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1. Helicoid to Ribbon

1.1 Formation of twisted ribbons consisting of bilayers of gemini surfactants
(two surfactant molecules covalently linked at their charged head groups;
here 16-2-16 tartrate at 0.1% in water; horizontal span ∼ 10µm).
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molecules, which may be correlated with a hydrogen-bonded net-
work of tartrate ions11.

In the model we propose, orientational order of the molecules
within the membrane together with the chirality of the constituents
provide a natural explanation for the observed twisted-ribbon
shape, and can also account for the observed trends in the pitch
and width of the ribbons on variation of the enantiomeric excess. In
a membrane composed of gemini surfactants, an anisotropic fluid-
like arrangement of head groups would be analogous to nematic
order in bulk liquid crystals13.

The shape of the membrane is described by a curvature tensor Kij,
whose eigen values c1 and c2 are the principal curvatures along two
orthogonal directions in the membrane14. Including both bending
energies and the coupling of membrane shape to the assumed
nematic field13 Qij ¼ Sðninj � 1

2 dijÞ, the free energy per unit area of
membrane is given by15,16:

f ¼
1
2

kðTrKijÞ
2 þ k̄DetKij þ leijQjkKki þ

1
2

k�QijKjkKki

¼
1
2

kðc1 þ c2Þ
2 þ k̄ðc1c2Þ þ lS sinð2vÞðc1 � c2Þ

þ
1
2

k�S cosð2vÞðc1 þ c2Þðc1 � c2Þ

Here, the coupling l characterizes the degree of chirality of the
system (which should be proportional to the enantiomeric excess),
v is the angle that the molecular orientation makes with respect
to the principle curvature axes, eij is the antisymmetric tensor and k,
k̄ and k� represent the mean, gaussian and anisotropic bending
stiffness. Finally, we take into account the energy cost of the exposed
edges of the ribbons by introducing an excess free energy g per unit
length of edge. This model assumes that the degree of nematic order
S is fixed, by, for example, detailed molecular packing. Otherwise, it
represents the most general continuum model that includes the
curvature free-energy terms through quadratic order. It is thus
expected to be valid provided that the membrane curvature is not
too large (for example, on the molecular scale).

The analysis and results of this model will be described in greater
detail elsewhere. Here we summarize the most relevant results for
our experiments. First, for a given width of ribbon, the optimal
shape (obtained by minimizing the bulk free energy f with respect to
shape) for chiral systems is that of the twisted ribbon with saddle-
like curvature (specifically, c1 ¼ � c2) and the nematic director
oriented at 45� with respect to the curvature axes. For a fluid
membrane, cylindrical curvature—either as a complete tubule, or
as a helical ribbon precursor to a tubule—is not expected. In
contrast, solid-like order would strongly oppose saddle-like curva-
ture and favour cylindrical curvature, as is observed in tubule-
forming systems17.

Figure 3 TEM images of the ribbons. Shown are representative twisted ribbons

formed by 16-2-16 tartrate at 0.1% in water for various values of ðfL � fDÞ=ðfL þ fDÞ.
a, 0 (racemate); b, 0.5; c,1 (pure L);d,1 (pure L) in the presence of 1 equiv. of sodium

L-tartrate. Scale bar,100 nm.
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Figure 4 Predicted aspect ratio of twisted ribbons. Main figure, the calculated

ratio of period to width, T/W, as a function of reduced width gW=jk̄j. This is shown

for increasing values of m ¼ lS=g, which is proportional to the enantiomeric

excess. Curve a is for m ¼ 0:02; b is for m ¼ 0:2; and c is for m ¼ 2. For a given m,

only solutions lying along the corresponding line are possible. However, these

are typically non-equilibrium solutions, evolving as shown by the arrows towards

wider structures, which reduce the total edge energy. For narrow ribbons, the

twist period T � 1=m is constant. For m � 1=2 (dashed line) no equilibrium solutions

are possible, although T and W become strongly correlated: the ratio T/W

approaches a value near 1/m, even though polydisperse distributions of both W

and T are expected. For m � 1=2, the ribbons grow only until fixed, equilibrium

values of T and W (shown by the filled circle) are reached. The equilibrium

structures correspond to the upper boundary of the shaded region, within which

no stable solutions are predicted. For all but a very narrow range of m near the

critical value of 1/2, these are characterized by T/W of the order of 1. Inset,

Measured ratio T/W (points with error bars representing standard deviations of

10–20 samples for ribbons of mixtures of 16-2-16 D and L tartrate, without any salt

added. Enantiomeric excess (chirality) ranges from 0.2 to 1.0 (pure enantiomer).

The curve represents the predicted steady-state values of T/W as a function of

chirality m ¼ lS=g. The precise relationship of the enantiomeric excess to m

involves an unknown constant of proportionality, which has been chosen to fit

the data.

R. Oda, I. Huc, M. Schmutz, S.J. Candau, F.C. MacKintosh.
Tuning bilayer twist using chiral counterions. NATURE, vol. 399, 1999.
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1.2 It is observed a smooth transition from platelet to helix to ribbon (tubule in
the picture)
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rical curvature of helical ribbons. Also, in contrast with the tubule-
forming systems, we observe no evolution towards closed chiral
aggregates. The twisted ribbons may be thermodynamically stable,
as is predicted for highly chiral systems by the model described
below. Most importantly, we demonstrate that the chirality of the
microstructures can be continuously varied by mixing of counter-
ion enantiomers.

We find that the pure 16-2-16 L-tartrate consistently forms
twisted ribbons of the same handedness, whilst the D-enantiomer
forms ribbons of opposite handedness (the 16-2-16 nomenclature
is defined in Fig. 1 legend). However, these enantiomers do not
undergo a lateral phase separation into helices with opposite
chiralities when mixed in arbitrary proportions. Instead, they mix
homogeneously and form helices with a continuous variation of
twist period and width (Fig. 3). An increase of the enantiomeric
excess (e.e.) causes a decrease of the twist pitch from infinite (flat
ribbons) to 200 nm (Table 1): e.e. is defined as the relative con-
centration difference ðfL � fDÞ=ðfL þ fDÞ, from 0 (racemic) to 1
(pure L-tartrate). On increasing the enantiomeric excess, we also see
a decrease of the mean width of the ribbons from �400 nm to
40 nm, and their period and width seem to become more regular
(Table 1). On addition of the salt sodium L-tartrate, a helix of 16-2-
16 L-tartrate twists even further (Fig. 3d). The decrease of the pitch
and width eventually reaches a limit (100 nm and 20 nm, respec-
tively) at �3 equiv. of salt added, presumably as the cationic bilayers
become saturated with chiral anions (Table 1). Thus, tuning the
geometrical parameters of these helices can be performed using very
simple means.

How does the shape of the twisted ribbons arise from the
particular molecular structure of the amphiphiles? To answer
this, we examined the properties of structural variants of 16-2-16
tartrate, and came to the following conclusions.

First, the absence of twist for the malate derivative (Fig. 1), and
the properties of the gels in organic solvents11, strongly support
extensive hydrogen-bonding of tartrate counterions between con-
secutive bilayers. For simple geometric reasons, such interlayer
coordination tends to favour a saddle-like curvature over that of a
cylinder (see Fig. 2 legend).

Second, in water the twisted ribbons are stable for gemini
surfactants with hydrocarbon chains ranging from 14 to 16 carbons.
For shorter hydrocarbon chains, only micelles form for concen-
trations at least up to 40%. At 18 carbons, helical ribbons form
instead of twisted ribbons, presumably as a result of the elevated
chain melting temperature and the consequent solid phase, which
will favour a cylindrical shape.

Third, the ability of the amphiphile to form such anisotropic
aggregates (having ribbons with both long and short sides) appears
to be directly linked to its dimeric character. For instance, the
monomeric counterpart, cetyl trimethyl ammonium tartrate, fails
to form any ribbon-like structure, whilst gemini surfactants having
simple bromides as counterions form flat ribbons similar to those of
Fig. 3a (ref. 12). Furthermore, these highly anisotropic structures
strongly suggest a long-range alignment of the constituent
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Figure 1 Cationic gemini amphiphiles having chiral counterions. Shown are the

structures of ethylene-1,2-bis(dimethylalkylammonium) surfactants with various

chiral anions. The nomenclature n-2-n refers to the numberof carbonatomsof the

first hydrocarbon chain, the ethylene spacer, and the second hydrocarbon chain,

respectively.Only the tartrate derivatives form twisted ribbons, the pitch andwidth

of which decreases for shorter hydrocarbon chains. When the counterion is

L-malate, which lacks one of the hydroxy groups of tartrate, hydrogen-bonding

between the counterions is weakened and only flat bilayers are observed despite

the chirality of the components. When using gluconate or glucarate as counter-

ions, extended hydrogen bonding remains possible, but the affinity of the anions

for the surfactant head groups is decreased due to the larger distance between

the negative charges. Again, these ions do not cause a twist in the amphiphilic

bilayers.

PlateletHelix A Helix B Tubule

Figure 2 Schematic representation of helical and twisted ribbons. Top, platelet or

flat ribbon. Helical ribbons (helix A), precursors of tubules, feature inner and outer

faces. Twisted ribbons (helix B), formed by some n-2-n tartrate surfactants, have

equally curved faces and a C2 symmetry axis. Bottom, the consequences of

cylindrical and saddle-like curvatures in multilayered structures. In a stack of

cylindrical sheets, the contact area from one layer to the next varies. This is not

the case for saddle-like curvature, which is thus favoured when the layers are

coordinated.

Table 1 Properties of ribbons formed by 16-2-6 tartrate

e.e. T W T/W
(�m) (�m)

.............................................................................................................................................................................

0 � 0:40 � 0:28
0.2 5:0 � 1:5 0:12 � 0:046 43 � 5:2
0.33 2:6 � 0:9 0:11 � 0:047 26 � 7:0
0.5 1:0 � 0:5 0:06 � 0:016 17 � 4:7
1 0:2 � 0:024 0:04 � 0:006 4:8 � 0:51
1* 0:12 � 0:007 0:02 � 0:002 7:0 � 0:90
1† 0:115 � 0:01 0:02 � 0:002 5:6 � 0:86
1‡ 0:115 � 0:006 0:02 � 0:002 5:9 � 0:63
.............................................................................................................................................................................
Shown are values of enantiomeric excess (e.e., defined as ðfL � fDÞ=ðfL þ fDÞ) and the
mean values and standard deviations of ribbon period (T), width (W), and period/width
(T/W), for different proportions of L and D enantiomers of 16-2-16 tartrate. Statistics were
derived from 10–20 measurements for each sample.
* In the presence of 1 equiv. of sodium L-tartrate.
† In the presence of 3 equiv. of sodium L-tartrate.
‡ In the presence of 10 equiv. of sodium L-tartrate.

1.3 How does the shape of the twisted ribbons arise from the particular
molecular structure of the amphiphiles?
R. Oda, I. Huc, M. Schmutz, S.J. Candau, F.C. MacKintosh.
Tuning bilayer twist using chiral counterions.
NATURE, vol. 399, 1999.
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1.4 This is a long lasting story ...

W. Helfrich, J. Prost.
Intrinsic bending force in anisotropic membranes made of chiral
molecules.
Physical Review A, vol. 38, n. 6, 1998.

R. Oda, I. Huc, M. Schmutz, S.J. Candau, F.C. MacKintosh.
Tuning bilayer twist using chiral counterions.
NATURE, vol. 399, 1999.

R. Ghafouri, R. Bruinsma.
Helicoid to Spiral Ribbon Transition.
Physical Review Letters, vol. 94, 2005.

E. Efrati, E. Sharon, R.Kupferman.
Buckling transition and boundary layer in non-Euclidean plates.
Physical Review E, vol. 80, 2009.

Y. Sawaa, F. Ye, K. Urayama, T. Takigawa, V. Gimenez-Pinto, R.L.B.
Selinger, J.V. Selinger,
Shape selection of twist-nematic-elastomer ribbons.
PNAS, vol. 108, n. 16, 2011.

4 / 18



1.5 ... and here is what happens to Twist-Nematic Elastomers

where μ is the shear modulus, α the coupling constant, and δQij
the change of liquid crystal order tensor induced by external
stimuli. Given the incompressibility constraint ϵii ¼ 0 for small
deformations, this simple energy form is then good enough to
capture the main feature of the problem we study here. Note that
δQij is now defined in the body frame to ensure rotational invar-
iance (32). We further assume that when subjected to external
stimuli the change of the body-frame order tensor is mainly
caused by the order parameter change δS and that the principle
axes of the order tensor keep fixed in the body frame although
they do rotate with the film in the laboratory frame, namely, we
assume δQij ¼ δSðninj − 1

3 δijÞ, where n is the orientation of the
nematic director at Tflat, twisting from the bottom surface to
the top surface of the film. Integrating the above energy density
along the direction perpendicular to the film plane and along the
short axis of the film yields an effective 1D energy density (17) as
a function of the curvature tensor Cij,

f 1D ¼ μdw½aKK2 þ bCxy þ aXC2
xx þ aYC2

yy þ
ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p ð2C2
xy þ KÞ&;

[2]

where d and w are respectively the thickness and width of the film,
K ¼ CxxCyy − C2

xy is the Gaussian curvature, and x and y repre-
sent, respectively, the directions parallel to the long and short axis

of the film. The curvature tensor equals Cij ¼ ∂2h∕∂xi∂xj, where h
is the out-of-plane normal displacement. The linear term in Cxy is
a chiral symmetry-breaking term, inducing the film to twist; the
first term represents the in-plane stretch energy cost (33); and
the other terms are the bending energy cost. The coefficients,
which will be given in the Methods section, are determined by
three parameters: the ratio between w and d, the product of
the coupling constant α and the order parameter change δS, and
the twist angle span θS.

The theoretical results can be obtained by minimizing f 1D with
respect to Cij: for a given temperature change, narrow films form
helicoids with the curvature of their central line Cxx being zero
and the torsion of their central line Cxy determined by the equa-
tion bþ 2

ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p
Cxy þ 4aKC3

xy ¼ 0; wide films form spiral ribbons
with Cxx ¼ ½b2∕ð64aX

ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p Þ − 3aY∕ð2aK Þ&1∕2 and Cxy ¼
−b∕ð8 ffiffiffiffiffiffiffiffiffiffiffi

aXaY
p Þ. The Gaussian curvature is K ¼ −ð12

ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p
C2
xxþ

aYC2
xyÞ∕ðaKC2

xx þ aY Þ. Note that K is always negative; only in
the limit w∕d → ∞, K tends to zero and the films form perfect
spiral ribbons. (Ribbons of various curvatures are shown in
Fig. S1). The critical width wc that determines what type of ribbon
to form is given by the condition akb2 ¼ 96ðaXaY Þ3∕2. In the case
of θS ¼ π∕2, this condition simplifies to

ðwc∕dÞ2 ¼
4

3
π2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
40

3

"
ðα · δSÞ−2 þ ðα · δSÞ−1

#
1

6
þ 1

π

$%s

: [3]

To compare the theoretical predictions with the experimental
observations, we proceed to connect the product of the coupling
constant and the order parameter (αS) to temperature T. For
this purpose, we examine how much a corresponding nematic
elastomer with planar orientation extends as temperature is
lowered. It is easy to deduce from Eq. 1 that the extension along
the nematic director in this case is Λ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

3αS
q

. By fitting the
experimentally measured curve of ΛðTÞ (see Fig. S2), we obtain
αS ¼ 3.3ð1.01 − T∕TNIÞ2∕3 as the T dependence of αS.

Given the relation between T and αS, we can then determine
how Cxx, Cxy, and the critical width wc vary with temperature T.
The pitch and the diameter of the helicoids and spiral ribbons can
thus be determined accordingly. The theoretical predictions of
their change with temperature are plotted in Fig. 3C and Fig. 4C.
In Fig. 4C, the thin dashed lines represent the pitch of helicoids;
outside the thin-dashed-line region, the helicoids become spiral
ribbons whose diameter first increases rapidly and then decreases
slowly with temperature change (see Fig. S1 for an illustration of
the shape change). Fig. 5 shows how the pitch and diameter of the
ribbons vary with the width. From these figures we can find that
the theoretical results agree well with the experimental observa-

Fig. 4. Spiral ribbons formed by the wide TNE films with the thickness 35.2 μm. (A) Shape of the L-geometry ribbons: left-handed at 374 K; right-handed
at 336 K. The ribbon width is 0.76 mm. (B) Shape of the S-geometry ribbons: right-handed at 374 K; left-handed at 330 K. The ribbon width is 0.83 mm.
(C) Temperature dependence of the inverses of the helical pitch (pH) and the diameter (d), where the lines represent the theoretical predictions. The pitches
of the left- and right-handed twist are defined to be positive and negative, respectively. The inverse of the pitches is represented by the open symbols and
the inverse of the diameters by the filled symbols. The (red) circles and (blue) squares represent, respectively, the data of the L-geometry and the data of the
S-geometry. The thick (solid or dashed) lines represent the theoretical predictions for the structural parameters of spiral ribbons, and the thin dashed lines are
the theoretic prediction of the pitch inverse of helicoids.

Fig. 5. Width effect on the shape selection of the TNE ribbons with
(A) L-geometry and (B) S-geometry. The ribbon thickness is 35.2 μm. The
shape is observed at 378 K in the isotropic state. The shape transition occurs
at ca. 0.3 mm and ca. 0.5 mm for L- and S-geometries, respectively. The (red)
triangles represent the pitch inverse of the helicoids, and the open and
filled (blue) squares represent the pitch inverse and diameter inverse of
the spiral ribbons, respectively. The lines are the theoretical predictions.

6366 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1017658108 Sawa et al.

Results
Experiment. Here we focus on the shape variation of TNE films
with various widths driven by temperature change. The director in
the TNE films left-handedly rotates by 90 ° between the upper
and bottom surfaces. The twist nematic configuration was im-
printed in the elastomer matrix by the cross-linking reaction in
the presence of a nonreactive chiral dopant. This chiral imprint-
ing was demonstrated in the preparations of cholesteric liquid
crystal elastomers.(27–29) The side-chain-type TNEs were pre-
pared by photopolymerization of the achiral mesogenic monoa-
crylate (A-6OCB in Fig. 2) and 1,6-hexanediol diacylate (cross
linker) dissolved in a miscible nematic solvent with a controlled
amount of the nonreactive chiral dopant (S-811 in Fig. 2) that
induces a 90° left-handed rotation of director between the two
glass substrates. The surfaces of the glass substrates were coated
with uniaxially rubbed polyimide layer, and they were placed in
such a manner that the rubbing direction could cross with each
other. The polarized optical microscopy confirmed that the dried
elastomeric films with a thickness of 35.2 μm possessed a 90° twist
director configuration even after the removal of the chiral dopant
and nematic solvent. The long ribbon specimens were cut out
from the film sheet so that the director at the midplane is either
along the long axis or along the short axis of the ribbons (desig-
nated as L- and S-geometry, respectively, see Fig. 1). The ribbons
with various widths (ca. 0.2 ∼ 0.8 mm) were prepared, and the
length of the ribbons (5 ∼ 10 mm) was considerably longer than
the widths. We observed the shape of the ribbons immersed in a
temperature-controllable silicone oil bath by optical microscopy.
The silicone oil is a nonsolvent for the TNEs, and the ribbons
have no mechanical constraint in the oil bath.

We find that the TNE ribbons select a helicoid or spiral ribbon
depending on the width. In the narrow case, the shape is a heli-
coid with Gaussian saddle-like curvature (Fig. 3), while the shape
in the wide case is a spiral ribbon with cylindrical curvature
(Fig. 4). In both cases, the temperature (T) variation greatly
changes the structural parameters of the ribbons such as twist
pitch (pT) (of helicoids), helical pitch (pH), and diameter (d)
(of spiral ribbons), involving a reversal of handedness (Figs. 3
and 4). This shape change is thermally reversible (Fig. 3C).
The strong T effect on the ribbon shape originates from a large

change in local nematic order induced by T variation. In fact, in
the nematic phase of T < TNIðTNI ¼ 367 K is the nematic-isotro-
pic transition temperature) with T-dependent nematic order,
the structural parameters strongly depend on T, while they are
independent of T in the isotropic phase of T > TNI with no ne-
matic order (Figs. 3C and 4C). The ribbons become almost flat
at a certain temperature (Tflat) around 353 K, as shown in Fig. 3A.
It should be noted that Tflat is different from the preparation
temperature of the films (T0 ¼ 313 K). The preparation state in-
volving ca. 50wt% solvent at T0 corresponds to the initial flat
state with twist alignment, but the subsequent volume reduction
to the dry state causes a twist distortion due to a finite strain gra-
dient driven by anisotropic shrinking. In general, a finite volume
change in nematic gels results in a considerably anisotropic
shape variation (30, 31). In fact, the ribbons at the temperatures
slightly above T0 show a considerable twist (Figs. 3C and 4C),
although no structural data in the dry state at T0 was obtained
due to the glassy state: The glass transition temperature of the
dry film was ca. 50 °C.

The direction of the director at the midplane relative to the
long axis of the ribbons change the handedness of the helicoids
and spiral ribbons: At the temperatures below Tflat, the helicoids
and spiral ribbons with L-geometry are right-handed, while those
with S-geometry are left-handed (Figs. 3 and 4). In other words,
the cooling (that is, an increase in local nematic order) induces
the right- and left-handed winding in L- and S-geometries,
respectively.

The shape transition between helicoids and spiral ribbons dri-
ven by width variation is clearly observed in the high-temperature
isotropic state where the structural parameters are substantially
independent of T (Fig. 5). For both L- and S-geometries, the
shape transition occurs, but the critical width of the transition
for L-geometry (wc ≈ 0.3 mm) is smaller than that for S-geometry
(wc ≈ 0.4 mm). We also notice that the spiral ribbons with L- and
S-geometries are not symmetric, and the spiral ribbon with
L-geometry is wound a little more tightly than that with S-geo-
metry: The values of pH and d with L-geometry are slightly smal-
ler than those with S-geometry. This trend is also observed
in Fig. 4. In contrast, the helicoids with L- and S-geometries are
almost symmetric, which can be seen in Fig. 3.

Theory.We develop a theoretic model to explain the experimental
results. The two physical quantities we need are liquid crystal
order tensor Qij and nonlinear strain tensor εij ¼
1
2 ð

∂ui
∂xj

þ ∂uj
∂xi

þ ∂uk
∂xi

∂uk
∂xj
Þ, where the Einstein summation convention

on repeated indices has been assumed. x and u represent, respec-
tively, the position of a mass point before deformation and the
corresponding displacement vector induced by the deformation.
The elastic energy is assumed to take a simple form,

f ¼ μðεijεij − αεijδQijÞ; [1]

Fig. 2. Monoacrylate mesogenic monomer A-6OCB and chial dopant S-811.

Fig. 3. Helicoids formed by the narrow TNE films with the thickness 35.2 μm. (A) Shape of the L-geometry ribbons: left-handed at 370 K; almost flat at 353 K;
right-handed at 330 K. The ribbon width is 0.23 mm. (B) Shape of the S-geometry ribbons: right-handed at 378 K; left-handed at 334 K. The ribbon width is
0.22 mm. (C) Temperature dependence of the inverse of the twist pitch (pT ). The pitches of the left- and right-handed twist are defined to be positive and
negative, respectively. The open and filled symbols represent the data obtained in the cooling and heating processes, respectively; and the (red) circles and the
(blue) squares represent the data of the L-geometry and those of the S-geometry, respectively. The lines represent the theoretical predictions.

Sawa et al. PNAS ∣ April 19, 2011 ∣ vol. 108 ∣ no. 16 ∣ 6365
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2. Nematic Elastomers

2.1 Nematic elastomers exhibit large distortions of a special kind:
if the stress-free shape of a mesoscopic chunk of NE is a spherical ball when
the appended mesogens are in the disordered, isotropic phase (left), its
stress-free shape in the ordered, nematic phase is a spheroid whose polar
axis is aligned with the prevailing mesogen direction (right).

do do λ‖

d
o
λ
⊥

Isotropic phase Nematic phase
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3. Isotropic-nematic Phase Transitions
3.1 Nematic direction is represented by

N = n⊗ n , with n a unit vector, called director

3.2 Nematic distortions are then represented by the tensor

Uo = λ‖N+ λ⊥ (I−N) , λ⊥ =

√
Jo

λ‖
, Jo = det (Uo)

T/TNI

1nematic isotropic

1

λ⊥

λ‖

N

Phase diagram of a typical NE: strains versus temperature (Jo = 1).
7 / 18



4. Elastic Strain

4.1 Given a volume element dV , the elastic deformation Fe measures the
difference between its distorted image dvo = Uo dV and its actual state
dv = F dV .

dvo = Uo dVUodV

F

dv = F dV = Fe dvo

Fe = FU−1
o

this is the “further strain”

4.2 The elastic energy ϕ has to be a function of the elastic strain Ce = F>eFe:
Y. Sawaa, K. Urayama, T. Takigawa, A. DeSimone, L. Teresi, Thermally Driven
Giant Bending of Liquid Crystal Elastomer Films with Hybrid Alignment,
Macromolecules, 2010.
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5. Preparation

5.1 Specimens are prepared in the nematic & wet state, and are initially flat.
The nematic configuration is imprinted in the elastomer matrix by the
cross-linking reaction in the presence of a nonreactive dopant, and
appropriate glass substrates coated with uniaxially rubbed layer.

5.2 The specimen undergoes an anisotropic de-swelling (irreversible) and a
temperature-controlled nematic-to-isotropic phase transition (reversible)

de-swelling heating

∼ 50% volume reduction
v = vd, ϑ = ϑppreparation state

v = 1, ϑ = ϑp

isotropic state
v = vd, ϑ = ϑNI

5.3 Nematic distortions are then represented by the tensor

Uo =
λ‖(ϑ)α‖(v)

λ‖(ϑp)
N+

λ⊥(ϑ)α⊥(v)

λ⊥|(ϑp)
(I−N) .
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5.4 Nematic-isotropic transition is volume preserving, de-swelling is not:

λ‖(ϑ)λ2⊥(ϑ) = 1 , α‖(v)α2
⊥(v) = v .

5.5 Let us have a look at the resultant strains:

λ‖(ϑ, v) =
λ‖(ϑ)α‖(vd)

λ‖(ϑp)
, λ⊥(ϑ, v) =

λ⊥(ϑ)α⊥(vd)

λ⊥|(ϑp)
.

0.7

0.8

0.9

1.0

λ‖

λ⊥

prep. state

de-swelling

dry state

heating heating

flat state isotropic state
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6. Chiral

6.1 Chiral geometry: N is on horizontal planes

e1

e3

e2

ϑ(z)

ϑ = ϑ(z)

n(ϑ) = cos(ϑ) e1 + sin(ϑ) e2

N(ϑ) = n(ϑ)⊗ n(ϑ)

Uo(ϑ) = λ‖N(ϑ) + λ⊥ (I−N(ϑ))

Co(ϑ) = λ2‖N(ϑ) + λ2⊥ (I−N(ϑ))

6.2 What is the realized configuration?
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6.3 The elastic strain must accommodate non-homogeneous and non isotropic
distortions; we study two chiral geometries:

L-geom:
at midplane director ‖ axis

S-geom:
at midplane director ⊥ axis

6.4 There are two strategies: twist or bend; the transition from one shape to the
other is sharp.
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7. L- & S-Geometry
7.1 The handedness is determined by the torsion bo12:

bo12 > 0⇒ right-handed;

bo12 < 0⇒ left-handed.
bo12 =


1

2
(λ2‖ − λ

2
⊥) L-geometry;

1

2
(λ2⊥ − λ

2
‖) S-geometry.

0.7

0.8

0.9

1.0

λ‖

λ⊥

prep. state

de-swelling

dry state

heating heating

flat state isotropic state

L-geom: Right-handed L-geom: Left-handed

S-geom: Left-handed S-geom: Right-handed
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7.2 Helicoid to Ribbon

Results
Experiment. Here we focus on the shape variation of TNE films
with various widths driven by temperature change. The director in
the TNE films left-handedly rotates by 90 ° between the upper
and bottom surfaces. The twist nematic configuration was im-
printed in the elastomer matrix by the cross-linking reaction in
the presence of a nonreactive chiral dopant. This chiral imprint-
ing was demonstrated in the preparations of cholesteric liquid
crystal elastomers.(27–29) The side-chain-type TNEs were pre-
pared by photopolymerization of the achiral mesogenic monoa-
crylate (A-6OCB in Fig. 2) and 1,6-hexanediol diacylate (cross
linker) dissolved in a miscible nematic solvent with a controlled
amount of the nonreactive chiral dopant (S-811 in Fig. 2) that
induces a 90° left-handed rotation of director between the two
glass substrates. The surfaces of the glass substrates were coated
with uniaxially rubbed polyimide layer, and they were placed in
such a manner that the rubbing direction could cross with each
other. The polarized optical microscopy confirmed that the dried
elastomeric films with a thickness of 35.2 μm possessed a 90° twist
director configuration even after the removal of the chiral dopant
and nematic solvent. The long ribbon specimens were cut out
from the film sheet so that the director at the midplane is either
along the long axis or along the short axis of the ribbons (desig-
nated as L- and S-geometry, respectively, see Fig. 1). The ribbons
with various widths (ca. 0.2 ∼ 0.8 mm) were prepared, and the
length of the ribbons (5 ∼ 10 mm) was considerably longer than
the widths. We observed the shape of the ribbons immersed in a
temperature-controllable silicone oil bath by optical microscopy.
The silicone oil is a nonsolvent for the TNEs, and the ribbons
have no mechanical constraint in the oil bath.

We find that the TNE ribbons select a helicoid or spiral ribbon
depending on the width. In the narrow case, the shape is a heli-
coid with Gaussian saddle-like curvature (Fig. 3), while the shape
in the wide case is a spiral ribbon with cylindrical curvature
(Fig. 4). In both cases, the temperature (T) variation greatly
changes the structural parameters of the ribbons such as twist
pitch (pT) (of helicoids), helical pitch (pH), and diameter (d)
(of spiral ribbons), involving a reversal of handedness (Figs. 3
and 4). This shape change is thermally reversible (Fig. 3C).
The strong T effect on the ribbon shape originates from a large

change in local nematic order induced by T variation. In fact, in
the nematic phase of T < TNIðTNI ¼ 367 K is the nematic-isotro-
pic transition temperature) with T-dependent nematic order,
the structural parameters strongly depend on T, while they are
independent of T in the isotropic phase of T > TNI with no ne-
matic order (Figs. 3C and 4C). The ribbons become almost flat
at a certain temperature (Tflat) around 353 K, as shown in Fig. 3A.
It should be noted that Tflat is different from the preparation
temperature of the films (T0 ¼ 313 K). The preparation state in-
volving ca. 50wt% solvent at T0 corresponds to the initial flat
state with twist alignment, but the subsequent volume reduction
to the dry state causes a twist distortion due to a finite strain gra-
dient driven by anisotropic shrinking. In general, a finite volume
change in nematic gels results in a considerably anisotropic
shape variation (30, 31). In fact, the ribbons at the temperatures
slightly above T0 show a considerable twist (Figs. 3C and 4C),
although no structural data in the dry state at T0 was obtained
due to the glassy state: The glass transition temperature of the
dry film was ca. 50 °C.

The direction of the director at the midplane relative to the
long axis of the ribbons change the handedness of the helicoids
and spiral ribbons: At the temperatures below Tflat, the helicoids
and spiral ribbons with L-geometry are right-handed, while those
with S-geometry are left-handed (Figs. 3 and 4). In other words,
the cooling (that is, an increase in local nematic order) induces
the right- and left-handed winding in L- and S-geometries,
respectively.

The shape transition between helicoids and spiral ribbons dri-
ven by width variation is clearly observed in the high-temperature
isotropic state where the structural parameters are substantially
independent of T (Fig. 5). For both L- and S-geometries, the
shape transition occurs, but the critical width of the transition
for L-geometry (wc ≈ 0.3 mm) is smaller than that for S-geometry
(wc ≈ 0.4 mm). We also notice that the spiral ribbons with L- and
S-geometries are not symmetric, and the spiral ribbon with
L-geometry is wound a little more tightly than that with S-geo-
metry: The values of pH and d with L-geometry are slightly smal-
ler than those with S-geometry. This trend is also observed
in Fig. 4. In contrast, the helicoids with L- and S-geometries are
almost symmetric, which can be seen in Fig. 3.

Theory.We develop a theoretic model to explain the experimental
results. The two physical quantities we need are liquid crystal
order tensor Qij and nonlinear strain tensor εij ¼
1
2 ð

∂ui
∂xj

þ ∂uj
∂xi

þ ∂uk
∂xi

∂uk
∂xj
Þ, where the Einstein summation convention

on repeated indices has been assumed. x and u represent, respec-
tively, the position of a mass point before deformation and the
corresponding displacement vector induced by the deformation.
The elastic energy is assumed to take a simple form,

f ¼ μðεijεij − αεijδQijÞ; [1]

Fig. 2. Monoacrylate mesogenic monomer A-6OCB and chial dopant S-811.

Fig. 3. Helicoids formed by the narrow TNE films with the thickness 35.2 μm. (A) Shape of the L-geometry ribbons: left-handed at 370 K; almost flat at 353 K;
right-handed at 330 K. The ribbon width is 0.23 mm. (B) Shape of the S-geometry ribbons: right-handed at 378 K; left-handed at 334 K. The ribbon width is
0.22 mm. (C) Temperature dependence of the inverse of the twist pitch (pT ). The pitches of the left- and right-handed twist are defined to be positive and
negative, respectively. The open and filled symbols represent the data obtained in the cooling and heating processes, respectively; and the (red) circles and the
(blue) squares represent the data of the L-geometry and those of the S-geometry, respectively. The lines represent the theoretical predictions.
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where μ is the shear modulus, α the coupling constant, and δQij
the change of liquid crystal order tensor induced by external
stimuli. Given the incompressibility constraint ϵii ¼ 0 for small
deformations, this simple energy form is then good enough to
capture the main feature of the problem we study here. Note that
δQij is now defined in the body frame to ensure rotational invar-
iance (32). We further assume that when subjected to external
stimuli the change of the body-frame order tensor is mainly
caused by the order parameter change δS and that the principle
axes of the order tensor keep fixed in the body frame although
they do rotate with the film in the laboratory frame, namely, we
assume δQij ¼ δSðninj − 1

3 δijÞ, where n is the orientation of the
nematic director at Tflat, twisting from the bottom surface to
the top surface of the film. Integrating the above energy density
along the direction perpendicular to the film plane and along the
short axis of the film yields an effective 1D energy density (17) as
a function of the curvature tensor Cij,

f 1D ¼ μdw½aKK2 þ bCxy þ aXC2
xx þ aYC2

yy þ
ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p ð2C2
xy þ KÞ&;

[2]

where d and w are respectively the thickness and width of the film,
K ¼ CxxCyy − C2

xy is the Gaussian curvature, and x and y repre-
sent, respectively, the directions parallel to the long and short axis

of the film. The curvature tensor equals Cij ¼ ∂2h∕∂xi∂xj, where h
is the out-of-plane normal displacement. The linear term in Cxy is
a chiral symmetry-breaking term, inducing the film to twist; the
first term represents the in-plane stretch energy cost (33); and
the other terms are the bending energy cost. The coefficients,
which will be given in the Methods section, are determined by
three parameters: the ratio between w and d, the product of
the coupling constant α and the order parameter change δS, and
the twist angle span θS.

The theoretical results can be obtained by minimizing f 1D with
respect to Cij: for a given temperature change, narrow films form
helicoids with the curvature of their central line Cxx being zero
and the torsion of their central line Cxy determined by the equa-
tion bþ 2

ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p
Cxy þ 4aKC3

xy ¼ 0; wide films form spiral ribbons
with Cxx ¼ ½b2∕ð64aX

ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p Þ − 3aY∕ð2aK Þ&1∕2 and Cxy ¼
−b∕ð8 ffiffiffiffiffiffiffiffiffiffiffi

aXaY
p Þ. The Gaussian curvature is K ¼ −ð12

ffiffiffiffiffiffiffiffiffiffiffi
aXaY

p
C2
xxþ

aYC2
xyÞ∕ðaKC2

xx þ aY Þ. Note that K is always negative; only in
the limit w∕d → ∞, K tends to zero and the films form perfect
spiral ribbons. (Ribbons of various curvatures are shown in
Fig. S1). The critical width wc that determines what type of ribbon
to form is given by the condition akb2 ¼ 96ðaXaY Þ3∕2. In the case
of θS ¼ π∕2, this condition simplifies to

ðwc∕dÞ2 ¼
4

3
π2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
40

3

"
ðα · δSÞ−2 þ ðα · δSÞ−1

#
1

6
þ 1

π

$%s

: [3]

To compare the theoretical predictions with the experimental
observations, we proceed to connect the product of the coupling
constant and the order parameter (αS) to temperature T. For
this purpose, we examine how much a corresponding nematic
elastomer with planar orientation extends as temperature is
lowered. It is easy to deduce from Eq. 1 that the extension along
the nematic director in this case is Λ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

3αS
q

. By fitting the
experimentally measured curve of ΛðTÞ (see Fig. S2), we obtain
αS ¼ 3.3ð1.01 − T∕TNIÞ2∕3 as the T dependence of αS.

Given the relation between T and αS, we can then determine
how Cxx, Cxy, and the critical width wc vary with temperature T.
The pitch and the diameter of the helicoids and spiral ribbons can
thus be determined accordingly. The theoretical predictions of
their change with temperature are plotted in Fig. 3C and Fig. 4C.
In Fig. 4C, the thin dashed lines represent the pitch of helicoids;
outside the thin-dashed-line region, the helicoids become spiral
ribbons whose diameter first increases rapidly and then decreases
slowly with temperature change (see Fig. S1 for an illustration of
the shape change). Fig. 5 shows how the pitch and diameter of the
ribbons vary with the width. From these figures we can find that
the theoretical results agree well with the experimental observa-

Fig. 4. Spiral ribbons formed by the wide TNE films with the thickness 35.2 μm. (A) Shape of the L-geometry ribbons: left-handed at 374 K; right-handed
at 336 K. The ribbon width is 0.76 mm. (B) Shape of the S-geometry ribbons: right-handed at 374 K; left-handed at 330 K. The ribbon width is 0.83 mm.
(C) Temperature dependence of the inverses of the helical pitch (pH) and the diameter (d), where the lines represent the theoretical predictions. The pitches
of the left- and right-handed twist are defined to be positive and negative, respectively. The inverse of the pitches is represented by the open symbols and
the inverse of the diameters by the filled symbols. The (red) circles and (blue) squares represent, respectively, the data of the L-geometry and the data of the
S-geometry. The thick (solid or dashed) lines represent the theoretical predictions for the structural parameters of spiral ribbons, and the thin dashed lines are
the theoretic prediction of the pitch inverse of helicoids.

Fig. 5. Width effect on the shape selection of the TNE ribbons with
(A) L-geometry and (B) S-geometry. The ribbon thickness is 35.2 μm. The
shape is observed at 378 K in the isotropic state. The shape transition occurs
at ca. 0.3 mm and ca. 0.5 mm for L- and S-geometries, respectively. The (red)
triangles represent the pitch inverse of the helicoids, and the open and
filled (blue) squares represent the pitch inverse and diameter inverse of
the spiral ribbons, respectively. The lines are the theoretical predictions.

6366 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1017658108 Sawa et al.

⇓ buckling

⇓ smooth transition

Y. Sawaa, F. Ye, K. Urayama, T. Takigawa, V. Gimenez-Pinto, R.L.B. Selinger, J.V.
Selinger, Shape selection of twist-nematic-elastomer ribbons, PNAS, 2011.
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8. Shape Formation
8.1 Shape transition is dependent on the the ratio:

torsional stiffness
bending stiffness

∝
width
height
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9. Shape Transition
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9.1 Narrow VS Wide bars

0.7

0.8

0.9

1.0 Helicoid Helicoid

Narrow

λ‖

λ⊥

de-swelling

dry state

heating heating

flat state isotropic state

0.7

0.8

0.9

1.0 Ribbon Ribbon

Helicoid Helicoid

Wide

λ‖

λ⊥

de-swelling

dry state

heating heating

flat state isotropic state

17 / 18



Acknowledgements
Kenji Urayama, Department of Materials Chemistry, Kyoto University,
Japan, for having introduced me into the phenomenology of NEs, for many
helpful discussions on the topic, and for sharing key experimental data.

Mathematics and Mechanics of Biological Assemblies and Soft
Tissues, research grant sponsored by Italian Minister of University and
Research, Italy.

Outstanding Paper Award by Japanese Society of Liquid Crystals

Y. Sawaa, K. Urayama, T. Takigawa, A. DeSimone, L. Teresi,
Thermally Driven Giant Bending of Liquid Crystal Elastomer
Films with Hybrid Alignment, Macromolecules, 2010.

18 / 18




