = 2, 4, 6, and 8 mm) under a constant pumping 
power. Due to the increased channel lengths and the presence 
of a larger number of turns for tighter spacings, the pres-
sure drop for each serpentine configuration varied. In order 
to achieve constant pumping power, we determined the flow-
rates for each single-channel spacing corresponding to an input 
pressure of 300 kPa (see Section S6, Supporting Information). 
The respective flowrates (7.0, 12.5, 17.7, and 22.3 mL min−1) were 
then achieved using the peristaltic pump through a calibration 
procedure, where no more than ± 4% variation occurred from 
the pressure-driven measurements. For the dual-channel con-
figuration (Figure 2b), the measured flow rates in the top and 
bottom microvascular networks exhibited no statistical differ-
ence. This further confirmed consistency in our microvascular 
fabrication process based on 3D printing of sacrificial polymer 
and subsequent vaporization.

We began the active-cooling experiments by simultane-
ously heating and cooling the composites until a cold steady 
state (CSS) condition was reached (Figure  4b). This CSS con-
dition was determined when the average top surface tempera-
ture of the composite, measured by the IR camera, varied less 
than ± 0.2 °C (i.e., the camera precision) over a 10 min period. 
Figure  4b shows a representative top surface temperature dis-
tribution at the CSS condition (dashed lines) along with the 
average IR camera temperature and thermocouple measure-
ments over time.

A purely experimental study on our serpentine composites 
cannot capture the effect without resin pockets, which are 
fabrication-induced domains that have lower thermal conduc-
tivity than the surrounding composite (Section S7, Supporting 
Information), and could impact the overall active-cooling per-
formance. Similar to the structural integrity investigation, we 
leveraged computational modeling to quantify the effects of 
these micro-scale features on heat transfer characteristics. To 
this end, we created 3D models of our vascular composites both 
with and without resin pockets, and carried out numerical sim-
ulations by solving the energy-momentum coupled equations 
using the finite volume method (FVM) in ANSYS FLUENT 
(v.18.2)[114] (Section S8, Supporting Information).

Figure  4c shows the top surface temperature distributions 
obtained from the experiments at the CSS condition and cor-
responding steady-state simulations for single-channel com-
posites across all channel spacings. Without active-cooling, 
a steady-state temperature of 35 °C is reached (Section S9,  
Supporting Information), whereas the fastest flow-rate 
(22.3 mL min−1) occurring for the 8 mm spacing, reduces the 
maximum temperature to 22.1  °C. While the experimental 
temperature contours do not exactly match the simulation 
results, they show good agreement in capturing the enhanced 
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cooling performance for larger compared to smaller spacings 
on account of increased flow-rates resulting from lower pres-
sure-drops for shorter channel lengths. The experimental tem-
perature contours for the smaller channel spacings (i.e., 2 and  
4 mm) are warmer than corresponding simulations, whereas, 
the larger channel spacings (i.e., 6 and 8 mm) show cooler 
experimental results compared to simulations. A plausible 
reason for the slight discrepancies in surface temperatures is 
the adiabatic boundary conditions assumed in the simulations; 
such idealized conditions are not completely enforced by the 
foam insulation in the experiments (Section S9, Supporting 
Information). Close agreement between surface temperature 
distributions from FLUENT simulations with and without 
resin pockets indicate these localized epoxy domains do not 

have a significant effect on active-cooling. To further investigate 
the effect of the structural host thermal conductivity on heat 
transfer performance, we performed a series of 2D simulations 
based on the interface enriched generalized finite element for-
mulation (IGFEM)[115,116] (Section S10, Supporting Information) 
comparing both glass- and carbon-fiber composites with alu-
minum (Section S11, Supporting Information). Despite the 100-
fold increase in thermal conductivity for an aluminum panel 
compared to our glass-fiber composite, a less than 1 °C change 
in average surface temperature occurred for the prescribed flow 
rates and assumed equivalent heat transfer coefficient across 
the different materials. This further confirms the relatively 
minor role of the host material’s thermal conductivity observed 
in our steady-state simulations under the given flow rates.

Figure 4. Active-cooling performance. a) Schematic of experimental setup showing resistive heater substrate and overhead mounted infrared (IR) 
camera used for thermal imaging throughout the experiment. b) Typical temperature measurements recorded by IR camera (average top surface) and 
various thermocouples (ambient, coolant inlet/outlet) over time along with corresponding cold steady-state (CSS) surface temperature distribution. 
c) Top surface temperature contour plots at CSS obtained from experiment and 3D ANSYS FLUENT simulation (with and without modeling resin 
pocket geometry) for single-channel composites of varying channel spacing (s = 2, 4, 6, and 8 mm). d) Cooling efficiency (ηe: ratio of heat extracted by 
channel to heat supplied by heater, Equation (3)) and average surface temperature obtained from both experiments and simulations for single-channel 
composites. e) Top surface temperature contours at CSS from experiments for single- and dual-channel composites with a fixed 6 mm serpentine 
spacing. f) Calculated cooling efficiencies and probability density functions (PDF) constructed from top surface temperature measurements at CSS 
for single- and dual-channel composites with 6 mm channel spacing. (Note: error bars in (d) represent the standard deviation from three experiments 
conducted on the same sample for each spacing configuration).
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To quantify the overall active-cooling performance of our 
microvascular composites, we considered a cooling effi-
ciency metric (ηe, Equation (3)),[117] defined as the ratio of heat 
extracted by the fluid in the serpentine micro-channel Q( )out

channel  
to the total heat supplied to the composite (Qin):

Q

Q
η =e

out
channel

in  
(3)

The heat extracted by the liquid flowing in the channel was 
determined from an energy balance equation at the cold steady-
state (Section S12, Supporting Information).

Figure  4d compares the calculated cooling efficiencies 
and average top surface temperature distributions for single-
channel composites obtained via experiments and 3D FLUENT 
simulations both with and without resin pockets. Up to 6 mm 
channel spacing, as flow rates increase due to a reduction in 
pressure drop, improved active cooling performance as well as 
lower average top surface temperatures are produced by the 
experiments and simulations. However for the 8 mm spacing, 
the experiments show a plateau in cooling efficiency while sim-
ulations show a slight (< 5%) decrease compared to the 6 mm 
spacing. We attribute this diminishing cooling behavior to a 
competing effect between lower serpentine channel density 
and higher flow rate for a shorter, less tortuous micro-channel 
on account of the constant pumping power input condi-
tion. Prescribing the flow rate from the 8 mm spacing (i.e., 
22.3 mL min−1) for a 6 mm spacing shows a continued increase 
in computed cooling efficiency (Section S13, Supporting Infor-
mation), reinforcing our hypothesis.

We also compared the 6 mm spaced single-channel com-
posite to a dual-channel configuration of identical spacing and 
subject to the same constant pumping power input condition; 
note since pressure is identical after a bifurcation, the prescribed 
flow rate for each channel in the dual configuration is equal to 
the single-channel at 17.7 mL min−1. Figure 4e contains the top 
surface temperature distributions for the 6 mm single- and dual-
channel actively-cooled composites, where the dual configura-
tion exhibits a lower overall surface temperature and greater 
uniformity. To quantify this cooling enhancement, we utilized a 
probability density function (PDF)[117] as plotted in Figure 4f for 
each case. Here we considered the most probable temperature 
(MPT) or peak of the PDF distribution in the domain and also 
range (R) of temperatures as measures of uniformity, where a 
lower peak value and narrower range indicate better cooling. 
While the single-channel (MPT/R: 22.2/2.2 °C) attains 91% 
efficiency, the dual-channel composite (MPT/R: 21.3/1.5 °C) 
achieves 99% cooling efficiency on account of better vascular dis-
tribution and greater fluid exchange for a given input pressure.

Curious to know whether the electrically (and thermally) con-
ductive liquid metal (i.e., EGaIn) employed for EM modulation 
would outperform the distilled water coolant, we performed 
a non-dimensional analysis followed by a computational 
investigation (w/o resin pockets) using FLUENT and IGFEM 
(Section S14, Supporting Information). The simulation results 
in Figures S17 and S18, Supporting Information, are consistent 
with our analytical observation that the Péclet number,[118] a 
ratio of advective to conductive heat transfer (also product of 
Reynolds and Prandtl numbers), governs the cooling efficiency. 

Thus, for a given channel diameter and prescribed volumetric 
flowrate, heat transfer is proportional to the product of coolant 
density (ρ) and specific heat capacity (cp) divided by thermal 
conductivity (k) of the fluid (i.e., c

k
pρ ). Contrary to intuition, even 

though thermal conductivity of the EGaIn is orders of magni-
tude higher than water, the interplay between specific heat and 
density make distilled water a better coolant for our microvas-
cular composite heat exchanger at steady-state. However, highly 
transient applications or those involving significant heat fluxes 
and temperatures exceeding the boiling point of water can ben-
efit from a liquid-metal coolant or other thermal fluid with a 
higher temperature window.

Our investigation into the heat transfer characteristics of 
microvascular composites reveals that the pervasive serpentine 
channel topology and coolant properties (for a fixed combined 
heat transfer coefficient, Section S11, Supporting Informa-
tion) play a more critical role than thermal conductivity of the 
host material on active-cooling performance. For a prescribed 
pumping power, a larger spacing and thus shorter, less tortuous 
micro-channel has a lower pressure drop resulting in faster 
flow-rates and enhanced active-cooling (i.e., lower average sur-
face temperature and greater heat extraction by the fluid) up 
to a point. As channels are spaced further apart, despite faster 
flow rates, cooling efficiency will eventually plateau/decrease. 
For a given spacing, increased flow rates will continue to 
improve cooling performance, but at a reduced rate. Increasing 
the thermal conductivity of the host material results in mar-
ginal improvement in cooling efficiency, and as such, local-
ized resin pockets with lower conductivity do not significantly 
impact overall heat transfer. The thermal properties of the fluid 
play a more critical role in heat exchange, which is proportional 
to the Péclet number. Thus, increasing the density and specific 
heat of the liquid coolant will enhance heat extraction from the 
system for a given volumetric flow rate and channel dimension. 
The orthogonal, dual-layer vascular configuration introduced 
here is a viable route to enhance both cooling efficiency and 
temperature uniformity.

Owing to the reconfigurable nature of our proposed 
structural metamaterial, it is possible to obtain on-the-fly con-
figurations across multiple physics. For example, a dual-layer 
configuration could be deployed such that one layer filled with 
an electrically/thermally conductive fluid provides both polari-
zation-selective EM filtering and active-cooling, while another 
layer containing a circulated dielectric coolant enhances 
thermal protection without affecting EM shielding. Future in-
depth studies are required to fully understand such complex 
and coupled problems, and here we have laid the foundation 
for further explorations.

6. Conclusion

This comprehensive experimental/numerical investigation has 
shown that multi-physical properties, including electromagnetic 
reflectivity and thermal regulation, can be dynamically modulated 
within a structural fiber-composite via substitution of the fluid 
sequestered within a simple serpentine vasculature. We revealed 
that both the pervasive micro-channel topology and resulting 
composite micro-structure are integral to the performance of 
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such multifunctional microvascular metamaterials. Denser vas-
culature provides enhanced RF wave filtering; however, closely 
spaced vasculature is not necessarily best for active-cooling due 
to increased flow resistance. Also, despite widespread vascu-
larization, augmented material micro-architecture (i.e., resin 
pockets) does not adversely affect mechanical (tensile) properties 
and preserves multi-functionality. Given the vitality of fiber-rein-
forced polymer composites to modern structures (e.g., spacecraft, 
electric vehicles, corrosion-resistant infrastructure, wind turbine 
blades), embracing such multifunctional materials will be criti-
cally important for expanding operational envelopes.

However, to fully leverage multi-physics performance in envi-
sioned microvascular materials, further explorations are needed 
to better understand individual physics as well as competing 
factors across scientific domains. Several spin-off questions that 
a warrant comprehensive investigation are: How does material 
heterogeneity/anisotropy affect damage and fracture propaga-
tion under a general state of stress? How does localized damage 
influence electromagnetic reconfiguration? What role do thermal 
gradients from active-cooling play on stress concentrations? From 
a material design perspective, as computational tools evolve (e.g., 
topology optimization[119,120]), what types of objective functions are 
valid for such cross-cutting materials, and how might one incor-
porate biological principles[121–123] into the design/manufacturing 
process? Noting a recent work on optimal material distribution 
for flow problems,[124] the rate of dissipation—a physical quantity 
with universal applicability from its firm thermodynamic under-
pinning—seems to be a suitable candidate for an objective func-
tion. Finally, future research endeavors addressing these and other 
fundamental questions will create a body of scientific knowledge 
enabling real-world translation and creation of new functionalities 
within multifunctional microvascular metamaterials.
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