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out of the capillary as a droplet, it experiences a pull from the
surrounding water flow. The droplet elongates as a cylinder
from the capillary orifice facilitated by the ethanol transfer
induced lowering of the interfacial tension. The cylindrical
shape is then stabilized via the interfacial deposition and
crosslinking of the SNP.

The pulling force on the droplet originates from the shear-
force of the surrounding water stream. The resulting shear
force can be written as Ft = L�p�D�t, with L the droplet length,
D the diameter of the droplet, and t the shear stress. While L
increases, Ft increases proportionally. Two forces are resisting
the shear force: (i) the surface tension force calculates to Fg =
gow�p�D, with gow the oil/water interfacial tension, (ii) a tensile
force builds up gradually in the deposited interfacial nanopar-
ticle film on the droplet, equaling to Fs = s�p�D�s, with s the
tensile strength and s the nanoparticle film thickness.
We hypothesize that instantaneously before droplet pinch off,
the forces balance each other according to Ft = Fg + Fs (see
Fig. 7(b)).

Substituting and rearranging the force balance yields L =
(gow + ss)�1/t. If our hypothesis holds true, plotting L against the
inverse shear stress 1/t on the fiber surface will give a linear
trend (for constant gow + ss). To obtain the shear stress on the
fiber surface, we use the solution for the Navier–Stokes-
equation for pressure driven flow in a cylindrical annulus, with
the inner cylinder (the droplet) moving at the velocity U (see
ESI†).18

Indeed, the data points for the droplet lengths fall on a
linear line when plotted against the inverse shear stress
(Fig. 7(c)), suggesting that our force balance model is a valid
approximation of the droplet pinch-off physics here.

Last, we discuss the particle attachment rate to the oil/water
interface. As the droplet flows out of the tip of the glass
capillary, silica nanoparticles attach to the newly formed
oil/water interface (Fig. 6(a)). The stabilization of the out-
of-equilibrium droplet shapes suggests that the particle
deposition rate exceeds the droplet area generation rate. We
approximate the average particle deposition time tD to form a
monolayer on the interface by combining the Stokes–Einstein
equation, the formula for the 1-dimensional mean square
displacement, and a formula estimating the diffusion distance
(see ESI†).

tD ¼
2pmd3

3kT

rp
rs

x
w

� �2

With m the viscosity of water, d the diameter of the nanoparticles,
k the Boltzmann constant, T the absolute temperature, rp the
density of the nanoparticles (here 2.2 g mL�1), rs the density of
the particle dispersion (here 1.03 g mL�1), x the hexagonal
packing area fraction (0.907), and w the nanoparticle weight
fraction (here 0.05 g g�1). We calculate tD to 6 ms, which is on the
same order of magnitude as the droplet generation time shown
in Fig. 7a (B30 ms). Based on our estimation of tD, the particles
have just enough time to stabilize the interface. This provides an
additional explanation (besides the preceding shear stress

discussion) to why nonspherical droplets cannot be formed at
higher water flow rates (41.5 mL h�1, Fig. 6d). At higher water
flow rates, the droplet pinch-off frequency becomes so high that
the particles do not have enough time to cover the droplet
surface.

Before we conclude, we briefly state the limitations of our
model to estimate tD. Our calculation neglects that not all
particles that diffuse to the interface attach successfully. There
can be an electrostatic energy barrier to overcome. Moreover,
the more particles attach, the harder it is to find a ‘‘free spot’’.
These two processes can increase tD. On the other hand, the
initial stabilization of the out-of-equilibrium droplet shape may
not require full coverage by the nanoparticles, as a partially
covered surface can already provide sufficient rigidity based on
the formation of a La3+ cross-linked silica particle gel like
structure on the droplet surface. Another aspect favoring a
more rapid stabilization is that the convective flow of water
around the droplet replenishes the nanoparticles that have
been deposited on the interface, thereby shortening the diffu-
sion distance. Last, the diffusion of ethanol from oil to water
during the experiments may induce Marangoni flows that
additionally transport particles by convection to the interface.

4. Conclusion

In summary, we introduce a facile route to generate stable
cylindrical droplets and tubules of oil in water. The anisotropic
droplet shapes are stabilized by a rigid interfacial assembly of
silica nanoparticles. The nanoparticles self-assemble on the oil/
water interface due to their partial wettability by the oil phase,
imparted by the adsorption of a small cationic organic mole-
cule on the nanoparticles. The rigidity of the assembled nano-
particle film results from interfacial particle crosslinking,
facilitated by their interaction with a three-valent cation. The
droplet deformation to cylinders or tubules is realized either via
gravitational or hydrodynamic forces. A deformation away from
spherical is made possible due to a reduction of the interfacial
tension, enabled by the mass transfer of a solvent. We introduce
models to analyze the hydrodynamic forces and the nanoparticle
deposition rates on the droplets. Our technique of forming
anisotropic oil droplets and tubules can potentially be used for
different types of oil. For instance, acrylic oils can allow for the
formation of polymeric microparticles and fibers. Moreover,
our approach can be further developed for the 3D-printing of
Newtonian fluids, complementing the existing additive manu-
facturing techniques.
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H. Möhwald and D. Wang, Adv. Mater., 2011, 23, 1376–1379.

8 Y. Lu, Y. Yin and Y. Xia, Adv. Mater., 2001, 13, 415–420.
9 S. A. F. Bon, S. D. Mookhoek, P. J. Colver, H. R. Fischer and

S. van der Zwaag, Eur. Polym. J., 2007, 43, 4839–4842.
10 A. Bala Subramaniam, M. Abkarian, L. Mahadevan and

H. A. Stone, Nature, 2005, 438, 930.
11 A. R. Studart, H. C. Shum and D. A. Weitz, J. Phys. Chem. B,

2009, 113, 3914–3919.
12 M. Cui, T. Emrick and T. P. Russell, Science, 2013, 342, 460–463.
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