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We study the stripe rearrangements in microwrinkles subjected to gradual changes in the compression
direction. The spatially averaged stripe orientation follows the changing compression direction with a deviation
of 3°–4°. Meanwhile, the local stripe orientation stays constant for a certain period and a dislocation gliding
nearby causes it to jump suddenly in the direction of compression. This sequence repeatedly occurs over the
surface. The regular pattern transiently appears in the stripe orientation as a result of the organized glide
motions, indicating the interaction between dislocations.
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Stripe patterns are ubiquitous in nature �1–3�. Patterns
arrange themselves by self-organization. Interactions be-
tween components of the system give rise to spontaneous
patterns. Wrinkles on some compliant materials �e.g., elas-
tomers�, whose surface skins �layers� are harder than the
bulk, show such stripe patterns of surface undulations. The
wrinkle forms as the result of Euler buckling when the sur-
face layer is compressed �4–9�. Recently, wrinkles on
nanometer-micrometer scales have been extensively studied
experimentally �10–19� for their potential impacts on tech-
nological applications, e.g., templates for micropatterning,
optical devices, and cell culture substrates. These studies
mainly focus on the control of pattern formation and/or the
intrinsic nature of relaxation to the static states.

In general, the response of a system to a perturbation
indicates the state’s stability and nonlinearity. Thus, our re-
cent studies have focused on microwrinkles’ responses to
mechanical perturbations �20–23�. We observed reversible
ordering of random �20� and aligned �21� stripe patterns by
applying uniaxial compressive strains. For sufficiently small
strains, wrinkles behave like elastic springs and are capable
of supporting static strains. This behavior can be understood
in terms of the linear response of individual parts on
wrinkles. When the strain is sufficiently large, some local
parts of the surface suddenly deform �rebuckling�, thereby
changing the stripe orientations. This nonlinear behavior in-
volves topological rearrangements, such as the motions of
defects, in the stripe pattern from one metastable state to
another �24�. Thus, the domains of aligned stripes in the
compression direction form and grow as the strain increases.
These studies revealed the connection between topological
rearrangements of stripes and the statistical properties of
stripe orientations under gradual changes in the uniaxial
compressive strain.

Another mechanical perturbation of great interest is to
gradually change the compression direction as the degree of
compressive strain remains constant. The changes can be ex-
pressed by the clockwise �CW� or counterclockwise �CCW�
rotation of the director vector of the compression direction
with the length kept constant. In this system, it can be pre-
dicted from the previous studies that the average stripe ori-
entation follows the gradually changing compression direc-
tion. However, for the system of interest, the relationship
between the strain field change, the stripe orientation

changes, and the topological rearrangements, such as the de-
fect motions �dislocation glide�, remains unclear.

We report the first observations of stripe rearrangements
in microwrinkles under gradual changes in the compression
direction. The microwrinkles on a Pt-coated elastomer are
used; they show stripes with an average spatial wavelength
�=1.1 �m. The stripe rearrangements are observed at differ-
ent fixed values of the compressive strain. The observed pat-
terns are analyzed in terms of the stripe orientation at each
location �25� and in terms of the defect motions. The con-
nection between the organized defect motions �dislocation
glide� and the stripe rearrangement is discussed.

The sample used is a 5-mm-thick right circular cylinder
with a diameter of 10 mm. A hard skin is formed through Pt
deposition on one side, which is a flat circular surface
�20,23�. First, the sample is compressed in a vise to form an
aligned stripe pattern. The left plate of the vise is slid in the
perpendicular direction to rotate the sample with the com-
pressive strain kept constant �Fig. 1�a�� at different values: 5,
7, and 9% �26�. The motion of the left plate in the upside �or
downside� direction invokes the CW �or CCW� rotation of
the sample with respect to the compression direction that
corresponds to the x axis in Fig. 1�a�. That is, the compres-
sion direction can be gradually changed. The rotational angle
� is defined in Fig. 1�a�; it is the angle between the x axis
and the reference direction arbitrarily fixed on the sample
surface. The slow CW rotation �less than 0.1° /s� is started
from the point with �=63° to the point with �=−17°. Then,
the CCW rotation begins and � finally returns to the initial
value, �=63°. The rotation is stopped to allow the system to

FIG. 1. �Color online� �a� Schematic of the experimental setup.
The square located at the center of the sample schematically indi-
cates the area �58�58 �m2� observed. �b� Schematic for the defi-
nition of �.
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equilibrate for 30 s before each image acquisition. The data
acquired on the steady states between �=0 and 25° are ana-
lyzed in detail.

The stripe orientation � is calculated at each point in the
image �n=5122 pixels� based on the method by Egolf et al.
�25�, where � is the angle between the wave director and
the x axis, and is defined within a range from −90° to 90°
due to the C2 symmetricity �Fig. 1�b��. The average value of
� over an image of interest �58�58 �m2� is calculated by
�a= �tan−1��cos�2��� / �sin�2����� /2, where the bracket, �p�, is
the simple average over n pixels. The value of 	grad���	 is
calculated at each point �27� to count the number of disloca-
tions, Nd. The sum of 	grad���	 over n pixels is also calcu-
lated and serves as a rough index of the total number of
defects, including dislocations and phase grain boundaries
�PGBs�.

The almost-aligned stripes with �a
0° �Fig. 2�a�� appear
after the first uniaxial compression. The patterns are not per-
fect stripes but show dislocations. In contrast to the simula-
tions �8�, it is difficult to obtain perfect stripes. The inherent
imperfections, such as roughness and uneven density distri-
bution, probably prevent the defects from disappearing by
pinning them.

As the CW rotation of the sample begins, �a linearly de-
creases. The stripes barely rearrange in this initial period,
indicating that the wrinkles respond linearly to the change in
the compression direction. Although there might be a slight
�linear� deformation in this period, it is too small to be de-
tected. After a CW rotation of approximately −4° ��=60° �,
�a starts to show steady values, �a
−4°. The stripes rear-
range with � kept constant during this steady period. Then,
the CCW rotation of the sample is started at �=−17°. First,
�a linearly increases without stripe rearrangement; this be-

havior is similar to that observed in the initial period of the
CW rotation. The stripes start rearranging from �=−10° on
the CCW rotation, showing the steady state with �a
3°.
This result indicates hysteretic behavior, where different pat-
terns appear depending on the history of the change in the
compression direction �CW or CCW�. This is consistent with
the previous results that the microwrinkle pattern can have
many metastable states �20,21,23�.

The evolutions of �a during the steady states for cases
with different compressive strains are shown in Fig. 2�b�,
indicating little difference between them. The absolute val-
ues of the deviation of �a from 0° �compression direction�
are in the range of 3°–4°. However, the pattern at a low
compressive strain �5%� shows a wider distribution of � than
those at high strains �7% and 9%� �Fig. 2�c��. We find this
trend in the distribution of � at any value of �.

The distribution difference is predictable from the optical
and analyzed images during the CW rotation in Fig. 3. The
lines of stripes at low compression are more curved than
those at high compression �Figs. 3�a�–3�c��. The wide distri-
bution in � generally indicates that the stripe pattern shows
topological defects �2�. In the present system, we observe
dislocations and blurred PGBs. The latter boundary lines ap-
pear mainly in the slightly tilted direction with respect to the
x axis, showing the blurred stripes in images of � �Figs. 3�d�
and 3�e��. The relatively dense PGBs �blurred stripes� and
high contrast at low compression can be clearly seen. The
number of dislocations, Nd, and the sum of 	grad���	 are
shown in Figs. 2�d� and 2�e�, respectively. Both Nd and the
sum of 	grad���	 are larger at low compression than at high
compression. These results correlate with the difference in
the distribution in �.

Figure 4 shows the evolutions of � at a fixed location at

FIG. 2. Statistical quantities. �a� Evolution of
�a at compressive strain 9% during a whole cycle
of the CW and CCW rotations. �b� Evolutions of
�a at different strains on the steady states. �c� His-
tograms of � at different strains at �=15° on the
CW rotation. �d� and �e� Evolutions of Nd and the
sum of 	grad���	 at different compressive strains
on the steady states, respectively. The solid,
dashed, and gray lines indicate data at compres-
sive strains of 5, 7, and 9%, respectively.
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different compressive strains. The sawtooth behaviors indi-
cate that the local stripe orientation just linearly changes,
owing to the sample rotation for a certain period, and sud-
denly jumps toward the compression direction. Although we
observe sawtooth behaviors everywhere on the area of inter-
est, the phases deviate depending on the location. Thus, the
behavior is averaged out in �a. Meanwhile, please note that
all of the local stripe rearrangements in this system are
strongly related to the sudden jumps in �.

We found that the jump in � occurs when a dislocation
passes �glides� nearby at the location of interest. Figure 5
shows a typical dislocation life cycle. This is repeatedly
found everywhere in the images during the steady state on
CW rotation. A pair of dislocations carrying an opposite
charge �Burger’s vector� forms at the location that shows a
relatively large deviation in � from 0 �the compression direc-
tion�. The dislocations travel �glide� in the opposite lateral
directions, changing � toward 0. Finally, the dislocation is
annihilated by colliding with another dislocation having the
opposite charge, when the distance between the lines of their
glide trajectories is sufficiently small �
��.

Glide motions similar to those observed have been found
in the stripe patterns of the fluid system with convective rolls
�28,29�; the dislocation glide is interpreted as the selection
process of the stripe orientation. According to those previous
studies, we can predict the direction of the dislocation glide,
which is perpendicular to the vector, �q=q−qopt, where q
and qopt are the temporal and optimal wave vectors of the
stripes, respectively. We found that the prediction also holds
in the present system as follows. The vector �q normalized
by �−1 reads �cos �−1,sin ��. Assuming the deviation in
� as −4° �+4° � for the CW �CCW� rotation, �q
�−0.002,
−0.070 �+0.070��. The direction perpendicular to the vector
�q is slightly tilted �
−1.6° �+1.6° �� with respect to the x
axis �Fig. 5 �inset��; this direction is roughly consistent with
that of the observed dislocation glide. Although further study
is necessary, this result suggests that there is a common
physical-mathematical background for the stripe patterns in
the wrinkle and convective systems. Meanwhile, the result
also supports that the present defect motion is not specific to
the configuration and details of the materials, e.g., Pt and the
elastomer, which form a wrinkled surface.

Figure 4 also shows that the jump size depends on the
degree of compression. Lower compression shows a larger
deviation in � until the jump to the optimal value, 0°. This
result is consistent with the difference in the distribution of �
in Fig. 2�c�. Namely, the result is understood from the fact

FIG. 4. Evolutions of � at a fixed location on
the steady states at compressive strains of �a� 5,
�b� 7, and �c� 9% on the CW �solid lines� and
CCW �gray lines� rotations.

FIG. 3. Images obtained during the CW rotation. �a�–�c� Optical
images �27�27 �m2�. �d�–�f� Images of � calculated from �a�–�c�,
respectively. �g�–�i� Images of 	grad���	 calculated from �a�–�c�, re-
spectively. �j�–�l� Magnified optical images �9.3�9.3 �m2� show-
ing the dislocations with the schematics �insets�. The left, middle,
and right columns are images at 5, 7, and 9% strains, respectively.
Arrows indicate the periodic distance of the secondary structure.

FIG. 5. Sequential images �29�6.5 �m2� observed on the CW
rotation with a 7% strain. Formation, glide motions, and annihila-
tion of dislocations are identified. Note that the stripe orientation
jumps to the optimal direction after the dislocation passes. �Inset�
The relation between q, qopt, �q, and the direction of the glide
motion.
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that a lower compressive strain increases the possible num-
ber of system configurations.

The blurred stripe pattern in the images of � �Figs.
3�d�–3�f��, which is a secondary structure, is closely related
to the traces of the glide motion. The glides occur in the
almost-fixed direction with respect to the x axis, and at the
same time the sample is rotated. Therefore, the trace of the
single glide ideally becomes a circular arc when the glide
distance, dg, for the unit change in � is constant. However, it
is difficult to observe the arcs because of the frequent anni-
hilations of dislocation, the contrast change in the images of
� due to the sample rotation, and the large fluctuation in dg.
Nevertheless, the secondary structure indicates an important
point that the simultaneous glides of dislocations tend to oc-
cur apart from each other in the direction perpendicular to
the glide direction. That is, a dislocation disturbs the glides
of other neighboring dislocations. As the dislocation glides,
the neighboring stripe orientations as well as those on the
gliding line are also changed. The reason for this is that the
topological change usually modulates the neighbors some-
what within a characteristic distance to accommodate it. At
such neighboring locations, the strain energy stored as a re-
sult of the change in the compression direction is relaxed
somewhat. Thus, the energy to trigger the glide �as well as
the formation of dislocations� at the neighbor of a dislocation
becomes insufficient. This is probably the mechanism for the
formation of the transient secondary structure.

During steady states, the glide events occur one after an-
other at the locations with � deviated from the compression
direction. Such locations often lie between the newly formed

secondary stripes with � close to 0°. The formation of the
pair of dislocations also occurs at such locations.

The distance between the transient secondary stripes in
the � image depends on the compressive strain. Lower com-
pressive strain leads to a shorter distance. This indicates that
the correlation distance between dislocations becomes
shorter as the compressive strain decreases. This is visually
interpreted by comparing the shapes of the dislocations at
different compressive strains �Figs. 3�j�–3�l��. The disloca-
tions at high compression are elongated in the direction per-
pendicular to that of the compression. A similar difference in
the shapes of dislocations can be found in the simulation of
the convective rolls �28�. It is clear that the glide of the
elongated dislocation at high compression changes � over a
large neighboring area. Thus, the distance depends on the
compressive strain.

In summary, the stripe rearrangement under gradual
changes in the compression direction is strongly related to
the dislocation motions. The dislocations glide in specific
lateral directions one after another over the sample surface to
change the local stripe orientations back to the compression
direction. The transient secondary structure observed as a
blurred stripe pattern in the orientation image indicates the
correlation between dislocations through the strain field.
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