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At the appropriate length scales, capillary forces exerted by a liquid in contact with a compliant
solid can cause the solid’s deformation. Capillary forces are also able to align particles with dis-
crete wettabilities – or Janus particles – at liquid interfaces. Their amphiphilic properties enable
Janus particles to orient themselves at liquid interfaces such that both of their surfaces are fac-
ing their preferred fluid. However, it is unclear how to spontaneously obtain varying degrees of
rotational alignment. Here we extend ideas of elasto-capillarity to modulate rotational alignment
by connecting amphiphilic Janus cylinders in an antisymmetric configuration. As the Janus cylin-
ders rotate they cause a twisting deformation of rod. We develop both a mathematical model
and a physical macroscale setup to relate the angle of twist to the elastic and interfacial proper-
ties, which can be used to tune the extent of alignment of Janus particles at air-water interfaces.
We additionally extend our analysis to calculate the twist profile on a compliant element with a
distributed capillary torque.

Introduction
When a liquid comes into contact with a compliant solid, surface
tension can significantly bend and deform the solid. For exam-
ple, surface tension has been shown to cause the folding of elas-
tic structures1,2, wrinkling patterns on thin sheets3,4 and snap-
through instabilities5. In this field of elasto-capillarity, the amount
of deformation is determined by a balance of surface tension and
the resisting elastic forces of the solid6. Meanwhile, surface ten-
sion is also responsible for the adhesion of solid particles at im-
miscible fluid interfaces7,8. This adhesion can be enhanced if the
particles themselves have two distinct surface wettabilities, such
as a hydrophobic face and a hydrophilic face9,10. Particles with
two faces, referred to as Janus particles, can spontaneously ori-
ent themselves at a fluid interface such that the hydrophobic and
hydrophilic surfaces are each surrounded by their preferred fluid.
This fully aligned orientation can be used to increase the stability
of emulsions11,12, as well as align optical or chemical features as-
sociated with the Janus faces13,14. However, in cases in which it is
advantageous to restrict the alignment of Janus particles at liquid
interfaces, it is not immediately clear how to passively modulate
the fraction of each face exposed to its preferred fluid. To accom-
plish this goal, we pursue an elasto-capillary approach in which
elastic compliance is varied to temper the rotational alignment of
Janus particles.

An amphiphilic Janus cylinder placed at an air-water interface
with the hydrophobic side facing the water is unstable and a
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small rotational perturbation will reduce the total interfacial en-
ergy (Fig. 1a)15. This change in energy with rotation manifests as
a torque exerted on the cylinder via capillary forces and—provided
that the surfaces are sufficiently smooth—can rotate the particle16.

Fig. 1 Alignment of Janus particles with discrete wettabilities at an air-
water interface. a Schematic portraying the stability of a particle that is
partially coated with a hydrophilic material 1 and partially coated with a hy-
drophobic material 2, when placed at a liquid interface. When the particle
is not in an equilibrium position, the hydrophilic surface makes a contact
angle θ1 with the water while the hydrophobic surface makes a contact an-
gle θ2. This difference in contact angle difference induces a torque T that
tends to rotate the particle. b Top view of two Janus cylinders connected
by a flexible rod with torsional stiffness JG placed at a liquid interface. c
Schematic of the final configuration of the tethered cylinders in which both
cylinders have rotated by angles φa and φb respectively.
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Although Janus particles can be actively perturbed from their equi-
librium alignment in the presence of external shear flows17,18, we
are unaware of passive alignment techniques. Here we demon-
strate a way in which the rotational alignment of Janus particles
could be passively tuned through elasto-capillary twist. Specifi-
cally, we show that an imbalance of capillary forces from the dis-
crete surface wettabilities can lead to a torque onto a connecting
rod (Fig. 1b). Depending on the compliance of the rod, the capil-
lary torque will rotate the Janus cylinders relative to one another
by varying degrees (Fig. 1c). Thus we find that the fraction of the
solid surface exposed to its preferred phase can be tuned by mod-
ulating the material and geometric properties that determine the
elasto-capillary twist.

Methods
To explore how material and geometric properties can lead to
a capillary-induced twist, we carry out macroscale experiments
based on the initial antisymmetric wetting configuration illustrated
in Figure 1. Centimeter-scaled Janus cylinders are made by par-
tially coating a glass vial with candle soot. To accomplish the
Janus patterning, half of the surface area is masked with tape.
After the entire vial is covered with candle soot, the tape is re-
moved, leaving half of the glass surface uncoated. The advantage
of soot over other coatings is that it is both superhydrophobic and

Fig. 2 Effect of the geometrical and material properties of the PDMS rod
on the rotation of the Janus cylinders. a Two half-photographs of an un-
coated glass vial (left) and a soot-coated vial (right) at an air-water inter-
face revealing the contact angles θ1 ≈ 70◦ and θ2 ≈ 150◦ respectively.
b Superimposed images of PDMS cantilever strips with varying tip deflec-
tions used to compute the shear moduli G. c Schematic of macromodel
geometry, portraying the partially coated vials with lengths L and radii R
connected by the rod with length � and radius r. d-f Images of the equilib-
rium configurations for rods with varying radii and lengths and fixed shear
modulus G = 0.2 MPa.

black; these characteristics help visually identify the boundary of
the coating and provide a large contrast in wettability. The contact
angles that the uncoated glass and candle soot make with water,
were experimentally measured by placing an uncoated vial and a
fully soot coated vial in a water bath. The corresponding macro-
scopic contact angles were measured by inspection to be θ1 ≈ 70◦

and θ2 ≈ 150◦ respectively (Fig. 2a). These values were consis-
tent with independent measurements obtained for a small drop
of water on a coated and uncoated glass slide. Further contact an-
gle measurements confirmed that the tape removal process did not
affect the contact angle of the glass. We attach the two Janus cylin-
ders with a flexible rod that we fabricate from cross-linked poly-
dimethylsiloxane (PDMS). Using glass vials as our Janus cylinders
is advantageous as they contain caps through which we can drill a
centered hole. We pass each end of the PDMS rod through a tight
fitting hole in the corresponding vial cap and secure the rod within
the vial with epoxy. In the experiments, the radius r and length �

of the connecting rods are varied; whereas, the size of the Janus
cylinders remain fixed (radius R = 6 mm and length L = 2.5 cm).
In addition, the shear modulus G of the rod is varied by tuning the
amount of curing agent added to the PDMS during the fabrication
process (20:1, 10:1, 5:1 polymer/curing agent mix). To measure
the shear modulus, we conducted cantilever tests on rectangular
PDMS strips that were fabricated following the same procedures
as the PDMS rods. In these tests, the tip deflection is measured for
varying strip lengths and from these deflections a shear modulus
is calculated following beam theory (Fig. 2b).

The macroscale experiments consist of gently placing the teth-
ered Janus cylinders on an air-water interface and observing the
equilibrium rotational alignment of the cylinders. A top view of
the untwisted experimental configuration is depicted in Figure 2c.
As the tethered cylinders are placed in this configuration on an
air-water interface, they are free to rotate as they float, half sub-
merged on the interface. The amount of rotation of each cylinder
can be measured by noting the fraction of the black soot surface
observed from the top view of the interface (Fig. 2d-f). Specifically
from trigonometry, the rotation angle of Janus cylinder i is related
to the projected soot breadth Bi as φi = 90◦ − cos−1[(Bi/R)− 1],
where Bi/2R is the observed soot fraction. If the cylinders rotate
completely, that is if they rotate so that the uncoated glass is in
full contact with the water and the soot with air, then only the
black soot would be visible from the top view (Bi = 2R) and thus
the angles of rotation of each cylinder, φa and φb, would be 90◦.
Whereas, if the cylinders do not rotate completely, then a portion
of both the uncoated glass and the soot faces are visible from the
top view and Bi < 2R. Because the rotation of these cylinders di-
rectly twist the ends of the compliant elastomer rod, it is perhaps
more instructive to focus on a single parameter, the rod twist an-
gle, φ = φa + φb. For a connecting rod with radius r = 0.75mm,
length � = 40mm and shear modulus G = 0.2MPa (Fig. 2d), the
rod offers minimal resistance to the rotation of the Janus cylin-
ders, and the resulting twist angle is near the maximum value of
φ = 180◦. Decreasing the rod’s length by a half reduces the twist,
as does increasing the rod’s radius (Fig. 2e,f).
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Fig. 3 Experimental results of the equilibrium twist angle φ plotted against
the length of the rod � for varying geometrical and material properties. The
dotted line indicates the maximum angle of twist that can be achieved φ =

180◦. Inset shows the different radii r and shear moduli G combinations
corresponding to the plotted data points. Representative error bars for the
data points are shown in the bottom right corner.

Results and discussion
Experimental results
Depending on the properties of the PDMS rod once at the air-water
interface, there is a wide range in the angle of twist and, by exten-
sion, rotation of each Janus cylinder. Figure 3 depicts the results
of individual experiments in which the angle of twist φ is plotted
as a function of the rod length � for varying rod radii r and shear
moduli G. The maximum angle of spontaneous twist is restricted
to 180◦ (dotted line in Fig. 3); twists larger than 180◦ would in-
crease both the surface and torsional energy due to the antisym-
metric configuration on the surface. For rods with the same radii
and shear moduli, increasing their lengths results in larger twists.
By contrast, making the rods thicker or stiffer tends to decrease
the twist. These trends would be expected if torsional stiffness is
resisting the twist. Less clear is whether the amount of twist gen-
erated is consistent with the capillary torques available.

Theoretical model
To model the rod’s twist, we consider the surface energy of the
Janus cylinders Es and the torsional energy of the rod Et to be
the dominant contributors to the angle of twist. For an incom-
pressible neo-Hookean rod, the torsional energy is Et = GJφ2/2�,
where J = πr4/2 is the polar moment of inertia19. The capillary
torque on the Janus cylinders can be calculated by the change in
surface energy as it rotates. The surface energy is related to the
surface area Es = γiAi, where γi is surface tension associated
with the interface20. Thus, the change in the surface energy of
the cylinder associated with the change in area from rotation can
be expressed as dEs =

∑
i

[(γ2V − γ2L) − (γ1V − γ1L)]dAi, where

γ2V and γ2L are the soot-vapor and soot-liquid surface tensions re-
spectively, γ1V and γ1L are the glass-vapor and glass-liquid surface
tensions respectively, and dAi = RLdφi is the rotated surface area

Fig. 4 Twist angle data rescaled against the dimensionless group
γLR�/Gr4. The solid line denotes the model solution based on the con-
tact angles of the surfaces used in experiments θ1 = 70◦ and θ2 = 150◦.
Dotted line denotes the extent of the region that could theoretically be
achieved for Janus cylinders and is based on perfectly wetting and non-
wetting surfaces with contact angles 0◦ and 180◦.

of each Janus cylinder. With the Young-Laplace law, the surface
energy can be simplified to dEs = γRL(cos θ2 − cos θ1)dφ, with γ

denoting the surface tension of the air-water interface. Minimizing
the total energy, E =

∫
dEs +Et with respect to the twist angle φ,

the equilibrium angle of twist is found to be:

φ =
γRL�

GJ
(cos θ1 − cos θ2) =

2

π
(cos θ1 − cos θ2)

γRL�

Gr4
(1)

Note that this relation could also be obtained with a torque balance
between the cylinders subjected to equal and opposite capillary
torques T = γRL(cos θ1 − cos θ2), connected by a torsional spring
with stiffness GJ/�.

Equation (1) reveals the importance of the dimensionless group
γRL�/Gr4, which is linearly proportional to the angle of twist.
The slope of this linear relationship is controlled by the surface
angles of each Janus cylinder, through the term cos θ1 − cos θ2.
In the event that the cylinders were of uniform wettability, that is
θ1 = θ2, then the slope would be zero and, as expected, no twist
would result. Alternatively, if the cylinders were perfectly wetting
and nonwetting, that is θ1 = 0◦ and θ2 = 180◦, then the slope
would reach a maximum of 4/π. Therefore in addition to twist
angles being limited to 180◦, the angles are further restricted if
γRL�/Gr4 is less than π2/4. Based on the wettability of our Janus
cylinders, the theoretical slope is between these two extremes, as
shown by the solid line in Figure 4.

Replotting the data points shown in Figure 3 onto these dimen-
sionless axes, we find that they are consistent with our model and
follow the trend of the theoretical solid line corresponding to Equa-
tion (1). Clearly there are deviations between the theory and ex-
periments, which are not particularly surprising given the reduc-
tionist approach of our model. Yet the trend and order of magni-
tude of the results supports the notion that it is possible to twist
a compliant rod with capillary torques or, alternatively, to restrain
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the rotation of Janus cylinders with a compliant tether.

Model extension and limitation

Returning to the experimental images (Fig. 2d-f), it is clear that
some of rods are curved when the angle of twist is measured,
and it is natural to inquire whether this curvature has an effect
on these measurements. To address this question, we incorpo-
rate previous analysis on the twisting of a curved circular bar21

into our model. Specifically, both the torsional and bending en-
ergies are considered for a rod with constant curvature κ and
torque confined to a plane. This analysis yields an additional term,
{1 + [ν/(2 + 2ν)][(sin(2κ�)/(2κ�) − 1]}, that is multiplied to the
right-hand side of Equation 1. Here ν is the Poisson’s ratio of the
beam and is equal to 0.5 for PDMS22. We measure the curvature
for all of our rods when φ is recorded and find that the largest value
of κL is 0.22, which corresponds to a negligible correction of ap-
proximately 0.5%. Therefore, it appears that including bending in
our model does not reduce the spread in the data. The source of
the bending is not particularly clear. Sufficient twisting of slender
rods has been shown to cause bending deformations in the form
of helical torsional buckling23,24, yet adapting these models to our
system is non-trivial and beyond the scope of this study. Based on
observations, we suspect that majority of bending arises from im-
perfections and perturbations in the system rather than twisting.
Imperfections may also account for significant scatter in the mea-
sured angles. For example, contact angle hysteresis or errors in the
alignment of the antisymmetric patterns during fabrication could
modify the measured equilibrium twist angle.

Although we have presented a unique twist angle as a func-
tion of γRL�/Gr4, there is the potential for multiple equilib-
rium configurations if the rod were to contact the interface pre-
twisted by one or more full revolutions. If the capillary torque
was not sufficient to maintain this twist, the energy balance sug-
gests that the rod would unwind and reach the equilibrium twist
angle calculated in Equation 1. However, if the capillary torque
were able to maintain the twist, then the cylinders could rotate
to a local energy minimum. A rod pre-twisted by a multiple of
360◦ would be able to withhold twists larger 180◦ as long as
γRL�/Gr4 > nπ2/(cos θ1−cos θ2), with n denoting the number of
full revolutions, and κ� � 1. Thus only if γRL�/Gr4 > 8.2 would
we expect a full twist to be maintained for the contact angles in
the experiments.

A limitation of our model is that it assumes rotation about the
cylinder central-axis, which may not be the case if there are sig-
nificant vertical displacements. To illustrate this limitation, we
consider the case in which the Janus cylinders’ surface is non-
symmetrically hydrophobic and hydrophilic, which would corre-
spond to a difference between the hydrophobic and hydrophilic
surface areas. Quantifying the degree of non-symmetry by the frac-
tion of the hydrophobic surface area over the total surface area
of the cylinder as f , bounds f to a value between 0 (completely
hydrophilic) and 1 (completely hydrophobic), with f = 0.5 cor-
responding to the symmetric Janus cylinders used in our experi-
ments. Assuming rotations only about the central axis, the equi-
librium angle of twist could still be described by Equation 1, but

the maximum angle of twist would be confined to φ = 180◦(1 −
|2f−1|). However, if the tethering rod were sufficiently compliant,
then the cylinders would be able to rotate further since the most
energetically favorable state occurs when both hydrophobic and
hydrophilic surfaces are surrounded by their preferred fluid, re-
gardless of their relative surface areas. To achieve this equilibrium
orientation, the cylinders must be displaced vertically, causing the
interface to no longer pass through the central-axis. Rotation about
a line other than the central-axis would reduce the torques, as the
moment arm is no longer defined by the diameter of the cylin-
der 2R but rather the cord length 2R sin(πf). Yet, even with this
consideration, we believe that tethering Janus particles can inhibit
their rotational alignment with twists consistent with the capillary
torques available.

Model of compliant Janus cylinders

To further explore the coupling between capillarity and torsion,
we consider a variant geometry in which two Janus cylinders are
directly connected to form a single antisymmetric element, which
itself is compliant (Fig. 5a). When placed at a liquid interface,
the capillary torques are no longer exerted at the two ends but
rather distributed along the length creating a continuous variation
of twist in the axial direction, which we refer to as a twist profile.
For this continuous case, we find it clearer to denote the twist angle
in radians rather than degrees. Because of the antisymmetric Janus
configuration, the twist profile must also be antisymmetric about
the element’s midpoint, which is therefore a natural location to set
the origin (Fig. 5a).

Focusing on the twist in the positive x-direction (Fig. 5a), we
define the angle of twist such that φ = π/2 occurs when the sur-
face energy Es is at a minimum (Fig.1a). The wettability causes
a capillary torque T = dEs/dφ, which vanishes when φ = π/2.
However, in the event that the angle of twist were to exceed π/2,
the capillary torque will reverse direction, seeking again the most
energetically favorable state. Thus it is evident that the sign of the
capillary torque depends on the angle of twist, alternating between
a positive and negative value about the point φ = π/2. Recall-
ing the surface energy dEs for Janus cylinders discussed earlier,
it follows that the magnitude of the torque per unit length can
be expressed as t(φ) = γR(cos θ1 − cos θ2). For simplicity, we
assume perfectly wetting and non-wetting surfaces, which reduce
the torque per unit length to t(φ) = ±2γR, with t(φ = π/2) = 0.

For the positive half of the cylinder x > 0, the equilibrium twist
profile φ(x) subjected to the distributed capillary torque must sat-
isfy the following governing equation:

GJ
d2φ

dx2
+ t(φ) = 0 ; t(φ) =

⎧⎪⎪⎨
⎪⎪⎩

2γR if φ < π/2

0 if φ = π/2

−2γR if φ > π/2

(2)

Simultaneously, the cylinder must satisfy the boundary conditions
φ(0) = 0 from antisymmetry and φ′(L) = 0 from the absence of
an applied external torque, where the prime denotes the deriva-
tive with respect to x. Solving Equation (2) with these boundary
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Fig. 5 Twist profiles of an antisymmetric element consisting of two connected, compliant Janus cylinders. a Schematic of the initial configuration of the
antisymmetric element, with the origin located at its midpoint. b Twist angle as a function of the relative distance from the origin for increasing values
of the dimensionless group G =

√
GR3/γL2. c Schematics of the twist profiles for three elements with increasing values of G. d Twist angle against

the position scaled by the torsional-capillary length �T . e Twist angle multiplied by G2 as a function of the relative position from the center x/L. Note
that φ is displayed in radians for clarity.

conditions, we obtain an analytic expression for the twist profile:

φ(x > 0) =

⎧⎪⎪⎨
⎪⎪⎩

π/2 if G ≤ 2
π

and x
L
≥ π

2
G

2x
πGL

(π − x
GL

) if G ≤ 2
π

and x
L
< π

2
G

2x
πG2L

(2− x
L
) if G > 2

π

(3)

where G ≡ √
GR3/γL2 is a dimensionless parameter that relates

capillary and torsional effects. Note that the full solution also in-
cludes an equal and opposite twist profile for x < 0, following the
antisymmetric condition φ(x) = −φ(−x).

Because the governing equation for the twist profile is a quasi-
linear boundary value problem, it is not surprising that we obtain
a non-linear solution. The twist depends on the relative distance
from the center x/L, as well as the value of G, indicating the
balance between torsion and capillarity (Fig. 5b). Elements with
small values of G obtain a sharp twist profile, reaching φ = π/2

and −π/2 for all points beyond a twisted region confined around
the origin. These elements are sufficiently compliant that capillary
forces overcome their torsional resistances. For increasing values
of G, the twist spreads out over a larger portion of the element un-
til even the ends no longer fully rotate. At these larger values of G,
the element is sufficiently stiff that torsional resistance overwhelms
the capillary forces. It should be noted that although the twist pro-
file is continuous and smooth, the curvature is discontinuous such
that the slope φ′(x) has kinks at the points when φ reaches π/2

and −π/2, as well as at the origin.
Mapping the non-linear solution onto the antisymmetric element

can help visualize how the twisting profile dictates the equilibrium
configuration (Fig. 5c). Here the color differentiates the hydropho-
bic and hydrophilic surfaces, resulting in an abrupt change in color
at the origin that is unrelated to the twist. The sharp twist profile
obtained for an element with a small value of G illustrates how
most of the element fully reorients at equilibrium. The final ori-
entation of the element is reminiscent of a regular Janus cylinder,
apart from a small twisted region. The twist in that region in-
creases quadratically with x until the maximum twist of π/2 is
obtained at the point where the kinks occur in the slope. Increas-
ing the value of G lengthens the twisted region until a critical value
of G = 2/π is reached, indicating that there exists a characteristic

length describing this twisted region. This characteristic length,
the torsional-capillary length �T ≡ √

GR3/γ identifies the posi-
tion where the surface and torsional forces balance. Indeed G can
be interpreted as the torsional capillary length relative to the el-
ement length G = �T /L . For elements with values of G that
exceeds the critical value, the balance between the surface and
torsional forces occurs at a position beyond the length of the ele-
ment L, and as a result the twist is confined by the ends. Note that
the torsional-capillary length is analogous to the elasto-capillary
length �E =

√
Eh3/γ found in studies in which elastic structures

are bent via capillary forces1,6,25.
The twist profiles of the antisymmetric elements can be sepa-

rated into two regimes based on which length scale, �T or L, is
dominant. Rescaling the data from Figure 5b with the appropriate
dimensionless groups can give us an insight for the two regimes.
Plotting the twist φ against the position scaled with the torsional-
capillary length x/�T reveals that the elements with the small val-
ues of G collapse into a single curve, whereas the curves with large
values do not (Fig. 5d). If instead, the twist φ multiplied by G2

is plotted against the position relative to the length x/L, the ele-
ments with larger values of G collapse as a single curve, whereas
curves with the small values do not (Fig. 5e). Thus by separating
the solution into two regimes, the number of dimensionless pa-
rameters needed to characterize the twist profile can be reduced.

Conclusion
In summary, we have demonstrated how twist can be used to con-
trol the orientation of Janus particles at an air-water interface
when tethered in an antisymmetric fashion. If compliant Janus
cylinders are directly connected to form an antisymmetric element,
then the twist can be solved by considering a distributed torque.
For both geometries, the equilibrium configuration is dictated by
the balance of the elastic and interfacial properties of the sys-
tem and gives rise to a natural length scale, the torsional-capillary
length. The competition between elastic and interfacial properties
has been studied in many occasions involving bending of struc-
tures, and even in some cases bending coupled with twisting26.
Here we have shown how pure twisting can be achieved through
breaking rotational symmetry with variation in contact angle. Al-
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though we have focused on solid cylinders, the approach described
can also be applied to other configurations including bundles of
fibers in functionalized fabrics. Additionally, tethers or antisym-
metric elements could be designed to twist only under certain liq-
uid conditions, including those that might swell the elastomer, and
thus serve as sensing devices.
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