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I.

Introduction

Particles with surfaces divided into two or more regions with different properties are
sometimes called Janus particles. A standard example is an amphiphilic particle, where half the
surface is hydrophobic and the other half hydrophilic. These can act as surfactants and be used
to stabilize interfaces and emulsions.1 Janus particles can also have important applications in
biology, electronics, and self- assembly, as their asymmetry gives rise to individual behaviors
and complex systems that are inaccessible to homogeneous particles.1

APPLICATIONS
Nisisako et al. synthesized polymeric asymmetrically charged colored spheres, which
could be aligned by application of an external electric field and flipped by reversal of the field.2
Others, including Anker, Kopelman, and Choi have presented similar color-switching particles
which have the potential to create very thin “e-paper” screens.1
Many groups have synthesized anisotropic micro- or nano-particles for biological
applications, including drug delivery. Xie et al. demonstrated for the first time synthesis of a
biocompatible Janus nanoparticle capable of delivering both a hydrophilic and hydrophobic
drug.3 Another important result that demonstrated the applicability of Janus particles in
biological systems was the creation of a dynamic bio-interface controlled by the orientation of
asymmetric particles.4
Janus particles have enormous potential for programmable self-assembly both in
biological and non-biological applications. The effect of particle properties on these types of
complex systems has been investigated theoretically and experimentally. Borowko and Rzysko
use Monte Carlo simulations to model interactions between anisotropic particles and predict
how the system will assemble based on properties of the two regions on each particle.5 Zhang
et al. consider the case of polymeric ellipsoids, and experimentally demonstrate different
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assembly patterns for particles with different surface area fractions covered in stabilizer. They
are able to control the patterned fraction of the particle by taking advantage of the curvature
differences due to the elliptical geometry and by varying the wet etching time.6 This method is
not effective for spherical particles, as spheres have constant curvature.

SYNTHETIC METHODS
Many methods have been proposed to synthesize spherical Janus particles, often falling
under the general category of desymmetrization of an initially homogeneous sphere. Ye and
Carroll present a method where spheres are adhered to copper tape, coated with a metal by ebeam evaporation, flipped, and coated with another metal. They were successful in creating
particles with caps of different metals, but were limited to caps covering just under half of the
surface area, due to the curvature of a sphere.7
Other methods of Janus particle synthesis take place at interfaces. Paunov and Cayre
placed microparticles at a gel-oil interface, trapped them there by cooling the gel, replaced the
oil phase with PDMS, cured it, and peeled it off with the particles. This method results in
particles partially exposed to a potential patterning agent, and partially protected by the PDMS,
from which it can be extracted later. In their paper, they show particles with approximately half
of their surface area patterned with gold. This technique does not allow control over the
patterned area; it is set for a given system and determined by particle size and wettability.8
These types of approaches do not yield the level of control over patterning demonstrated by
Zhang et al. on ellipsoidal particles.
Some control over the patterned area of spherical Janus particles was demonstrated by
Ling et al. They used a masking/unmasking technique where particles were imbedded in PMMA
and their covering was removed by oxygen-plasma etching. Based on the duration of the
etching, they were able to control how much of the area was exposed. They demonstrate a
range of 0-40% of surface area exposed for patterning.9 The level of control demonstrated by
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this group exceeds that of the other methods, but the range of patterning area is still restricted
to less than 50%. Additionally, etching methods could be damaging, depending on the types of
particles to be modified.

GOAL
An alternative method of particle desymmetrization that aims to achieve a larger range of
accessible patterning areas is presented and discussed here. Rather than using masking and
unmasking steps, this technique patterns in one step at a liquid-liquid interface. A two-phase
liquid system is constructed to have a patterning agent in just one phase. A particle can then be
trapped at the interface due to the relative densities of all components and interfacial tension,
and the portion of its surface in contact with the patterning phase can be modified. The particle’s
vertical position at the interface and therefore the surface area exposed to patterning can be
tuned by changing the liquid phase densities, and, if necessary, the interfacial tension. This
technique could be advantageous for several reasons: (i) liquid densities are easily adjusted by
addition of solute; (ii) the method could be generalized to pattern particles of any geometry, not
exclusively spheres; and (iii) it has potential for use in common-solvent systems, such as
aqueous two-phase systems, which can resemble biological conditions.
Aqueous-organic systems are considered here due to ease of preparation and tendency
of solutes to remain in only one phase. For simplicity, only spherical particles are considered. A
mathematical model is constructed based on the physics of the system and is used to predict
accessible patterning ranges for different particle length scales.

II.

Experimental Design
The problem of a sphere trapped at an interface between fluids has been treated

extensively since the 1970s. A straightforward force-balance approach is considered by
Rapacchietta and Neumann, Binks and Horozov, and Joseph et al., among many others. The
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two former consider a free energy analysis of the system as well.10 Joseph et al. consider
horizontal forces that come into play between multiple adjacent spheres at an interface.11 A few
formulations include proposed numerical methods of solving the Young-Laplace equation for the
height of a meniscus where it meets the sphere (“d” in Fig. 1).10,12

VERTICAL FORCE BALANCE
Here, a force balance approach will be used to model the equilibrium position of a
spherical bead at an interface, based on experimentally known values for the system. System
parameters are defined in Figure 1.

Figure 1. A bead at equilibrium at the interface of immiscible liquids. The bead radius is R, the bead density is 𝜌0 ,
the densities of the top and bottom liquid phases are 𝜌𝑡 and 𝜌𝑏 , and the equilibrium contact angle is 𝜃. 𝛾 is the
interfacial tension between the two liquids. The height of the deformation of the interface is d, defined to be negative
when the three-phase contact is lower than the undeformed interface. The case of negative d is pictured here. 𝜙 is
the angle from the vertical to where the interface meets the bead. Note that the surface area in contact with the
bottom phase can be described by 𝑆𝐴𝑏𝑒𝑙𝑜𝑤 = 2𝜋𝑅(𝑅 − 𝑅 cos 𝜙).
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There are three forces that together determine the bead’s vertical position: (i) gravity and (ii)
buoyancy act along the vertical and (iii) interfacial tension acts tangent to the interface. In terms
of the previously defined system parameters, the expression for gravitational force is
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𝐹𝐺 = − 3 𝜋𝑅 3 𝜌0 𝑔 .

(1)

The vertical component of the interfacial tension force is
𝐹𝐼 = −2𝜋𝑅𝛾 sin 𝜙 sin(𝜙 + 𝜃) ,

(2)

and the buoyant force is
1

1

𝐹𝐵 = 3 𝜋𝑅 3 𝜌𝑏 𝑔(2 − 3 cos 𝜙 + cos 3 𝜙) + 3 𝜋𝑅 3 𝜌𝑡 𝑔(2 + 3 cos 𝜙 − cos 3 𝜙) +
(𝜌𝑏 − 𝜌𝑡 )𝑔𝑑𝜋𝑅 2 sin2 𝜙

(3)

(see Appendix A for derivations). These expressions agree with those derived by Joseph et al.
and the other previously mentioned formulations.10,11,12,13 At equilibrium, the forces defined in
Eqn. 1- 3 sum to zero, which gives:
4
3

0 = − 𝜋𝑅 3 𝜌0 𝑔 − 2𝜋𝑅𝛾 sin 𝜙 sin(𝜙 + 𝜃) +
1

1
𝜋𝑅 3 𝜌𝑏 𝑔(2
3

cos3 𝜙) + 3 𝜋𝑅 3 𝜌𝑡 𝑔(2 + 3 cos 𝜙 − cos3 𝜙) + (𝜌𝑏 − 𝜌𝑡 )𝑔𝑑𝜋𝑅 2 sin2 𝜙.

− 3 cos 𝜙 +

(4)

The goal of the model is to solve Eqn. 4 for 𝜙, the “angle of inclination” ,14 which can be used to
find the surface area below the interface,
𝑆𝐴𝑏𝑒𝑙𝑜𝑤 = 2𝜋𝑅(𝑅 − 𝑅 cos 𝜙) .

(5)

The area calculated by Eqn. 5 is then divided by the total surface area to give the area fraction
patterned.
Note that the buoyant force depends on “d,” the meniscus height where the interface
meets the bead. Many formulations consider d as an experimentally determined system
parameter. In fact, this height obeys the Young-Laplace equation for a meniscus (Eqn. 6), and
in principle depends entirely on the other system parameters. The equation describing the
interface profile around a spherical particle is
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where z is the height of the interface profile and r is the horizontal distance from the center axis
of the sphere. This is a second-order nonlinear ordinary differential equation with no closed-form
solution.15 Numerical approximation methods to find the meniscus height at the particle,
d = 𝑧(𝑅 sin 𝜙), are discussed in the next section.

BOND NUMBER
From the experimental parameters, we can calculate the dimensionless Bond number
B=

(𝜌𝑏 −𝜌𝑡 )𝑅2 𝑔
.
𝛾

If the Bond number for a system is large, then surface tension effects are

negligible compared to gravity and buoyancy. In a system of small Bond number (much less
than 1) surface tension dominates the force balance. This explains how some insects are able
to walk on water, when larger objects break the surface.
As shown Eqn. 1- 3, the liquid densities appear only in the buoyancy term. In order to
significantly alter equilibrium particle position by changing liquid densities, the system must be
constructed to have a large Bond number. Effects of altering densities in a low Bond number
system will be very small, and the particle position will be determined almost entirely by the
interfacial tension force, which is more difficult to control.

III.

Results and Discussion

MATHEMATICAL MODEL
R, 𝜌0 , 𝜌𝑡 , 𝜌𝑏 , 𝜃, and 𝛾 , as defined in Fig. 1, are independent constants in any given system.
The meniscus height d is not independent of the other parameters, but was initially treated as
such, and estimated as about one-quarter of the bead radius. This estimate was selected by
analyzing photos of beads trapped at the interface. Measurements varied by about 20%
between photos. As can be seen in Eqn. 4, the sum of forces is linear with respect to d, and d
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appears in only one term of the buoyancy expression. As a result, small changes in d will not
cause huge differences in the result. This will be considered in more detail in the sensitivity
analysis at the end of this section, and is here used to justify the approximations and
assumptions concerning the meniscus height.
As mentioned in Section II, meniscus height obeys Eqn. 6, a second-order nonlinear
ordinary differential equation. It is determined by boundary conditions, which for this system are
𝑧 ′ (𝑅 sin 𝜙) = tan(𝜙 + 𝜃 − 𝜋)

(7)

𝑧(∞) = 0

(8)

𝑧 ′ (∞) = 0 .

(9)

The first boundary condition (Eqn. 7) is the slope where the interface meets the bead and
depends on the contact angle and the angle of inclination. Eqn. 7 and Eqn. 8 signify that the
interface eventually flattens out entirely and that the height of the undisturbed interface (very far
away from the bead) is defined to be z=0. Note that as this is a second order equation, only two
of the boundary conditions are necessary. Several attempts were made to find numerical
solutions to Eqn. 6, but the formulation was found to be unstable. This problem has been
treated previously by Rapacchietta and Neumann, among others, but their methods were
beyond the scope of this work and their results were not presented in a form that could be used
directly in a calculation of the buoyant force.
Eqn. 6 can be simplified if a few assumptions are made. A simplified version of the
problem is presented by Vassileva et al.,16 and is valid for cases where the interface slope is
shallow. Vassileva claims that this assumption applies for particles with radii less than 2 mm. In
these cases, Eqn. 6 can be reduced to the Helmholtz equation, which is a linear partial
differential equation with a general solution in terms of modified Bessel functions. Using a
symmetry argument, the solution can be further reduced to just one term, and it can be found
that
d = 𝑧(R sin 𝜙) = 𝑏0 𝐾0 (√𝐶 R sin 𝜙)
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(10)

where C =

(𝜌𝑏 −𝜌𝑡 )𝑔
𝛾

, 𝐾0 is the zeroth order modified Bessel function of the second kind, and 𝑏0 is

a constant of integration determined by the boundary conditions.16 Their results are consistent
with those of Kralchevsky and Nagayama.15 The method used here to solve for meniscus height
for a given set of system parameters was implemented in MATLAB and is explained in more
detail in Appendix B.
In cases where steep slopes were involved, the constant deformation model was used. This
includes the plots in Fig. 2, as the large range of parameters comprises cases where the
interfacial slope is not shallow. In the future, an improvement could be made in the
mathematical model which would allow it to apply whichever meniscus height calculation it
deemed appropriate based on an initial comparison of densities. For the experiments carried out
here, the calculated meniscus model was used only in individual cases where experiments
showed that the bead sat relatively high at the interface. Due to the large contact angles in our
experimental systems, those cases correspond to a shallow interfacial slope, as is the case in
Fig. 1.
Whichever method was used to find the deformation height, the result was input for the
parameter “d” in the force balance. Eqn. 4 was then solved numerically for 𝜙, which gives the
surface area in contact with the bottom phase.

THEORETICAL PREDICTIONS
The Bond number B is an indicator of which force is largest in a system. B is proportional
to R2 and inversely proportional to 𝛾. A low Bond number suggests large effects due to the
interfacial tension force, so, as expected, increasing 𝛾 linearly increases 𝐹𝐼 . 𝛾 does not appear
anywhere else in the force equation. However, 𝛾 can span several orders of magnitude, from
10−2 N/m for a hexane-aqueous interface to 10−5 N/m for an aqueous two-phase system. Such
extremes will obviously lead to large differences in the size of the tension force relative to
9

gravity and buoyancy. The significance of smaller changes in tension (within an order of
magnitude) depends on the length scale of the system. Additionally, as can be observed from
the R2 dependence of the Bond number, the particle radius is even more important than tension
in determining which force dominates.
As can be observed in everyday life, surface tension forces do not have very significant
effects on macroscopic objects. Consider a large object, with a radius on the order of meters.
The gravity and buoyancy force terms in Eqn. 4 scale as R3 , whereas the interfacial tension
force term scales with R. Even for an interface of high tension, such as water-hexane or waterair (approx. 0.05-0.1 N/m), the interfacial tension force acting on a meter-long object is four
orders of magnitude smaller than the buoyant and gravitational forces. The Bond number in this
case would be around 140000‐ much greater than 1, as expected from physical observations.
At the other extreme, a particle with radius of a few nanometers will experience almost
entirely interfacial force. Even at the very low tensions achievable in common-solvent systems
(50 μN/m) the interfacial tension force is about three orders of magnitude larger than the
gravitational and buoyant force terms. The Bond number in this case would be around 1.5 ∗
10−9 : much smaller than 1.
For cases in between the extremes, with Bond numbers relatively close to one, neither
buoyant force nor interfacial tension force can be ignored. The experiments discussed below fall
into this category. They involve nylon beads with radii of a few millimeters floating at the
interface of ethyl acetate and aqueous sodium chloride solution. These phases were selected
because they have interfacial tensions about an order of magnitude smaller than most aqueousorganic systems‐ approximately 0.007 N/m, depending slightly on the salt concentration. We
measured these tensions using the pendant drop method (for more information on experimental
methods, see Appendix C). Choosing a system with lower tension (higher Bond number) should
increase the contribution of the buoyant force to the equilibrium bead position, which in turn
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makes the final position more sensitive to changes in the densities. This is ideal for our
purposes, as we seek to control patterning by changing the densities of the liquid phases.

a.

b.

c.

d.

Figure 2. Patterning fractions accessible by changing densities for a given bead radius, interfacial tension,
and contact angle. Note that for reasons described earlier, d is treated as a constant of 20% of the radius.
(2a). R=1.6mm, interfacial tension of an ethyl acetate/aqueous system, B1. (2b). R=2.4mm, interfacial
tension of an ethyl acetate/aqueous system, B2. (2c). R=3.2mm, interfacial tension of an ethyl
acetate/aqueous system, B3. (2d). R=6.4mm, interfacial tension of an ethyl acetate/aqueous system,
B15.

Fig. 2 demonstrates the increase in accessible patterning fractions with increasing
radius. Image (2a) considers systems of Bond numbers around 1. Across a range of densities,
the graph is almost flat. Changing the liquid densities in such systems does not produce a very
11

dramatic change in the fraction of the particle below the interface. As particle radius increases,
even within the same order of magnitude, buoyancy effects become more pronounced, as is
reflected in the higher Bond numbers (listed in the Fig. 2 caption). In the same systems across
the same range of densities, the model predicts larger beads to have more patterning fractions
accessible. Buoyancy as a tool to control patterning would be more effective at these larger
sizes.
Fig. 2 draws attention to an important flaw in the model. All plots above show a sharp
step when the bottom phase densities become smaller than the bead density. This step will be
observed in situations where the bead is introduced at the bottom of the container, far away
from the interface. In such cases, as the bead is the densest material, it will have no cause to
migrate to the interface. It will therefore remain in an energy-minimized position at the bottom of
the container with gravity balanced by buoyancy and a normal force. However, if the bead is
placed at or near the interface, in some situations it will remain there due to interfacial tension
effects, with its position representing another stable energy minimum. This can occur if (𝜌0 − 𝜌𝑏 )
is not too large, and if the system has a small Bond number. To find the particle height in such a
situation, it is necessary to have an expression for the meniscus height d in terms of the other
system parameters.12 Our model fails to predict that the particle can remain at the interface
when 𝜌0 exceeds 𝜌𝑏 because d is treated as a constant. The alternative model for d explained
above also fails in these cases, as when 𝜌0 exceeds 𝜌𝑏 and only tension acts against gravity,
the bead’s position is much lower. An aqueous/ethyl acetate/nylon system has a large contact
angle, so when the bead sits low, the interface slope is very steep. Therefore the assumptions
of small interfacial slope no longer apply, and the solution blows up to infinity. A more in-depth
approach to solving Eqn. 6 will be necessary in order to construct a model which accurately
predicts bead position at these more extreme conditions. In the meantime, experimental results
can provide some insight in regimes where the model fails, and trends can be found which
predict accessible patterning fractions in the cases described above.
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EXPERIMENTAL AGREEMENT WITH MODEL
Experiments were carried out to test the mathematical model and to supplement it in
areas where it failed. These experiments also consider nylon beads at the interface between
ethyl acetate and aqueous sodium chloride solution. The equilibrium density of ethyl acetate
ranged from 0.9000 g/ml to 0.9017 g/ml, depending on the sample. For data analysis, it will be
assumed constant at 0.9000 g/ml. Experiments were carried out in a range of aqueous phase
densities, ranging from 1.00 g/ml to 1.196 g/ml. Densities were measured in a density meter at
22.5  C. The interfacial tensions of these systems were measured to be around 0.007-0.008
N/m, slightly higher than the literature value of 0.0068 N/m (as listed on
cameochemicals.noaa.gov). For comparisons with the model, interfacial tension in such
systems will be taken as 0.007 N/m. The contact angle was measured from photos taken at the
interface and is assumed to be a constant. There was no noticeable trend in contact angle
versus salt concentration; in all cases the contact angle was close to

5𝜋
6

with a standard

deviation of about 10%. This suggests that sodium chloride does not dramatically change the
way that water wets nylon. Note that contact angle measurements were averaged across
systems of all size scales, as the equilibrium contact angle is entirely material-dependent.
We first look at experiments using a large nylon bead of radius 6.4 mm in an aqueous
sodium chloride/ethyl acetate two-phase system. It was experimentally determined that the
lowest bottom phase density which will allow this large bead to remain at the interface is around
1.07 g/ml. For densities just above 1.07 g/ml, the bead will remain at the interface if it is placed
there very gently using tweezers, but will pass right through and settle at the bottom if it is
dropped from any height. Additionally at those low bottom phase densities, any significant
disturbance to the system could cause the bead to fall. The magnitude of this disturbance or of
the falling velocity needed to detach the bead has been treated in the literature, but only for a
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system where the equilibrium position (i.e. the angle 𝜙) is already known.12 17 As mentioned
above, our mathematical model cannot account for these cases.
The maximum solubility of sodium chloride in water at room temperature is around 26%
by weight, which is equivalent to 1.196 g/ml. So for a bead of radius 6.4 mm trapped at an ethyl
acetate/aqueous sodium chloride system, the Bond numbers range from 9.7 to 17.0. Note that
this is the regime depicted in Fig. 2(d). Experimental data for these systems are shown in Fig. 3.
Experimental surface area fraction below interface vs
bottom phase density for top phase density constant
at 0.90 g/ml
Surface area fraction below interface

1
0.9
0.8
0.7
0.6
0.5

Experimental Values

0.4

Model Predictions

0.3
0.2
0.1
0
1.05

1.1

1.15

1.2

1.25

Density of aq NaCl bottom phase (g/ml)

Figure 3. In blue, experimentally measured surface area fractions of a bead of radius 0.0064 m versus
bottom phase density in two-phase systems of ethyl acetate and aqueous sodium chloride. The ethyl
acetate top phase density is 0.90 g/ml. In red, predicted surface area fractions from the mathematical
model.

The data in Fig. 3 show experimental surface area fractions as a function of bottom
phase density. A clear trend is visible, and small changes in density produce significant changes
in the area fraction of the bead surface in the bottom phase. Towards the low-density extremes,
the plot slope becomes very steep. This could pose a problem for the method, as very precise
14

density control would be required to achieve a specific desired surface area. For points at
densities 1.08 g/ml to 1.20 g/ml, the experimental data show that buoyancy could be an
effective tool for controlling patterned surface area, as indicated by the systems’ Bond numbers,
which are considerably greater than one.
The model fails entirely for all points where 𝜌0 exceeds 𝜌𝑏 , as it cannot take into account
meniscus height, which is crucial to those situations. On the two points with a dense bottom
phase, the model predictions are 21% and 13% lower than the experimental values. The most
likely sources of this discrepancy are the model’s failure with regards to meniscus height and
inaccuracy in measurement of the contact angle, a parameter to which the model is very
sensitive, as will be shown later. The model values shown in Fig. 3 used the constant
deformation model for d. Surface area fractions for those same two systems were also
calculated using the simplified Young-Laplace meniscus equation model. The values were in
both cases a few percent lower; further away from the true areas. This is to be expected as our
assumptions do not apply here: these beads are very large (radii larger than the 2mm limit cited
by Vassileva)16 and experiments showed a significantly sloped interface. For large interfacial
slopes, the predicted meniscus height approaches a large negative number, which causes a
decrease in the predicted area below the interface, and which does not reflect the real behavior
of the system.
Fig. 3 does show large differences in patterning area as the bottom phase density is
changed, but even at this large radius and relatively high Bond number, the range is less than
60%, not much better than the method proposed by Ling et al. For this system, patterning less
than 41.6% of the area is impossible, as by that point the sodium chloride solution is completely
saturated. For lower area fractions, it would be necessary to increase the top phase density as
well, either by addition of a solute or by mixing the ethyl acetate with a denser solvent. However,
both of these would likely cause a significant change in the wetting properties and contact
angle, and complicates the process with additional variables.
15

It is also important to note that very high patterning percentages are unstable. They
require a bottom phase density significantly less than the bead density. As discussed above,
tension can hold the bead at the interface, but if small quantities of energy enter the system, the
bead can detach to reach a more stable energy minimum at the bottom of the container.

PATTERNING AT LOWER BOND NUMBERS
Experiments were also conducted with nylon beads of smaller radii: 3.2 mm (diameter
1/4”), 2.4 mm (diameter 1/16”), and 1.6 mm (diameter 1/8”). All other system conditions were
the same as described above. For these three bead sizes, the Bond number ranges are 3.3-4.3,
1.9-2.4, and 0.82-1.1, respectively. All of these are close to one, which means that although
buoyancy is still important to the system behavior, it is not the dominating force. This is reflected
in the plots shown in Fig. 2, which for the same range of bottom phase densities show a
decreased theoretical patterning range for smaller radii. The experimental data for the beads of
different radii are shown in Fig. 4:

Surface area fraction below interface

Surface area fraction below interface vs bottom phase density for top
phase density constant at 0.90 g/ml
1
0.9
0.8
0.7
0.6
0.5

1/2" bead

0.4

1/4" bead

0.3

3/16" bead

0.2
1/8" bead

0.1
0
0.95

1

1.05

1.1

1.15

Density of aq NaCl bottom phase (g/ml)
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1.2

1.25

Figure 4. In a two-phase system of ethyl acetate and aqueous sodium chloride, surface area fraction in the bottom
phase is plotted versus bottom phase density, for beads of four different radii. The two smallest beads remained
trapped at the interface between ethyl acetate and pure water. The two larger beads both sunk in that case.

Fig. 4 clearly shows that for the same range of bottom phase densities, the largest bead
accesses the largest range of area fractions. Consider the density range between 1.080 g/ml
and 1.196 g/ml. The largest bead has an area fraction range of 40%; the smallest has a range
of just 4.1%. The two beads of intermediate radii, as expected, show ranges in between the two
extremes. However, this data shows the 3.2 mm bead to have a range of 13%, while the smaller
2.4 mm bead has a range of 17%. The opposite is expected. This is likely an artifact of errors in
the data. Compared to the smooth curve of the larger beads, the trend is not as clean for the 2.4
mm bead or for the 1.6 mm bead.
The irregularity in the plots for the two smallest beads could be due to contaminants in
the system. Dust and small particles not intentionally introduced to the system are visible in
many of the photos. In systems at a smaller length scale, such contaminants would have a
larger relative effect. They could change the way the liquid phases wet the material, thereby
changing the contact angle. They could also alter the interfacial tension. Both are parameters to
which bead height can be sensitive. This suggests that if we were to scale down the system to
consider particles on micrometer length scales, it would be very important to avoid any
contaminants, as they could render the method ineffective.
Any scaling down of the particles presents additional challenges. At small bead size,
interfacial tension dominates the force balance as it scales with R instead of R3 . Tuning density
has less effect on the equilibrium state. In order to increase range of patterning fractions, much
lower surface tension would be necessary.
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AQUEOUS TWO-PHASE SYSTEMS
Aqueous two-phase systems (ATPS) can have significantly lower interfacial tension,
down to around 50 μN. Assuming the densities of the two phases are close to those considered
above in the aqueous/organic case, the Bond number for a 1.6 mm bead in such a two-phase
system is around 150. This means that the buoyant force dominates the system as shown in
Fig. 5(a), and density-controlled patterning is entirely feasible. As the radius decreases, it
becomes less realistic. Consider particles at the length scale of a few microns. Gravity and
buoyancy scale approximately as R3 , which means that those terms will be multiplied by a factor
on the order of 10−16 to 10−18, whereas the tension term scales with R, around 10−6. Although
ATPS offer lower interfacial tensions by 3 or 4 orders of magnitude, this is not enough to make
up for the radial dependence. The Bond number for such a system is around 0.006, which is
considerably less than 1. The angle dependences in the tension term decrease its size
considerably, but even so it is within an order of magnitude from gravity and buoyancy. As
suggested by the Bond number for the system, the mathematical model predicts a case similar
to Fig. 2(a), with the surface area fraction having almost no density dependence.

a.

b.
Figure 5. Aqueous two-phase systems. (a.) Bead with radius of 1.6 mm can access a full range of

patterning percentages. This plot looks very similar to the ideal case, where interfacial tension is zero. (b.) Bead with
radius of 50 μm has almost no density dependence due to low Bond number.
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It should be noted that while Fig. 2(a) is likely realistic in its representation of the limited
range of accessible patterning areas, the true patterning fraction is not necessarily in the
depicted range of 0-10%. It depends very strongly on the contact angle, which is determined by
the wetting properties of the two phases. Without a specific system and experimental data, this
cannot be known. For a contact angle of

𝜋
,
2

or equally wetting liquid phases, the accessible

patterning area is predicted to be around 50%.
Density-controlled patterning, even in ATPS, is unlikely to be very effective at biological
length scales. If it is possible to control the wetting properties of the liquid phases and the
particle, then tuning the contact angle could allow patterning of a full range of area fractions at
very small size scales. In practice this might be difficult because the contact angle is so
sensitive to contaminants, and depending on the setup and the time scale of the experiment,
might not truly be a constant.

METHOD AS A PREDICTIVE TOOL
Regimes of high Bond number show density dependence of the patterned area fraction.
So far we have looked at predicting the area fraction patterned based on known top and bottom
liquid phase densities. The method can also be used in reverse, namely, if a certain patterning
fraction is desired, liquid phase densities can be found that will achieve it. This can be done
most easily with one liquid density fixed. If all other system parameters are known, including the
inclination angle 𝜙 corresponding to the desired area fraction, Eqn. 4 can be solved for the one
unknown: the other liquid phase density. This assumes that a realistic solution exists for the
chosen set of parameters; it may not.
When solving for 𝜙, Eqn. 4 must be solved numerically. If instead, the one unknown is a
liquid density, then Eqn. 4 is solvable explicitly, assuming that a real defined value has been
input for meniscus height d (either a constant or an approximation expression which evaluates
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to a real number). In these cases, it is likely still easier to solve Eqn. 4 numerically or
graphically.
Another way to obtain a graphical solution is, for a given system, to plot a series of
experimental points‐ area fractions below interface versus bottom phase density‐ as we did in
Fig. 3. A function can be fit to the data and points in between can be estimated from the curve.
Given the failure of the mathematical model in situations with large interfacial slopes,
interpolating from experimental points is likely to produce the best results.
Predicting the required densities to achieve a given patterning fraction can also be
carried out without initially fixing either liquid density. In this method, we plot area fraction
patterned versus the ratio of density steps on either side of the bead density,

𝜌𝑏 −𝜌0
.
𝜌0 −𝜌𝑡

Once the

ratio corresponding to the desired area is known, one can work backwards to find realistic
densities which will achieve that ratio, as 𝜌0 is already known. This method is slightly more
flexible as there are many solutions. Experimentally produced plots of area fraction versus
bottom phase density and area fraction versus density step ratio are shown in Fig. 6
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1.05

a.

Surface area fraction below aq
NaCl/EtOAc interface versus ratio of
density steps for bead density 1.13 g/ml

Surface area fraction below
interface

Surface area fraction below

Area fraction below aq NaCl/EtOAc
interface vs bottom phase density for R
= 6.4mm, bead 1.13 g/ml, top 0.90 g/ml
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Figure 6. Nylon bead of 𝜌0 =1.13 g/ml at interface between ethyl acetate and aqueous sodium chloride solution.
𝛾=0.007 N/m. (a) For fixed 𝜌𝑡 =0.90 g/ml, surface area fraction in bottom phase vs bottom phase density. (b) Surface
area fraction in bottom phase vs ratio of density steps.
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To find a way to pattern 60% of the surface, one would find the x-axis value corresponding to a
y-value of 0.6 on the curve. The vertical blue lines drawn in Fig. 6(a) and 6(b) mark these xvalues. In 6(a), this point represents a bottom phase density of 1.108 g/ml, while a top phase
density of 0.900 g/ml is assumed. According to this method, a 6.4 mm bead patterned at the
interface of those two phases will have 60% of its surface area in contact with the bottom phase.
In 6(b), the value marked on the x-axis corresponds to a density step ratio of -0.096. Obviously,
𝜌𝑏 = 1.108 g/ml and 𝜌𝑡 = 0.900 g/ml will still work, but so will, for instance, 𝜌𝑏 = 1.086 g/ml and
𝜌𝑡 = 0.670 g/ml, or any other pair of physically reasonable densities which preserve the ratio.

SENSITIVITY ANALYSIS
The experimentally determined quantities relevant to this method are prone to error. It is
important to consider to which of those parameters the model is most sensitive, and for which of
them a realistic measurement error will dramatically affect the results. Additionally, the
sensitivity of the model varies in different regimes: we will consider the case of a 6.4 mm bead
and a 1.6 mm bead, both in systems of ethyl acetate/aqueous NaCl. The top and bottom phase
densities will be fixed at 0.90 g/ml and 1.15 g/ml respectively.
We have considered how the model predicts patterning ranges to change for different
size beads, and where it predicts density to be an effective tool to tune bead height. We now
look at what happens when 𝛾, 𝜃, and d vary within 10% of their expected value. This is a
realistic situation, as all three are difficult to measure precisely. For information about how they
are measured experimentally, see Appendix C. We will consider error on each parameter
separately, and when not being considered, their values will be fixed at: 𝛾=0.007 g/ml, 𝜃 =
140𝜋/180, and d= -0.0003 m. Error in interfacial tension and contact angle will be considered
for both the constant deformation model and for the model which solves the meniscus equation.
The change in area fraction corresponding to each parameter will be the difference between the
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area calculated for the parameter at ten percent below its expected value and the area
calculated at ten percent above its expected value (for instance, SA(𝛾 = 0.0063 N/m) – SA(𝛾 =
.0077 N/m).
For R = 1.6mm, the changes in area fraction corresponding to the 20% range of each
parameter are displayed in Table 1:

Parameter, ±10% range

Change in area percent of

Change in area percent

bead surface (d const.)

(d found from meniscus eqn)

Interfacial tension 𝛾, 0.0063 to
0.0077 N/m (centered at 0.007)

0.44%

0.44%

14.65%

14.77%

0.04%

N/A

Contact angle 𝜃, 0.700 to 0.848
(centered at 140)

Deformation height d, -0.00027
to 0.00033 m (centered at
0.0003)
Table 1: Sensitivity of surface area fraction in bottom phase to experimentally determined parameters for R=1.6mm.

For R=6.4mm, the changes in area fraction corresponding to a 10% range of each
parameter are displayed in Table 2:
Parameter, ±10% range

Change in area percent of

Change in area percent

bead surface (d const.)

(d found from meniscus eqn)

Interfacial tension 𝛾, 0.0063 to
0.0077 N/m (centered at 0.007)

2.85%

2.19%

10.72%

12.66%

0.42%

N/A

Contact angle 𝜃, 0.700 to 0.848
(centered at 140)

Deformation height d, -0.00108
to 0.00132 m (centered at
0.0012)
Table 2: Sensitivity of surface area fraction in bottom phase to experimentally determined parameters for R=6.4mm.
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The data in Table 1 and Table 2 show that of the three parameters considered, patterning
fraction is by far most sensitive to contact angle for both bead sizes. Small changes in
deformation height and interfacial tension had a larger effect on the larger bead. The meniscus
model chosen did not have a very large effect on the area fraction’s sensitivity to contact angle
or tension. These observations likely do not all hold outside of this regime; in a system with
different components, for instance one with much lower surface tension or a contact angle far
from 140, the parameter sensitivities could be completely different. If the contact angle were
closer to 180, the system would likely be much more sensitive to tension, as a larger
component of the tension vector would be directed along the vertical.

FAILURES OF THE METHOD
We have discussed situations in which the mathematical model fails. We must also draw
attention to experimental concerns which could make the method less effective, even in regimes
where the Bond number predicts buoyancy-controlled patterning to be feasible. As mentioned
before, contaminants in the system can alter the interfacial tension and the wetting properties,
which determine contact angle. As shown in the sensitivity analysis, small changes in contact
angle significantly affect the surface area fraction in the bottom phase. At smaller length scales,
this sensitivity is likely even stronger. In order to make accurate predictions of system behavior,
the contact angle for the three materials must be known precisely. Contamination to the system,
if it occurs, is likely to cause large errors.
All data in this paper are from experiments using new nylon beads, removed from their
packaging for the first time when they were introduced to the system. Some attempts were
made to reuse beads from old experiments, but their behaviors in the same systems were very
different from the new beads. Contact with the liquid phases, solutes, or prolonged exposure to
air changed the surface properties of the nylon in some way; the contact angles observed on
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reused beads at the interface were very different (and typically much smaller) than those
observed on the new beads. As of now we have not yet developed a method of washing “used”
nylon beads which restores their behavior to that of a new bead. These observations indicate
that if this technique were to be used for patterning specific area fractions, a high level of control
over surface properties and very clean working conditions would be necessary.

IV.

Conclusions

This work proposes density-controlled patterning as a new method of making Janus
particles by means of desymmetrization of homogeneous spheres at an interface. It builds a
mathematical model based on an equilibrium force-balance approach, and seeks to theoretically
predict system behavior across ranges of interfacial tension and particle size. Predictions from
the model are used in conjunction with the Bond number to determine in what regimes this
method could be feasible. Experiments were conducted in relatively high-tension systems, using
spherical beads with radii ranging from 1.6 to 6.4 mm. As theory predicted, the larger beads
could access a larger range of patterning area fractions than the smaller beads over the same
range of densities. However, at a radius of over 6 mm, the applications of patterning these
particles is limited. To achieve a similarly large range of patterning for a smaller radius, the
model suggests that a significantly lowered interfacial tension is necessary.
Common-solvent systems can achieve interfacial tensions several orders of magnitude
lower than those of organic/aqueous systems. The scaling of forces in these systems was
considered. Based on the mathematical model and on Bond number calculations, it was found
that particles with a radius of about one millimeter could easily be patterned in ATPS using the
proposed method. Buoyancy scales down rapidly with decreasing radius, so it may not be
feasible to pattern particles much smaller than a millimeter, even at low tension, by changing
only liquid densities.
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Sensitivity analysis showed that for all scales considered, the patterning fraction varies
dramatically with contact angle. At small length scales, when the Bond number predicts
interfacial tension forces will dominate, the contact angle is a particularly crucial parameter, as it
determines the direction in which the interfacial tension force will act, and how much it will
contribute to the vertical force balance. We have considered only the case of relatively large
contact angles. It is possible that for different materials with a different contact angle value,
density-controlled patterning at small length scales could be possible, at least over some ranges
where the interfacial slope is small. Additionally, if the contact angle could be controlled directly
by addition of a surfactant, we would expect a near-full range of accessible patterning fractions,
even at microscopic length scales.
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Appendix A: Derivations of force expressions:

The gravitational force term acts straight down and is defined to be negative. It is simply the
weight of the bead, so it is equal to the sphere volume times sphere density times the acceleration
due to gravity:
FG = −Mbead g = −(Vsphere ρ0 )g = − 43 πR3 ρ0 g.

The interfacial tension force is directed tangent to the interface, and acts on the bead along
the circle of three-phase contact. Geometrically, it can be observed that the vertical component
of interfacial tension is γvertical = γ sin (φ + θ − π). The circumference of the circle along which
tension acts is S = 2πR sin φ. Therefore, the vertical component of the interfacial tension force
can be written
FI = γvertical S = 2πRγ sin (φ) sin (φ + θ − π) = −2πRγ sin (φ) sin (φ + θ).

The buoyant force expression is composed of three terms: one for the weight of the top phase
liquid displaced by the bead, one for the weight of the bottom phase liquid displaced by the bead,
and one due to the interface deformation, which accounts for liquid in the meniscus. In terms
of the inclination angle φ as defined in figure 1, the volume of the sphere in the bottom phase is
Vb = 13 π(R − R cos φ)2 (3R − R + R cos φ), which can be simplified to Vb = 31 πR3 (2 − 3 cos φ + cos3 φ).
The volume of the sphere in the top phase is Vt = 43 πR3 − Vb which is equal to Vt = 13 πR3 (2 +
3 cos φ − cos3 φ). The buoyant force term due to interface deformation is derived by Keller,13 and
shown to be equal to the weight of liquid in a cylinder of height d (as defined in Fig. 1) with
cross-sectional area equal to πR2 sin2 φ, or the area bounded by circumference S, defined above.
Keller considered the case where the top fluid phase had negligible density. We modified his
expression to account for the case of two dense fluids. This yields the third term in the buoyant
force: (ρb − ρt )gdπR2 sin2 φ. Combining these three terms gives the buoyant force:
FB = 13 πR3 ρb g(2 − 3 cos φ + cos3 φ) + 13 πR3 ρt g(2 + 3 cos φ − cos3 φ) + (ρb − ρt )gdπR2 sin2 φ.

1

At equilibrium, the forces sum to zero, which gives Equation (4):
0 = − 43 πR3 ρ0 g − 2πRγ sin (φ) sin (φ + θ) + 31 πR3 ρb g(2 − 3 cos φ + cos3 φ) + 13 πR3 ρt g(2 + 3 cos φ −
cos3 φ) + (ρb − ρt )gdπR2 sin2 φ.

2

Appendix B: Algorithms

SOLVING THE FORCE BALANCE
Finding the surface area of a sphere below the interface requires solving Eqn. 4 for 𝜙,
the angle of inclination. A MATLAB function was written to do this. The function reads in the
system parameters. It can read in meniscus height “d” as an experimental parameter like
density or contact angle, or it can be slightly altered to call the meniscus function (described
below in the section SOLVING FOR MENISCUS HEIGHT) which returns a polynomial function
of 𝜙 to approximate d, given the other system parameters.
Eqn. 4 (or modified version with d as a function of 𝜙) is then solved using the bisection
method. Initial guesses for 𝜙 are 0 and 𝜋, as the angle of inclination is by construction,
restricted to be between those values. The function finds the value of 𝜙 that corresponds to a
zero in the sum of forces. A plot of net vertical force versus 𝜙 is shown:

Once the value of 𝜙 is found for which the net force is zero, it can be used to find the
surface area fraction of the sphere below the interface.

SOLVING FOR MENISCUS HEIGHT
As mentioned in the sections VERTICAL FORCE BALANCE and MATHEMATICAL
MODEL, the meniscus around a spherical particle obeys Eqn. 6 and is in this construction
subject to the boundary conditions of Eqn. 7- 9. Some simplifying assumptions can be made
when the interfacial slope tan(𝜙 + 𝜃 − 𝜋) is shallow, as shown in the formulation of the problem
presented by Vassileva et al. Eqn. 10 shows the form of the solution to the simpler case. From
there, all that remains is to find the value of the constant of integration 𝑏0 using the boundary
conditions.
The ultimate goal of this mathematical model is to find the angle of inclination 𝜙, a
measure of bead’s position. This means that it is unknown initially. The constant 𝑏0 (and by
extension the meniscus height) depends on 𝜙. In order to find an expression for “d” in terms of
𝜙, the following procedure was implemented:

A vector of 𝜙 values from 𝜋/96 to 𝜋/2, in increments of 𝜋/96, was defined. 𝜙 was
restricted to these angles as for larger ones, the assumptions used to simplify Eqn. 6 do not
apply. It can be observed in experiment that given a large contact angle, for some values of 𝜙
the slope will be vertical. In this case, the boundary condition Eqn. 7 evaluates to infinity, which
makes the solution to the meniscus equation rapidly approach a very large negative number.

For each value of 𝜙, the solution to the simplified problem (Eqn. 10) was evaluated at
the boundary conditions. The resulting meniscus height for each inclination angle was plotted
against 𝜙:

Next, a seventh order polynomial was fit to the data (displayed as circles overlaid on the
angle/meniscus points:

The fit appeared very close to the true curve, so it was determined that a higher order
polynomial was not needed. The polynomial function of 𝜙 could then be substituted for “d” in the
buoyant force term of Eqn. 4, as described above.

Appendix C: Materials and Methods
MATERIALS
Spherical beads used in experiments were made of nylon 6/6 and had diameters 1/8’,
3/16”, 1/4", and 1/2" (all ±0.001”). They were purchased from McMaster-Carr. Density listed on
a McMaster-Carr data sheet for nylon 6/6 is 1.13 g/ml. Using density standard solutions of
sodium chloride and water, the average density of the nylon beads was measured to be 1.1327
± 0.0017 g/ml.
Liquid phases in all experiments described were ethyl acetate and aqueous sodium
chloride. The salt solutions were prepared by weight, where 20% w/w NaCl indicates that the
salt makes up 20% of the weight of the entire solution. Weight percentages were chosen based
on an approximate desired density, which was converted to a weight percent using information
from the Handbook of Chemistry and Physics, (http://www.hbcpnetbase.com/). To make a twophase system, equal volumes of salt solution and ethyl acetate were combined in a scintillation
vial or a falcon tube, vortexed, and allowed to settle for at least an hour. The densities of
samples taken from each of the liquid phases at equilibrium were measured at 22.5C in an
Anton Paar Density Meter (DMA 4100M).

INTERFACIAL TENSION
For each system with a different concentration of salt in the bottom phase, the interfacial
tension was measured using the inverted pendant drop method. A flat-sided container was filled
with the denser aqueous phase from a two-phase system. A syringe with a curved needle, as
depicted below, was filled with ethyl acetate from the top phase of the system. A ring-stand was
used to secure the syringe vertically with the needle submerged in aqueous NaCl in the imaging
container.

The setup was imaged from the side using the camera and software from a ramé-hart Contact
Angle Goniometer (Model 200).
Tension was calculated from drop dimensions, measured from images. The images,
acquired using the set-up described above, were analyzed using ImageJ. The image was
converted to binary, and a circle was fit to three points on the top half of the drop, as shown
above. The diameter of the circle D𝑒 and the horizontal width of the drop at the bottom of the
circle D𝑠 were measured in pixels. The needle width was known to be 0.718 mm, so a
measurement of the needle width could be used to convert pixels to mm. Once D𝑒 and D𝑠 were
known in millimeters, tension could be calculated by 𝛾 = Δ𝜌 𝑔 D𝑒 D𝑠 .
For a single system, tension measurements calculated from different drops were found
to have 6% error. If measurement error from each of those drops was propagated (for instance,
slightly different circle selection will lead to slightly different D𝑒 and D𝑠 values), the tension
measurement for a system was found to have 7% error.

IMAGING SETUP FOR BEADS
The camera and imaging software from the contact angle goniometer were also used to
image the 1/8”, 3/16”, and 1/4" diameter beads at the interface of two phase systems. The 1/2”
bead was too large to be imaged using this setup, so it was photographed using a camera on a
tripod with a macro lens. A 2”x2”x1” container was built to image the beads. It was made from a
piece of aluminum bent into a U-shape, with glass slides used to form the additional two sides.
The inside of the aluminum sides were also covered by glass slides. The slides were attached
using epoxy, and the edges were sealed with silicone sealant. The relatively large square shape
of the container was chosen so that the interface profile would be approximately flat in the
center. Photos of the container are below.

Initially, we encountered problems where the interface had a slightly negative overall
curvature. This means that it was lower in the edges and corners of the box, and although it was
approximately flat in the center, beads placed at the interface would within a minute migrate to
an edge or corner and remain stuck there. This would be very problematic for patterning
applications, as they would likely require the bead to remain at the interface for several minutes.
In our experiments as well, beads sat at the interface for at least 7 minutes before imaging, to
ensure that they had reached equilibrium. It was very important to ensure that they would not
move to a corner during that time. It was found that plasma-cleaning the container for 5 minutes
after rinsing it between experiments ensured the interface curvature was positive and that the
bead stayed near the center of the container.

IMAGE ANALYSIS
Once images were obtained of the bead at its equilibrium position at the interface,
analysis was carried out in ImageJ. If the image was very clear and high-contrast to begin with,
it was converted directly to binary. If the image was not as good, the “sharpen” and “find edges”
tools were used first, to ensure that important features were preserved when the image was
converted to black and white. A circle was fit to the edge of the bead in the bottom phase, to
account for distortion due to different refractive indices of the two liquids. The diameter was
measured in pixels. A line was drawn where the interface actually met the surface of the bead,
and the height “h” of the portion of the bead below was measured (see image). This could then
be converted to a surface area fraction,

𝑆𝐴𝑏𝑒𝑙𝑜𝑤
𝑆𝐴𝑡𝑜𝑡𝑎𝑙

2𝜋𝑅ℎ

ℎ

= 4𝜋𝑅2 = 2𝑅.

h

Contact angle and meniscus height could also be measured from these images.

