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Abstract Strain concentrations associated with the pre-
sence of a microvascular network in a polymer matrix
are measured using fluorescent digital image correla-
tion (FDIC). The accuracy of the measurement tech-
nique is established for a specimen containing only a
single microchannel. The influence of localized particle
reinforcement around the channel is also investigated
using this simplified geometry. Three-dimensional net-
work specimens with different structural designs were
fabricated and loaded in uniaxial tension. The resulting
strain concentrations are compared as a function of
channel spacing and location. As expected, decreasing
channel spacing leads to increased strain local to the
channels. In addition, the three-dimensional nature of
the channel architecture influences the resulting strain.
The results provide insight into the mechanical be-
havior of microvascular networks and demonstrate the
utility of FDIC as a characterization tool at these length
scales.
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Introduction

Living organisms rely on pervasive vascular systems to
deliver, circulate, and remove chemical agents for such
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critical biological functions as tissue growth and repair,
temperature regulation, and defense against disease.
While circulatory networks are most often associated
with soft tissue, there are also numerous examples in
nature of circulatory networks in structural, hard tissue.

Human cortical bone is a vascularized, structural
material with a complex hierarchical organization that
results in substantial strength and toughness. The distri-
bution of mechanical properties around the Haversian
canals lowers the stress concentration and redistributes
load away from the defects introduced by the vascu-
lature [1]. This architecture reduces the influence of
the Haversian canals on the behavior of an advancing
crack, leaving other toughening mechanisms (mostly
crack bridging) to dominate the fracture toughness
[2, 3]. Dentin, which makes up the bulk of human teeth
below the enamel layer, has a microstructure consisting
of tubules 1 to 2 um in diameter that are reinforced
by a higher concentration of a stiff mineral phase. The
ratio of the elastic moduli of this reinforced (peritubu-
lar) dentin to the bulk (intertubular) dentin has been
estimated between 1.7 and 2.9, with the thickness of
the peritubular material around 0.5 to 0.8 um [4]. In
contrast to bone, this distribution of mechanical prop-
erties in dentin gives rise to microcracking between
the mineral-reinforced tubules (depicted in Fig. 1)—
one of the extrinsic toughening mechanisms observed
in dentin [5].

Advances in soft lithographic and direct-write as-
sembly methods have enabled the creation of synthetic
materials with complex embedded microvascular net-
works that emulate many of the key responses of bi-
ological vascular systems [6-10]. Toohey et al. have
reported a self-healing coating/substrate design [7, 11]
that delivers healing agent to cracks in a coating via
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Fig. 1 Crack propagation through dentin, with microcracking
highlighted by arrows. Reprinted from [3] with permission from
Elsevier

a three-dimensional microvascular network in the sub-
strate. Williams et al. [12, 13] have developed a vascu-
larized composite sandwich structure that is capable of
rebonding impact-induced delamination damage. The
continuous delivery of healing components through a
vascular network represents a significant advance over
previously reported self-healing materials in which a
finite supply of healing agent is stored in capsules or
hollow fibers [14-18]. In contrast to these compart-
mentalized approaches, vascularized systems distribute
healing agent throughout the material, such that any
given part has access to the supply of the whole system.
Recent analyses suggest ways to design and optimize
these vascularized networks for healing and cooling
with minimized impact on structural performance
[19-22]. In order to realize these optimized struc-
tures, the mechanical integrity of the network must be
characterized.

Fig. 2 Images of (a) single
channel samples with
micrographs of both
unreinforced (top) and
reinforced (bottom) channels
and (b) a representative
microvascular network
sample with a micrograph of
channel layout. Scalebars are
250 pm

In the current work, we explore the effects of chan-
nel spacing and channel reinforcement on the local
strain concentrations in a microvascular self-healing
composite. Displacement and strain are measured by a
fluorescent digital image correlation (FDIC) technique
[23, 24] in samples with a 0-90° stacking sequence
between layers of microchannels. This geometry was
implemented for the healing of cracks in brittle coatings
by Toohey et al. [7]. The experimental technique is first
verified on a finite strip with an isolated microchan-
nel loaded in tension, for which an analytical solution
exists. Measurements on fully three-dimensional net-
works reveal the influence of channel spacing on the
mechanical behavior.

Sample Preparation

Single-channel samples were produced by threading
nylon wire (280 um in diameter) across a rubber mold
into which a two-part epoxy was poured and allowed
to cure. The nylon wire was removed and, after cutting
and polishing, the resulting sample was a thin rectangu-
lar strip with a centrally positioned, isolated microchan-
nel running through the thickness. The epoxy matrix
used in all samples was Epon 828 resin (DGEBA) and
Epikure 3274 curing agent (blend of polyoxyalkyle-
neamine and nonyl phenol).

In some single-channel specimens, the channel was
locally reinforced by silane-functionalized 9.5 um alu-
mina particles. The particle reinforcement was incorpo-
rated by deposition onto a wax scaffold created via the
direct-write fabrication technique [6]. After infiltration
of the polymer matrix and removal of the wax ink,
the particles remained embedded in the material sur-
rounding a 200 um diameter microchannel. Figure 2(a)
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Fig. 3 Schematic drawings and nomenclature for different mi-
crovascular network sample geometries

depicts a single channel sample with micrographs of
both an unreinforced and reinforced microchannel.

Epoxy matrix samples containing microvascular net-
works were manufactured by direct-write fabrication
described previously by Toohey et al. [7] and Therriault
et al. [6]. A fugitive organic ink (60% microcrystalline
wax, 40% petroleum jelly by weight) was deposited in a
layer-by-layer manner with depositions placed at every
location where a microchannel was desired in the final
sample. The resulting ink scaffold was then infiltrated
with liquid epoxy and allowed to cure. The ink was
subsequently removed by moderate heating (80°C) and
applying vacuum to the microchannel outlets.

The resulting samples contained embedded mi-
crovascular networks of 200 um diameter channels that
were fully connected in three dimensions. The samples
had a 0-90° stacking sequence between subsequent
layers of channels, with connections from one layer
to the next at the channel intersections. Figure 2(b)
is a representative image of a microvascular sample,
with a micrograph inset revealing the microchannel
cross-section. As detailed in Fig. 3 and Table 1, three
different microvascular geometries (denoted I, II, IIT)
were created for testing by varying the spacing between
channels in the xy plane. Channel spacing in the yz
plane was the same among all microvascular sample
geometries. Small deviations in the relative position
of microchannels on the order of a few microns were
common due to imperfections in the manufacturing
process.

Table 1 Sample geometry dimensions

Label Architecture a (mm) b (mm) ¢ (mm)
Type 1 Offset 2.0 0.7 2.0
Type 11 Offset 1.0 0.7 2.0
Type 111 Aligned 2.0 0.7 2.0

Experimental Procedure
Fluorescent Digital Image Correlation

Fluorescent digital image correlation (FDIC) is a full-
field technique for measuring strain and displacement.
As in digital image correlation [25, 26], a correlation
algorithm is applied to obtain kinematic information
from digital images acquired during deformation. The
correlation requires random surface features that de-
form with the specimen surface; in FDIC this pattern
is created by applying fluorescent silica nanoparticles
onto the region of interest. The fluorescent parti-
cles create a much smaller and finer surface pattern
than paint. This fine pattern makes the correlation
of high magnification images possible. In work done
by Berfield et al. with 180 nm fluorescent particles, a
displacement resolution of 20 nm was reported [23, 24].

For the current investigation, particles with a mean
diameter of approximately 380 nm created an appropri-
ate surface pattern for the optical setup and the feature
size of interest. A typical surface pattern resulting from
the application of these fluorescent nanoparticles is
shown in Fig. 4. The particles do not have any signifi-
cant impact on the mechanical behavior of the sample
because they are disperse and small relative to the
sample thicknesses, which were all greater than 1 mm.
Particles containing the fluorescent dye rhodamine B
were synthesized following the procedure described by
Verhaegh et al. [27].

The optical system for acquisition of FDIC images
consisted of a Leica DMR fluorescent microscope, a

Fig. 4 Representative speckle pattern formed by deposition of
fluorescent nanoparticles onto a sample surface
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20x magnification Leica long working distance objec-
tive lens (0.4 N.A. and 3.5 um depth of focus), and
a QCapture Retiga CCD camera. With a pixel den-
sity of 1.88 pixels/um, this setup has a resolving po-
wer of 826 nm based on the Rayleigh criterion for
self-luminescent objects. Using this setup, calibration
experiments verified a displacement resolution of ap-
proximately 20 nm for rigid body translations, similar
to that reported by Berfield et al. [23]. However, when
the technique is applied in the presence of a heteroge-
neous strain field the displacement resolution may be
affected. [28]

Correlations were performed using an in-house DIC
code in which a coarse—fine search is implemented to
obtain an initial guess for a Newton—Raphson scheme
[25]. More recent finite-element based DIC algorithms
that easily interface with computational modeling [29]
could also be used to analyze the displacement and
strain, but were not implemented for this work. Subset
sizes were 31 by 31 pixels (16.5 um), and correlations
were performed every 10 pixels (5.3 um). Correlation
was not attempted anywhere inside the channel bound-
ary, where the displacement becomes discontinuous.
Accordingly, no displacement and strain data were
obtained within a distance approximately the size of a
subset around each channel. Strain was calculated by
numerically differentiating the displacement measured
by DIC, rather than using the displacement gradients
obtained from the correlation directly. Displacement
data were smoothed using a moving average that was
computed as the arithmetic mean of the displacement at
a point and the eight adjacent points. Displacement gra-
dients were calculated using a finite-difference scheme.
Wherever possible, a four-point central difference tech-
nique was used to compute the displacement gradients.
Lower-order central, forward, and backward difference
techniques were substituted where boundaries pre-
vented the use of four-point central difference. Strain
data computed using these finite-difference schemes

Fig. 5 Experimentally
determined (a) displacement
and (b) strain fields in the
vicinity of an isolated 280 um
diameter microchannel with
analytical solution inset on
upper left for comparison.

€, =0.39%

were in good agreement with the strain data obtained
from the DIC algorithm directly, but contained less
noise.

Test Protocol

Samples were loaded in tension along the x axis (ac-
cording to the coordinate system established in Fig. 3)
using a miniature load frame (Ernest F. Fullam, Inc.)
while viewing the xy plane of the sample. The applied
load was measured using a 100 Ib capacity load cell
(Entran). Samples were clamped tightly in flat-faced
grips and loaded at a rate of 1 um/s. Deformation
was paused at regular intervals to capture fluorescent
images for correlation. A dual-axis translation stage
mounted to the microscope was used to minimize rigid
body translations during loading. Out-of-plane move-
ments and Poisson effects required refocusing the op-
tical setup after application of load, but refocusing was
not found to have a significant effect on results. Load
data were used to calculate the far-field values of strain,
€, = o/E. The elastic modulus of the epoxy matrix
was 3.35 £+ 0.15 GPa for the range of samples tested.
Dynamic mechanical analysis of the matrix material
was performed to establish these values of modulus.

Results and Discussion

Single Channel Specimen

The experimentally determined displacement and
strain fields in the loading (x) direction around an iso-
lated microchannel—280 um in diameter—under uni-
axial tension are shown in Fig. 5. Contours are drawn
at 50 nm intervals over a total range of displacement of
3.8 um. The iso-displacement contours, which without
the presence of the channel would be vertically oriented
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Fig. 6 Normalized strain along a vertical line through the center
of each corresponding microchannel

and straight, curve into the channel. As expected, a
strain concentration develops at the top (+y) and bot-
tom (—y) of the microchannel, while the strain drops
almost to zero on the left (—x) and right (+x) sides.

An analytical solution for a finite-width plate in uni-
axial tension [30] is inset on the upper left corners of
the contour plots in Fig. 5(a) and (b). Experimentally-
determined strain and displacement are in excellent
agreement with this analytical solution. The normalized
strain along a vertical line through the center of the
channel is plotted in Fig. 6. This plot shows the maxi-
mum observed strain concentration was 1.9, while the
value predicted by the analytical solution is 3.0. This
difference is due to the limited spatial resolution of
FDIC, which is approximately equal to the subset size
used in the correlation. Furthermore, the strain con-
centration is greatest at the boundary of the channel,
but correlations were not performed directly adjacent
to this boundary.

Fig. 7 Experimentally
determined strain fields (a)
surrounding and (b) between
200 pm diameter
microchannels in a type 1
microvascular network
sample. €, = 0.18% and
0.32%, respectively

Microvascular Network Specimens

A full microvascular network adds the complexity of a
periodic array of microchannels positioned throughout
the matrix in three dimensions. In addition to the chan-
nels normal to the xy plane, all microvascular samples
had channels normal to the yz plane that are not visible
on the surface imaged for DIC. Due to the staggered
channel layout in the yz plane, every other subsurface
microchannel was offset by 1 mm in the z direction.

The type I network geometry had the largest spacing
between neighboring microchannels in the xy plane.
The normalized strain field around a single microchan-
nel in this type I geometry is shown in Fig. 7(a). The
shape of the strain contours is similar to those sur-
rounding a single, isolated microchannel. As shown
in Fig. 6, the maximum normalized strain is slightly
higher for this network sample (2.1) than for the sin-
gle channel sample (1.9), and the strain concentration
remains higher farther from the microchannel. The
highest strain concentration in the network specimen
occurs on the bottom (—y) side of the microchannel,
where a subsurface microchannel is located closer to
the surface. The strain concentration on the top (+y)
side of the microchannel is approximately the same
as the strain concentration in the single-microchannel
sample.

The strain field between two microchannels in a type
I microvascular geometry is shown in Fig. 7(b). Inte-
restingly, the strain falls to approximately far-field
levels directly between the two microchannels, but re-
mains elevated along bands to the left and right of
the microchannels. Again, a higher strain concentra-
tion occurs where the closer subsurface microchannel
intersects a channel normal to the xy plane (above
the bottom microchannel, near y/r = —2.1 and x/r =
0). The normalized strain along a line connecting the
centers of these two microchannels is plotted in Fig. 8.
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Fig. 8 Normalized strain along a line connecting the centers of
two microchannels in each of the network geometries

For comparison, the analytical solution for a single,
isolated channel is also plotted at each microchannel
location. The strain around each of these two mi-
crochannels is comparable with that of the solution for
an isolated channel, with the exception of the bottom
half of the strain field (—y) where the strain in the
network remains above the far-field value away from
the microchannel. This region of elevated strain is asso-
ciated with the microchannel that intersects the nearest
subsurface channel.

There are other factors, in addition to the subsurface
channels, that may influence the mechanical response
of a network specimen, which are not present in a
single-channel sample. The periodic arrangement of
microchannels normal to the xy plane could contribute
to differences in the strain fields. Also, the microchan-
nel cross-sections are not perfectly round due to de-

formation of the wax ink during processing. Despite
these effects, the strain field that develops in this type
I network sample is remarkably similar to that of a
single-microchannel sample.

In the type II microvascular geometry, the distance
between microchannels in the x direction was closer
than in a type I sample. The normalized strain field
surrounding three microchannels is shown in Fig. 9(a)
for a type II network sample. As in the type I net-
work, the maximum strain concentration in the type
IT network (2.3) occurs at the microchannel that is
intersected by the nearest subsurface microchannel (the
bottom left microchannel, near y/r = —1.5 and x/r =
—2). Although the maximum strain concentration is
about the same as in the type I sample, the closer
x-direction spacing confines the region of elevated
strain. This confining occurs because the strain must
drop to a minimum at the left side of the neighboring
microchannel over a shorter distance than in a type
I sample. The strain plotted in Fig. 8 for a type II
network reveals a trend similar to that in the type I
network. However, the strain in the type II network
does not drop to the same minimum strain seen in
the analytical solution far from the channel. Note that
maximum strain concentration in Fig. 9(a) is not plotted
in Fig. 8, because the maximum occurs off center from
the two microchannels.

The type III microvascular geometry had neighbor-
ing microchannels that are in the closest proximity
to one another, because there was no offset between
subsequent layers in the y-direction. Because the y
spacing was less in this geometry, the locations of
maximum strain concentration (the tops and bottoms
of microchannels) have the least separation in these
samples. Consequently, the normalized strain field in
Fig. 9(b) shows higher levels of strain concentration (up
to 2.8) at locations farther from the microchannels than
in the previous two network geometries. The location
of the maximum strain concentration is off-center on

Fig. 9 Experimentally
determined strain fields
between 200 um diameter
microchannels in (a) type IT
and (b) type III microvascular
network samples. €, = 0.15%
and 0.05%, respectively
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the right (4+x) side of the microchannels. This shift in
location of the maximum strain is probably due to an
asymmetry at the intersection between the subsurface
microchannel with the microchannels normal to the xy
plane. There are two line scans plotted in Fig. 8 for the
type III geometry; one of them is a plot of the strain
between the centers of the two channels (x/r = 0). The
other is a plot of the strain along a vertical line through
the region of maximum strain (x/r = 0.4). The strain
along both of these vertical lines remains well above the
level of strain far from the channels in all the previous
geometries and in the analytical solution.

Reinforced Single Channel Specimen

The stiffening effect of particle reinforcement locally
placed around a single 200 um diameter microchannel
is evident from the normalized strain field in Fig. 10.
The strain around a reinforced channel drops to values
at or below the far-field strain in a shorter distance
from the channel as compared with the case of the
unreinforced channel in Fig. 6. Because the reinforced
material surrounding the channel is stiffer than the
matrix, there is a decrease in strain when approaching
this region. The asymmetry of the strain concentration
is due to the uneven distribution of the reinforcement
around the channel. The ring of particle reinforcement
was thinnest on the top (+y) side of the channel, where
the strain concentration is highest (1.6).

The Young’s modulus of the reinforced region was
estimated by comparing the experimentally determined
displacement field with an analytical solution for a
circular hole reinforced with an elastic ring in an in-
finite plate [31]. This comparison is made in Fig. 11
using a Young’s modulus of 11.5 GPa for a 45 um

i
x/r

Fig. 10 Experimentally determined strain field around an iso-
lated 200 um diameter reinforced channel. €, = 0.44%

thick reinforced region. The analytical model assumes
that the interface between the two materials is perfect,
resulting in a sharp change in curvature of the analytical
iso-displacement contours at the interface. The exper-
imental iso-displacement contours are smoother, both
because the interface of the real sample is inevitably
graded to some degree, and because of the limited
spatial resolution of the experimental technique.

The thickness of the reinforced region for the analyt-
ical solution was estimated from a transmission light mi-
crograph of the reinforced microchannel. The Young’s
modulus of the reinforced region was estimated using a
model for particle composites developed by Paul [32]

14+ m— 1DV
EC == Em 2/3p (1)
L+ m—1)(V;” =V,

where E. and E,, are the Young’s modulus of the
composite and matrix, m is the ratio of the Young’s
modulus of the particulate to that of the matrix, and
V, is the volume fraction of particle reinforcement.
The Young’s modulus of the epoxy matrix and alumina
particles was taken as 3.2 GPa and 300 GPa respec-
tively, and the volume fraction of reinforcement used
was 40%. This volume fraction was selected to obtain
the best agreement between the analytical solution and
measured displacement field in Fig. 11, but we obtained
a similar volume fraction of particles (43%) by mea-
suring the area fraction of particles in a micrograph of
the reinforced channel. Interestingly, the ratio of the
reinforced region’s elastic modulus to that of the matrix
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Fig. 11 Experimentally determined (solid) and analytically pre-
dicted (dashed) displacement fields around a 200 um diameter
reinforced channel
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is 3.6, similar to that of the elastic moduli of peritubular
and intertubular dentin.

Conclusions

Measurements of the displacement field surrounding
a single channel in tension were made and verified
with an analytical solution. Excellent agreement was
obtained between experimental and analytical displace-
ment and strain fields, demonstrating the ability of
fluorescent DIC to make accurate measurements of
the mechanical response around a microchannel. Sam-
ples with a fully three-dimensional microvascular net-
work had higher strain concentrations compared with
that caused by a single, isolated microchannel. These
higher strain concentrations are attributed to the in-
fluence of subsurface microchannels, microchannel
cross-sectional shape, and neighboring microchannels.
Inter-channel spacing in the direction perpendicular to
the loading direction had the largest impact on the
magnitude of strain concentration.

Localized particle reinforcement significantly altered
the strain concentration around the microchannels.
In addition to increasing the local stiffness of a mi-
crovascular network, local reinforcement may enable
the mimicry of such biological systems as dentin. In
the presence of an advancing crack, the microvascular
network geometry and the distribution of mechanical
properties of the matrix will influence crack propaga-
tion and the bulk material response. Processing meth-
ods are under development for selectively reinforcing
channels in three-dimensional microvascular networks.

Overall, the measurement of strain fields using flu-
orescent digital image correlation should provide valu-
able insight into the design of microvascular networks,
and aid in achieving effective self-healing while main-
taining optimal structural performance.
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