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ABSTRACT:

The rheological behavior of a fugitive organic ink tailored for direct-write assembly of 3D microfluidic devices is
investigated. Rheological experiments are carried out to probe the shear storage and loss moduli as well as the
complex viscosity as a function of varying temperature, frequency and stress amplitude. Master curves of these
functions areassembled using time-temperature superposition. The fugitive ink, comprised of two organic phas-
es, possesses an equilibrium shear elastic modulus nearly two orders of magnitude higher than that of a com-
mercial reference ink at room temperature and a peak in the relaxation spectrum nearly six orders of magni-
tude longer in time scale. The self-supporting nature of extruded ink filaments is characterized by direct video
imaging. Comparison of the experimentally observed behavior to numerical predictions based on Euler-Bernoul-
li viscoelastic beam analysis yield excellent agreement for slender filaments.

ZUSAMMENFASSUNG:

Dasrheologische Verhalten einer fliichtigen organischen Tinte fiir die Herstellung dreidimensionaler mikro-stro-
mungstechnischer Apparate mittels Direkt-Schreibens wurde untersucht. Uber rheologische Messungen wur-
den Speicher- und Verlustmodul sowie die komplexe Viskositat als Funktion verschiedener Temperaturen, Fre-
quenzen und Schubspannungsamplituden bestimmt. Die Masterkurven fiir diese Funktionen wurden mit Hilfe
der Zeit-Temperatur-Superposition zusammengestellt. Die fllichtige Tinte, die ein Gemisch zweier organischer
Komponenten ist, weist bei Raumtemperatur ein um ungefahr zwei Dekaden groRReres Gleichgewichtsspei-
chermodul als das einer kommerziell erworbenen Referenztinte auf und das Maximum des Relaxationsspek-
trums ist um sechs Dekaden langer in der Zeit. Die selbsttragende Natur extrudierter Tintenfaden wurde mit-
tels digitaler Bildanalyse charakterisiert. Die experimentellen Beobachtungen stimmen mit numerischen
Berechnungen nach dem viskoelastischen Balkenmodell von Euler-Bernoulli fiir diinne Strange sehr gut tiber-
ein.

RESUME:

Le comportement rhéologique d’une encre fugitive organique utilisée pour I'écriture directe d’appareils micro-
fluidiques tridimensionnels est étudié. Des expériences rhéologiques ont été réalisées pour quantifier les
modules élastique et de perte en cisaillement ainsi que la viscosité complexe de I’encre en fonction de diffé-
rentes températures, fréquences et amplitudes de contrainte. Les courbes maitresses de ces fonctions ont été
assemblées al’aide dela superposition temps-température. L’'encre fugitive, mélange de deux composants orga-
niques, posséde a température ambiante un module élastique de cisaillement a I'’équilibre environ deux décades
supérieur de celui d’une encre commerciale utilisée comme référence et le sommet de son spectre de relaxation
est six décades plus long dans le temps. Le comportement auto-supporteur de filaments d’encres extrudés a été
caractérisé par I'analyse d'images numérisées. La comparaison entre les résultats expérimentaux observés et
les prédictions numériques obtenues a I'aide d’'un modéle de poutre viscoélastique Euler-Bernoulli donne un
excellent accord pour un filament élancé.
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cross-section occurs at the support, consistent
with the structural behaviour of simply support-
ed beams.

The mid-span deflection measurements are
normalized by the filament diameter and shown
alongside the corresponding normalized struc-
tural model predictions for the fugitive organic
ink in Figure na. For the range of aspect ratios
investigated, the model predictions are slightly
lower than the experimental data for extended
time periods wherethe maximum observed devi-
ation was ~ 10% after 1 h for the case L/d =10.7.
At short times (i.e. t < 10 s) only the predictions
for the highest aspect ratio case (i.e. L/d = 26.1)
exceed the measured values since the predicted
deflection rate is quite high. For further insight
intothe spanningbehaviorofaninkfilament, the
mid-span deflection w(t) was normalized so that
geometric and material effects are isolated such
that,

w(t)d? —KD(t)
¢ (9)

and Kis a constant. Thus, the model predictions for
the three aspect ratios investigated collapse onto a
single curve since the material property D(t) is
assumed identical. The normalized experimental
data are shown in Figure 11b together with the
model prediction. In this case excellent correlation
is obtained for the slender beam (L/d = 26.1)
although significant deviations at long times are
observed for the short beam cases. The deviation
between the experimental data and the model pre-
dictions for L/d = 10.7 and 14.8 is likely a result of
structural model limitations. First and foremost,
the quasi-static solution of the Euler-Bernoulli
beam theory is not recommended for short beams
(L/d < 20) since the additional deformation due to
the transverse shear is not considered. Additional-
ly, material properties were obtained by rheologi-
calexperiments under low amplitude shearand are
restricted to the linear viscoelastic regime. Howev-
er,withinthe nozzle,theinkyields underhigh shear
in the region near the wall (r > 7, %) leading to a
sharp decrease inthe material stiffness followed by
a period of recovery as the ink exits the nozzle. The
deformation occurring during the yielding and
recovery periods at short times were difficult to
observe due to the spatial and time resolutions of
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the experimental setup used. Other contributing
factorssuchasslumpingoftheinkcross-section[18]
and axial tension in the self-supporting filament
[19] may limit the model’s application. Developing
a more complex structural model without these
limitations and numerical simulations by finite ele-
ment method are expected to provide more accu-
rate deformation predictions at extended time
periods for a wider range of filament aspect ratios.

5 CONCLUSIONS

A fugitive organic ink has been developed that
shows superior rheological properties compared
to a commercial ink used in the direct-write
assembly of microvascular networks. A blend of
60wt% low molecular weight paraffin wax and
4owt% high molecular weight microcrystalline
wax yields an ink system that extrudes easily at
room temperature yet retains structural shape
post-deposition. The new organic ink has higher
stiffness (about one order of magnitude) across
the entire spectrum of applied frequency togeth-
er with a relatively modest apparent yield stress
(1.0 kPa). More importantly, the new organic ink
displays a relaxation spectrum centered at1s, a
shift of 6 decades longerin time compared to the
commercial ink. Thus, network structures
deposited using the new organic ink are much
more stable and persistent. For example, for an
aspect ratio (L/d) of 14.8 the total deflection after
one hour is less than 20% of the filament diam-
eter for the organic ink compared to about 65%
for the commercial ink system. A structural
model using Euler-Bernoulli viscoelastic beam
mechanics provides good predictive capability
for slender (L/d > 20) beams and reasonable cor-
relation for filaments with moderate length (10
< L/d < 20). Further refinements in process mod-
eling are needed to characterize the ink flow
inside the deposition nozzle and the structural
recovery immediately after deposition. These
analyses will provide important information for
the design of future fugitive inks and help define
the processing parameters. High-performance
inks combined with accurate process modeling
of the direct-write assembly technique will
enable the creation of microvascular networks
with unparalleled complexity and commercial-
ization of technological applications in biomed-
ical, advanced materials and microfluidics.
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