\

Printing on liquid elastomers
Lingzhi Cai, Joel Marthelot, Claudio Falcén, Pedro M Reis, P.-T Brun

» To cite this version:

Lingzhi Cai, Joel Marthelot, Claudio Falcon, Pedro M Reis, P.-T Brun. Printing on liquid elastomers. Soft
Matter, 2020, {10.1039/c9sm02452b). <hal-03148635)

HAL Id: hal-03148635
https://hal.science/hal-03148635v1

Submitted on 24 Feb 2021

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Auto':iiition
HAL Authorization


https://hal.science/hal-03148635v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Printing on liquid elastomers

Lingzhi Cai,? Joel Marthelot,®® Claudio Falcon,“® Pedro M. Reis © and

P.-T. Brun?®

“ Department of Chemical and Biological Engineering, Princeton University,
Princeton, New Jersey 08540, USA. E-mail: lingzhic@princeton.edu,

pbrun@princeton.edu

b pix-Marseille University, CNRS, IUSTI
13013 Marseille, France

¢ Departamento de Fisica, Facultad de Ciencias Fisicas y Matemdticas,
Universidad de Chile, Casilla 487-3, Santiago, Chile

4 Millennium Nucleus on Smart Spﬂ Mechanical Metamaterials, Santiago, Chile

¢ Flexible Structures Laboratory, Ecole Polytechnique Fédérale de Lausanne,
1015 Lausanne, Switzerland

In recent years the research community has paid significant attention to geometrically engineered materials. These materials derive

their unique properties from their structure rather than their chemistry alone. Despite their success in the laboratory, the assembly of such

soft functional materials remains an outstanding challenge. Here, we propose a robust fluid-mediated route for the rapid fabrication of soft

elastomers architected with liquid inclusions. Our approach consists of depositing water drops at the surface of an immiscible liquid

elastomer bath. As the elastomer cures, the drops are encapsulated in the polymer and impart shape and function to the newly formed

elastic matrix. Using the framework of fluid mechanics, we show how this type of composite material can be tailored.

Natural soft materials are often architected at all scales and
shaped in periodic structures achieving properties that cannot be
matched by manmade constructs."™ Adapting these concepts to
our technological needs has prompted research across many
disciplines, from photonic and phononic materials to mechanical
metamaterials. In such materials, inclusions, e.g. liquid drops,
bubbles, particles and voids, play a central role as their careful
positioning enables the modification of the bulk material
properties to tailor the optical,”® acoustic,”'® surface’* and
mechanical’**® properties of the composite.

Despite the development of various fast-prototyping and
microfluidic techniques'’™* for the production of compliant
materials ranging from artificial tissues to flexible sensors,** ">
it becomes increasingly clear that advances in soft functional
materials are hindered by the lack of methodology to efficiently
fabricate architected soft materials. In particular, recent studies
have demonstrated that embedding droplets in the bulk of
an elastic matrix can modify its mechanical properties,”®*”
increase its thermal conductivity®®° or enable its actuation.*
Yet, these approaches typically rely on shear to disperse the

liquid phase into the elastomer, resulting into emulsions with
polydisperse distributions of disorganized drops. Additionally,
the possibility of encapsulating droplets selectively in defined
areas of the elastomer is virtually unexplored. Overall, there is a
lack of strategies to easily tailor the location, size and shape
of droplets embedded in composite elastomers. Controlling
those features would open the path to new and improved
functionalities.

Here, we propose a simple droplet-based methodology to
functionalize soft elastomers. We control the deposition of
small water droplets at the surface of an elastomeric liquid
bath using the framework of fluid mechanics. Upon cross-
linking, the interface of the elastomer keeps the imprint of
the droplets as it presents millimetric cavities whose position
and geometry can be tailored. We study the shapes and spatial
arrangements of both the drops and cavities that are produced
at the interface. In particular, we identify a regime in which the
water drops are encapsulated in the elastic matrix and sit right
below a thin membrane at the end of the process. Our work
offers an efficient route to fabricate structures where liquid
inclusions are used. This fast fabrication technique could be
impactful for practical applications such as compartmentalized
reactors,” drug delivery, scaffolded biocompatible materials,>*">
and encapsulated active matter.**

Fig. 1a outlines our approach: droplets of deionized water
are deposited at the surface of a liquid elastomeric polymer
(VPS Elite Double Vinylpolysiloxane). VPS (Elite Double 32, Elite
Double 22, Elite Double 16, Elite Double 8, Zhermack) is prepared
by mixing with a weight ratio of 1:1 (base to curing agent) using a


http://orcid.org/0000-0003-3984-828X
http://orcid.org/0000-0002-4175-0604
http://crossmark.crossref.org/dialog/?doi=10.1039/c9sm02452b&domain=pdf&date_stamp=2020-03-11

Fig. 1 (a) Water drops are deposited at the surface of a liquid elastomeric
bath while the polymeric solution cures. Injection is performed through a
needle that travels across the bath. (b) Injection below (resp. above)
the bath interface leaves water droplets encapsulated (resp. at the air—
elastomer interface). (c) Photographs of the elastic materials formed after
the elastomer has cured: () an encapsulated droplet bulges when
compressing the elastic matrix. (i) The interface of an elastomer patterned
with cavities of different sizes forming the Princeton University logo.

centrifugal mixer (ARE-310, Thinky) for 10 s at 2000 rpm
(clockwise), and then 10 s at 2200 rpm (counterclockwise). Water
is injected at a given flow rate in the range 0.17 < Q [mL min™ '] <
4.00 through a needle with inner radius r connected to a syringe
pump (New Era NE-1000). The needle is mounted on a transla-
tional stage (AxiDraw V3.0) moving at a constant speed u (4.0 <
u [mm s'] < 90.0) in the x-y plane of the bath. Water is less
dense than VPS so that the droplets float in the bath. Yet,
depending on the depth of injection, the dispersed phase may
sit (i) below a thin elastic membrane or (ii) at the free surface of the
bath, as shown in the sketches in Fig. 1b. Curing is performed at
room temperature (20 °C). As the polymer cures, the elastomer sets
in a shape matching the contour of the drops. After curing the
polymer can easily be peeled from its container and the resulting
elastic material can be manipulated. In particular, these composite
materials are highly deformable as shown in Fig. 1c(i). This route
of assembly can easily be tailored to create specific target patterns
using drops of different sizes and spacing (see Fig. 1c(ii)).
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Fig. 2 (a) Shape of cavities obtained with water drops of volume V = 1800,
400, 100, 20 pL (from left to right). Images are obtained under a micro-
scope. Polymer samples are cut in halves with a precision knife.
(b) Apparent radius of the cavities R. plotted versus the volume of the
droplets V scaled by the ratio of the density difference between VPS and
water, Ap = p, — po and po. (c) Comparison between the numerical
prediction obtained solving the Laplace equation using shooting method
and the actual shape of the cavity. (d) Distance between droplets / plotted
versus the needle speed u normalized by the dripping frequency Q/V.
(Inset) A cross-section of the polymer shows the uniform spacing of
cavities.

In Fig. 2, we describe the mechanisms that set the shape and
position of the droplets in VPS. The cavities formed by small
droplets are quasi-spherical while larger volumes lead to the
formation of puddles (Fig. 2a). Particular attention is given to
R., the apparent radius of the cavity defined in Fig. 2a.
In Fig. 2b we report the values of R. for water drops with
density p, deposited in four different polymeric baths with
density p, = po — Ap. The density of the liquid polymers
was measured after mixing the base with curing agent:
(Elite Double 32) 1.22, (Elite Double 22) 1.19, (Elite Double 16)
1.17, (Elite Double 8) 1.07 g cm™>. In our experiments we varied
the volume of the drops in the range 20 < V [uL] < 1800.
As evident from Fig. 2b, we find that the apparent radius scales
as R. ~ VY2 This geometrical feature is determined by the
combined effects of capillary forces and buoyancy.***> In our
experiments, we observe that the upper portion of the drops
sitting above the air-elastomer interface is mostly flat.*® We
approximate this volume as a circular disc with radius R, and
thickness /. Therefore the volume of water above the bath
surface is Vgisc = TR, 7. In turn, balancing weight and buoyancy
in our system yields poV = py(V — Vaisc), such that:
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In Fig. 2b we compare eqn (1) to the experimental data, finding
excellent agreement with 7 = 1.5 mm. We can relate this value of
¢ to the capillary length of water in air. Additionally, we found
that the shape of the cavities can be predicted upon integration
of Laplace equation.>” The value of R. inferred from eqn (1) is



used to set the boundary conditions of the problem, and
the numerical solution is chosen so as to match the
submerged volume of the droplet poV/p,. The obtained
solutions align well with experiments as depicted in Fig. 2c,
where the prediction is superposed onto the photograph. The
consistency between the predicted and actual droplet shape
hinges on a time scale separation. The time for the liquid
system to achieve mechanical equilibrium is indeed much
shorter than that of curing.** Hence, the droplet shape is at
mechanical equilibrium when the polymer sets (with minimal
change in volume).

Having rationalized the shape of the cavities, we turn to
describe their volume and the distance 4 that separates them.
We first focus on the case where drops are printed from a needle
positioned above the free surface. In this case, the mechanism
setting the drop size is as follows. As water is dispensed, a drop
forms at the tip of the needle and increases in volume. Dripping
occurs when the weight of the drop exceeds the capillary force
holding the drop at the needle tip.*® The corresponding critical
volume is V = 2mo/’r, where « is a known factor that
depends on the ratio 7//.**?° Therefore, the volume of the
droplets V, and subsequently the cavity radius R., can be
changed by varying the inner radius of the needle r.

For a given flow rate Q, the dripping frequency is f = Q/V.
In turn, the distance between droplets is the distance traveled
by the nozzle between two consecutive dripping events
A=ulf=uV/Q. In Fig. 2d we report the values of the wavelength
of the pattern, 4, that progressively forms at the surface of
the elastomer matrix. The wavelength A obtained for different
values of u, r and Q collapse onto a line with slope 1, confirming
that 1 = uV/Q.

When printing above the free surface, the droplet generation
is dominated by capillary effects so that the size of the drops
and thus that of the resulting cavities is millimetric (given that
the capillary length is / ~ 1.5 mm). In particular, the radius of
the cavities is typically larger than that of the needle. To obtain
smaller droplets, we inject water at the air-elastomer interface
while the needle translates across the bath. This strategy aims
at detaching the drops from the needle using the bath as an

anchor point. In Fig. 3a we show typical photographs of a time
sequence of this printing regime, obtained with a high-speed
camera (Movie S1 in ESIT). The height of the needle tip relative
to the air-elastomer interface is denoted by 4. In Fig. 3b, we
report the wavelength / of the printed pattern as a function of
the printing depth % for rectilinear printing trajectories. When
the needle tip is far above the interface, drops drip from the
needle owing to gravity. As a result the height of the nozzle i
does not affect 4 (regime I, discussed earlier in the paper).
When the needle tip is brought closer to the interface, the
hydrodynamics involved in the drop formation is more complex
(regime II). Water droplets come into contact with the viscous
polymeric bath before detaching from the needle (Fig. 3a). The
droplets are then sheared as the needle moves relative to the bath,
until the breakup occurs. This process leads to the deposition of
fixed volumes of water at regular intervals. In this regime II, we
observe that the wavelength A of the breakup pattern is sensitive
to the position of the needle tip and decreases linearly with A.
When the tip of the needle comes into contact with the polymeric
bath, 7 = 0, a minimum in the wavelength is observed (as marked
by a (*) in Fig. 3b). With the needle tip below the interface, 1 is less
sensitive to z (regime III), but increases as the needle tip goes
deeper. In the following we focus on rationalizing the case of 7 =0
at the intersection between the regimes II and IIL

In Fig. 3c and d, we plot the wavelength /4 and the apparent
radius R. versus the needle speed for the various flow rates
listed in the legend of Fig. 3d. In all cases, the needle depth is
h = 0 (as marked by a (*) in Fig. 3b). As evident from Fig. 3c we
observe that the variation in wavelength 4 is limited in the range
of speeds and flow rates considered in our experiments. The mean
value of the wavelength is 1 = 6.1 mm (plotted as a continuous line
in Fig. 3c), while most experiments are within one standard devia-
tion of the mean (44 = 2.8 and 9.4 mm are plotted as dashed lines in
Fig. 3c). Using mass conservation we infer the volume of the droplets
V = Q//u. Inserting this quantity in eqn (1), we find that:
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(a) High speed image sequence (At = 140 ms) of the droplets deposition. The position of the needle tip relative to the air—elastomer interface is

h = 1.0 mm. (b) Distance between droplets / as a function of h. (c) Distance between droplets 4 plotted versus the needle speed u. The tip of the needle is
positioned at the interface, h = 0. Volumetric flow rates Q are coded in colors (legend in panel d). (d) Size of the drops characterized by their apparent

radius R as a function of (Q/u)*?.



In Fig. 3d we show that our experimental data collapse onto a
master curve when expressed as a function of (Q/u)"?. The
scaling prediction in eqn (2) obtained using the wavelengths
observed experimentally, is shown as a continuous line

(A = 6.1 mm) and two dashed lines correspond to the same
expression obtained using the values of /.. These lines are in

good agreement with the experimental data, such that the drop
size and the pattern wavelength can be tuned by changing the
values of Q and u while keeping the same nozzle.

In our experiments, we observe that before curing is
complete, the liquid elastomer slowly climbs upslope onto
the water droplet. For small enough droplets (V ~ 10 pL), a
thin layer of elastomer may cover the whole droplet. This is
known as the cloaking process.’**? Yet, in most cases with
bigger droplets the cloaking film is incomplete. In order to
better encapsulate our droplets, we propose to operate in the
regime III (as defined in Fig. 3b) where droplets are produced
below the free surface. In such a case, curing freezes the
position of the droplets at a given distance H from the interface.
After detaching from the nozzle, the water droplets rise towards
the air-elastomer interface and the viscous liquid elastomer
drains on top of the droplets, thereby setting the final
membrane thickness H when curing is complete.**™* In Fig. 4a,
we show that H can be tuned through a simple change in the
injection depth h. These membranes formed with this method
fully encapsulate the drops and protect them from outside
pollutants, e.g. dust. Yet, the liquid may still be accessed, either
via diffusion through the membrane or else by puncturing the
membrane as discussed next.
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Fig. 4 (a) Cross-section of the encapsulated droplets with the same
diameter d = 1.6 mm but different printing depth h and thus film thickness
H. (b) Snapshots of a protruding droplet with initial diameter d = 1.6 mm,
film thickness H = 160 pm at time t = 180, 360 and 540 min in an ethanol
bath. (c) Amplitude, A, of protruding droplets of initial diameter d = 1.6 mm
in an ethanol bath versus time for different film thicknesses. The pink
symbol indicates the rupture of the droplet.

In Fig. 4b we show the photographs of a single encapsulated
water drop placed in an ethanol bath. After the drop is
immersed we observe that the encapsulated drop increases in
volume as evident from the bulge. We argue that this change in
volume is caused by the diffusion of ethanol through the
membrane.*®*” In Fig. 4c, we report the change in amplitude,
A, of the drop as a function of time, for four different capsules.
The capsules shown in the plot merely differ in membrane
thickness H. Thin films (H < 90 pm) yield a rapid diffusion but
eventually burst. Thicker membranes inflate slower but resist to
large deformations. Thus, tailoring the film thickness, via a
change in print depth, provides control in the dynamics of
swelling of our encapsulated drops. We now focus on droplets
with film thickness (90 < H [um] < 160) that presents the
fastest actuation without rupture.

We take advantage of the inflation of encapsulated droplets
at the surface of our elastomers to mimic the differential
growth of biological tissues.**®° In Fig. 5a, we show the
dynamics of a beam with embedded water droplets at its upper
surface, which is submerged in ethanol. Over time, the
embedded droplets swell much faster than the rest of the
beam, inducing an effective growth in the beam upper layer.
As a consequence, the beam bends® ™" and eventually coils
into a loop. Placing the sample into water reverses the motion
of the beam, as ethanol diffuses back into the bath causing the

(a)

Fig. 5 (a) Bending of a beam. The straight beam with encapsulated
water droplets is placed in an ethanol bath for 12 hours. The droplets
swell as ethanol diffuses into them, bending the beam into a loop.
(b) Bursting of an encapsulated drop under compression. Photographs
of the ensuing jet taken at time t = 0.02, 0.21 and 4.13 s after the onset of
the rupture.
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drops to return to their initial state. This experiment shows that
it is possible to control the local swelling properties of a solid
by printing water drops at its interface using our technique.
Each capsule acts as a hinge that can be distributed at the
surface of a slender body so as to obtain a desired deformation.
Timing successive deformations is also theoretically possible
through variations of the thickness of the membrane of the
capsule. Thinner membranes would bulge first, while thicker
capsules would only bulge at a later time, thereby producing
untethered programmable soft robots.>> Apart from this type of
actuating functionality, our embedded droplets can also be
used as small liquid reservoirs encapsulated at the surface of
the elastic matrix.

From cells to water balloons, capsules are ubiquitous in
our lives, where they enable the transport and delivery of
liquids, otherwise shapeless and prone to contamination.
In the laboratory, submillimetric capsules are typically fabri-
cated using microfluidic devices operating with low viscosity
fluids.”® Our freeform approach is complementary as it enables
the encapsulation of millimetric drops, which can release their
content explosively akin the bursting of oil gland reservoirs
in citrus exocarp.’” In Fig. 5b, we provide photographs of an
encapsulated water droplet compressed with a universal force
testing machine (Instron 5944, with a 10 kN load cell). The
elastic sample is placed between platens and uniaxial compres-
sion is applied steadily up to the point where the membrane of
the capsule ruptures. Fig. 5b shows images of the resulting jet
observed with a high-speed camera. The microjet (radius ~
100 pm) forms through a pore in the membrane and shoots
the liquid at high speed (jet speed ~ 3 m s ).

In summary, we have introduced a droplet-based strategy to
pattern the shape of an air-elastomer interface. We rational-
ized the shapes adopted by the water droplets at this interface
using the framework of fluid mechanics, thus providing a
guide for the selection of printing parameters to achieve the
desired distribution of surface cavities. We have also shown
that the encapsulation of water droplets can be obtained and
enables the functionalization of the elastomer. The drops can
be used to actuate the beam via swelling, such that printing a
drop pattern can program the deformation of slender elasto-
meric structures. These encapsulated drops can also be used
as micro-reservoirs, transporting and protecting minute quan-
tities of liquid, which can be released when puncturing the
membrane of the capsule. We envision that our work will be
impactful as it provides a simple and robust methodology to
fabricate architected and thus functional elastomers.
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