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Kirigami patterned materials have found several applications in recent years due to their ability to assume
complicated shapes and exhibit emergent physical properties when exposed to external forces. Consisting of
an array of cuts in a thin material, fabrication of these patterns can be quite simple. Here we show that when
they are placed in fluid flow, kirigami cut sheets with various patterns produce a variety of flow patterns in
the wake. Through several sets of experiments, we show that kirigami sheets placed in flow can undergo static
or dynamic flow-induced instabilities as a result of which they can buckle or undergo limit cycle oscillations,
or they can remain stable while undergoing very large elongations. These structural responses produce several
different types of fluid patterns in the wake. We show that vortices both at small scales (scales comparable
with the size of the individual kirigami cuts) and large scale (scales comparable with the size of the sheet) are
formed in the wake of kirigami sheets. We also show that jets of different sizes can be formed and directed
passively using kirigami sheets. These results show the potential of kirigami sheets for passive flow control.

1. Introduction

Kirigami has recently received a lot of attention in several differ-
ent fields of science and engineering including structural mechanics,
robotics, and material science [1-11]. This is due to the incredible
ability of kirigami sheets to produce a myriad of complicated three-
dimensional shapes through cutting certain patterns on an initially two-
dimensional sheet and applying external forces on the sheet [12-15].
Despite the very large existing literature on the behavior of kirigami
sheets in several different fields, their behavior in fluid flow is largely
unexplored. Kirigami sheets in flow have wide-ranging potential appli-
cations in flow control.

Kirigami designs consist of a pattern of slits, or a combination of
slits and creases, which makes them different from origami designs that
are solely based on creases. The ease of production and deployment
(which is often done simply by applying external tension on a 2D
sheet) has resulted in several recent applications for kirigami sheets in
“structural mechanics, materials, optics, electronics, robotics, and bio-
engineering” [16]. This recent review article covers tens of references
for kirigami applications, which we do not repeat here. Despite this
extensive use in other fields, kirigami designs have not been used for
fluid mechanic applications, except for a very limited number of studies
as we will discuss later.

The kirigami designs are either cut-only or cut-and-fold kirigami
patterns. The cut-only patterns are categorized into three general
groups of (i) ribbon-cut kirigami, (ii) closed-loop kirigami, and (iii)
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fractal-cut kirigami [16]. Samples of these categories together with the
parameters that define them are shown in Fig. 1. All these kirigami cuts
can achieve very large strains—by far more than the strain that could
have been achieved by the original uncut sheet. An early proposed
application of ribbon cut kirigami patterns was to improve the ductility
of graphene [1,17], and later on for several other applications in
shape memory alloys, metallic glasses and carbon nanotubes [18-20].
When a kirigami sheet with parallel cut patterns is stretched, the sheet
displacement changes nonlinearly with increasing external tension [21—
23]. Initially the sheet has a relatively high stiffness because as the
slits begin to expand, a bending moment is created perpendicular to
the sheet’s surface, and the individual strips have a higher moment of
inertia in this direction. As the displacement of the sheet increases, the
strips begin to rotate out of plane, bringing the local orientation of the
sheet surface closer to parallel with the bending moment created by the
opening slits. In this orientation, the moment of inertia is significantly
less, due to the large strip-width to sheet-thickness ratio, and the
effective stiffness of the sheet decreases. Then, as the displacement
is further increased, the slits approach the limit of how far they can
open, and the stiffness of the sheet begins to increase. The closed-loop
kirigami patterns were recently investigated for nano-scale materials
applications [15,24]. The main characteristic of these designs is that
the parts of the sheet within a closed loop pattern influence each other
when they are under tension, and the final 3D shape depends both
on the cuts and the geometric topology and stress equilibrium of the
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Fig. 1. In this work, we investigate how a sheet with kirigami patterns behaves in flow and how it influences the fluid flow. We use kirigami designs with patterns that have
been previously used for other applications, i.e., ribbon cut, closed-loop cut, and fractal cut patterns (in order from top to bottom). For the ribbon cut, H; = 154 mm, d, =7 mm,
d, =56 mm, L, =42 mm, and the number of cuts are N, =3 and N, = 15. For the closed-loop cut, H, =216 mm, dy = 9.5 mm, d, = 6.4, L, is dependent on the radius at that
cut, and the number of cuts are N, =6 and N, = 16. For the level-1 fractal cut, H; = 152 mm, S, =76 mm, S, = 76 mm, d, , = 13 mm, and the number of cuts are N, =2, and
N, =2. For the level-2 fractal cut, H, = 152 mm, S, = 38 mm, S, =38 mm, d,, = 6.4 mm, and the number of cuts are N, =4 and N, = 4.

closed-loop [16]. The fractal cut kirigami patterns are used mainly to
create rotating units within the sheet when external tension is applied.
In fractal cuts, the same cut pattern is repeated for each unit, resulting
in cuts with finer details and larger strains as the levels are increased.
Strains up to %62 [25] are reported for square fractal cuts (shown in
Fig. 1) and much higher values of %156 [26] for rectangular fractal
cuts.

In some recent studies, kirigami patterns have been deployed in
fluid flow, but in contexts different from what we discuss here. In one of
these studies [27], an airfoil was covered with a kirigami “skin”, which
was then tensioned externally, creating a three-dimensional geometry
that increased drag, enabled yaw control, and delayed aerodynamic
stall. In another study [28], a rigid three-dimensional kirigami-based
geometry was used to control the wind flow and form counter-rotating
vortices such that droplets could be ejected from the incoming fog
clusters. In both of these studies, the kirigami design was actuated
through an external force to influence the flow, and it was not actuated
due to the flow forces. In a recent study, Marzin et al. [29] investigated
how a sheet with a simple kirigami pattern (ribbon cuts) reacts to
the incoming flow, by quantifying the sheet’s static deflection versus
increasing flow velocity. They showed that the sheet’s deflection can
be controlled by changing the number and size of the cuts. They also
showed that both the shape of the pore and the slit arrangement
influence the elasticity of the kirigami sheet, which in turn influences
the amount of the sheet deflection. Note that while the kirigami sheet in
their case was placed in water flow, the main focus was on the elasticity
of the structure and not the flow behavior as a result of its interaction
with the flow. Additionally, the flow was allowed to pass around the
sides of the kirigami sheet in this case, and not forced through the
pattern.

The flow forces that act on the bent kirigami sheet will have two
components, in the normal, Fy, and tangential, F, directions of the

local curvature of the sheet [29]:
1
Fyyr=30Cy /() H (a(e)Um)?, )]

where Cy /r are the flow force coefficients in those directions, p is the
density of the fluid, H is a characteristic length of the sheet, U is the
incoming flow velocity, n represents the normal direction, a is a factor
to consider the blockage effect (the sheet sees a flow velocity of aU),
and e is the elongation of the sheet. It is expected that the flow forces
that act on a kirigami sheet change with the elongation of the sheet.
An essential point that should be considered here is that, similar to any
other Fluid-Structure Interaction (FSI) problem, ¢ does not necessarily
stay constant when the flow acts on a kirigami sheet. In fact in this
particular problem, even if the elongation stays constant, flow forces
do not, due to the interactions between the flow that goes through
the cuts and the structure around it at a small scale, as well as the
interactions between the flow in the wake of the structure with the
deployed sheet at the large scale of the sheet. The flow forces that act
on the sheet at the cut scale are proportional to the size of the cuts and
use a characteristic length scale of H = H, (cut scale) in Eq. (1), and
together, they produce forces that scale with H = H_ (sheet scale) that
influence the overall morphing of the sheet.

Here, we focus on how the fluid flow is affected by kirigami sheets
that are placed perpendicular to the flow direction. The question is
how the slits that are cut in different kirigami patterns affect the wake
of the sheet when the sheet is placed in a uniform cross flow. In
our experiments, we block the incoming flow with an initially two-
dimensional kirigami sheet such that the fluid has no other path except
through the kirigami patterns. The goal is to exhibit the ability of
relatively simple kirigami patterns to produce a variety of complicated
flow patterns in the wake of the sheet. We consider three distinct types
of kirigami designs: ribbon cuts, closed cuts and fractal cuts.



A.G. Carleton and Y. Modarres-Sadeghi

a b
@), , (b)
0.4
—~0.4 .
& &
=02 &, 02
0 0
0 005 01 015 0 0.0 0.1

.05
0 (m) 0 (m)

Extreme Mechanics Letters 71 (2024) 102198

(©) (d
5 2
Ry ~

0
0.015 0 0.005 0.01 0.015
0 (m)

0
0 0.005 0.01
0 (m)

Fig. 2. Force versus displacement plots for the (a) ribbon cut, (b) closed-loop cut, (c) level-1, and (d) level-2 fractal cuts. Measured values are shown in black, and linear trend
lines from which the stiffness of each pattern, K, is calculated are shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
2. Experimental setup

The sample kirigami patterns were designed with CAD software and
then cut out of 0.1 mm thick polyester film. This material has a tensile
strength of 190 MPa and a flexural modulus of 4.8 GPa. These cut sheets
were then clamped around their perimeter to a reducing nozzle fixture
that was placed in the test section of a re-circulating water tunnel
with a test-section of 50 cm x 38 cm X 127 cm, with a uniform flow
profile [30]. The turbulence intensity, defined as TI = ' /U, where U is
the mean flow velocity and «’ is the standard deviation of flow velocity,
is calculated to be around 1% or less directly upstream of the sheet. The
maximum flow velocity tested here was U,,,, = 13 cm/s for all cases. A
Phantom Miro M110 high speed camera (1280 x 800 pixels operating
at 100 fps) was used to record the response of the structure. The high
contrast of the recordings allowed algorithmic edge detection of the
kirigami sheet. We used an in-house image analyzing code that batch
processes images with morphological tools and can generate time-series
data for the points along the trailing edge of the kirigami sheet. These
data were used to determine the characteristic deployment shape and
magnitude of each pattern as a function of flow velocity and time when
oscillations occurred.

Flow visualization was conducted using the Bubble Image Velocime-
try (BIV) technique that we have extensively used in the past for wake
visualization in other systems [30-32]. In this method, a 50 pm stainless
steel wire was mounted at the midplane of the test section, crossing
5 cm upstream from the kirigami sheet. A 100 volt, 2 amp power supply
connected the stainless steel wire to carbon plates below the wire, and
the voltage potential between the stainless steel and carbon created a
stream of hydrogen bubbles of similar scale to the wire diameter via
hydrolysis. These bubbles were small enough that the buoyancy forces
were negligible compared to the drag forces and the bubbles therefore
followed the local flow velocity. The bubble field was illuminated
by two light-emitting diode (LED) lighting banks for imaging by the
Phantom camera. Additionally, we generated tight fitting masking files
from the tracked data to improve the details observable in the BIV
analysis. The wake was quantified using PIVlab, a MATLAB toolbox
for performing particle image velocimetry [33]. The bubbles were used
as the tracer particles, and a velocity vector field, u, was generated
that represented the local flow velocities by implementing a cross-
correlation algorithm on successive image pairs. We then calculated the
vorticity vector field using this velocity field by taking the curl of the
velocity field as @ = V x u. This vorticity field is plotted in the wake
visualization figures that will follow.

We use the Cauchy number, defined as C, = pU 2H,/K, where p is
the density of fluid, U is the free stream flow velocity, H; is the height
of the kirigami pattern, and K is the stiffness of the pattern, as the inde-
pendent variable in presenting the results. The Cauchy number relates
fluid properties to the structural properties. To measure the stiffness
value of each kirigami pattern, test samples of the ribbon-cut and fractal
patterns were mounted in an Instron 34SC-5 Universal Testing Machine
with an Instron model 2519-103 100N force transducer and loaded at
rates of 1 mm/s and 0.2 mm/s, respectively. The ribbon-cut pattern
was stretched along the plane of the material and perpendicular to the

orientation of the cuts, and the fractal patterns were stretched diago-
nally, as these directions provide the maximum extension of the sheet.
The closed-loop pattern can only extend perpendicular to the sheet
surface and was not suitable for testing on the Instron machine due
to geometric constraints. Instead, the closed-loop pattern was mounted
in the reducing nozzle and loaded using an ATI Nano-17 6-axis force
sensor and the displacement was tracked optically using the Phantom
camera. The camera and force sensor were synchronized using Simulink
Desktop Real Time. All four patterns exhibited a linear relation between
stress and strain for the majority range of the extensions observed in
the water tunnel experiments, and K was calculated in these regions
using a linear fit. Fig. 2 shows the force versus displacement plots for
each of the four patterns, with the linear fit line shown in red. The
stiffness values were found to be K = 2.61 N/m for the ribbon cut
pattern, K = 3.44 N/m for the closed-loop pattern, and K = 86.8 N/m
and K = 83.3 N/m respectively, for the level-1 and level-2 fractal cuts.

3. Results

We consider three kirigami designs from distinctly different patterns
that have been used in other applications [16]. These patterns are
shown in Fig. 3. The first two columns from the left ((a) and (b))
correspond to a ribbon cut (or parallel cut) pattern. Once a sheet is cut
with this pattern, the resulting strips can be manually biased sideways
(a) or toward the center (b). The third column (c) corresponds to a
closed-loop cut kirigami pattern, where a symmetric pattern evolves
around its center and the cuts stay within closed loops. The last two
columns, (d) and (e), correspond to fractal cut kirigami patterns, in
which a cut pattern is used for level-1 (d) and is scaled and repeated
in level-2 (e).

3.1. Multi-scale vortex shedding and flow-induced vibrations of ribbon-cut
kirigami sheets

A strategy to enhance mixing in fluid flow is to increase turbulence
and generate flow unsteadiness, which is achieved by forming vortices
in an incoming uniform flow [34]. Here, we show how vortices at
multiple scales (i.e., the scale of the cuts, H,, as well as the scale of the
sheet, H,) can be produced by using sheets with ribbon-cut kirigami
patterns. Fig. 3(a) and (b) correspond to the behavior of a ribbon-cut
kirigami pattern, when placed in a fluid flow. In this type of pattern,
an array of parallel slits that are offset from each other are cut in the
sheet so that they create an expanded mesh shape when deployed. As
each slit expands, the strips of the sheet on either side of it bend and
rotate, and act as small-scale fins. When placed in flow, these small
fins interact with the fluid that goes through the slits, and as a result of
this interaction forces from the fluid act on the strips. These forces that
act at the scale of strips (and scale as H, in Eq. (1)), then collectively
generate relatively large fluid forces (that scale as H,) on the sheet,
which cause the response of the sheet at large scale. As we will see
later, the large-scale response of the sheet then results in changes in
the relative orientation of the strips with respect to the incoming flow,
and changes the small-scale flow forces that act on the strips, which in
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Fig. 3. Snapshots of kirigami patterns deployed in fluid flow. Upper row is a view from downstream (flow comes out of the plane); the middle row is a side view (flow is from
left to right), and the lower row corresponds to the observed wake along a horizontal plane at the midsection of the sheet. The first two cases, (a) and (b), are ribbon cuts, (a)
when the strips are all biased to one side and (b) when the strips are biased symmetrically toward the center of the sheet. The third case (c) is a closed-loop kirigami pattern.
Cases (d) and (e) correspond to fractal kirigami cuts with square units at level-1 (d) and level-2 (e). The snapshot of the middle row for case (b) is a long exposure to illustrate
the oscillatory response of that case. The colorbar in the lower row corresponds to the normalized vorticity. The maximum vorticity and the corresponding Cauchy number in
each case are (a) £117 1/s, C, = 0.46, (b) £60 1/s, C, = 0.41, (c) +82 1/s, C, = 0.50, (d) +54 1/s, C, = 0.014, and (e) +73 1/s, C, = 0.0074. Videos of the kirigami responses as the
flow velocity is increased for all five cases are provided as supplementary materials. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

(a)

Fig. 4. Tracked displacements of the outer edge of the kirigami sheet (x* = x/H,, and y* = y/H,, where x is the displacement in the direction of flow, y is perpendicular to the
flow, and H, is the characteristic sheet scale) versus the Cauchy number, C,. (a) A ribbon-cut pattern when the strips are biased in one direction, (b) a ribbon-cut pattern when
the strips are biased toward the center, (c) a closed-loop pattern, (d) a level-1 fractal pattern, and (e) a level-2 fractal pattern. Displacements in the x* direction are exaggerated
for better visibility of the details. For the symmetrically biased ribbon cut shown in column (b), the oscillations are demonstrated by showing the outline of the sheet at both

cross flow maxima.

turn change the total force acting on the structure, thereby constituting
a multi-scale FSI system.

Once the slits are cut in a ribbon cut kirigami pattern, and before
placing them in fluid flow, the orientations of the strips can be biased
manually to impose a desired response on the large sheet. Here, we
consider two configurations for the biased strips: first, we bias all strips
in the same direction to produce an inherently asymmetric structure
(Fig. 3(a)), and then we bias them such that the strips on the two sides
of the sheet are rotated toward the center of the sheet, which results in
an inherently symmetric structure (Fig. 3(b)).

At the instant shown in the snapshot of Fig. 3(a) (for an asymmet-
rically biased sheet), the sheet is bent sideways as was also observed
before for such kirigami patterns [29]. This large-scale (H,) deflection
of the sheet has resulted in the formation of small-scale (H,) openings

and small-scale (H,) fins in between these openings. Each small-scale
fin then acts as a “bluff” body (as opposed to a streamlined body that
would disturb the incoming flow minimally) that is placed in fluid flow,
and it is expected that vortices are formed around such bodies. This
vortex shedding is indeed observed through the BIV calculations of
vorticity in the wake of the structure in the lowest panel of Fig. 3(a),
where blue corresponds to vortices that rotate in the clockwise di-
rection and red to the vortices that rotate in the counterclockwise
direction. The blue vortices are shed from the top of each small-scale
fin and the red ones from the bottom. The size of these vortices scales
with H,, and since there are several small-scale fins in the side of the
structure from which the vortices are shed (6 in the case shown in the
figure), several (6 in this case) sets of these vortices are observed in
the wake in parallel. These shed vortices cause a dramatic increase
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in turbulence downstream of the kirigami sheet, with the turbulence
intensity increasing from 1% or less upstream of the sheet to 28% or
more in the region of flow exiting the sheet, depending on the incoming
flow velocity and specific cut parameters used. Turbulence intensity
values were calculated from the BIV results, following the method used
by Gomes-Fernandes et al. [35], and the values obtained for flow in the
wake of the sheet are on par with the higher end of traditional grid-
induced turbulence that is previously observed [36]. Unlike standard
methods of inducing grid turbulence, however, kirigami sheet induced
turbulence varies with flow velocity, due to the decreased blockage
ratio that occurs as the sheet expands. Changes in this value have a
significant effect on the downstream turbulence intensity [37], and
therefore kirigami patterns could potentially be designed such that the
downstream turbulence follows a desired trend with respect to the
incoming flow velocity.

The orientation that the shed vortices travel downstream is dictated
by the orientation of the deflected sheet, which is dictated by the
flow forces at the sheet scale, H,. The progression of the large-scale
deflection of the sheet as the flow velocity is increased is shown in
Fig. 4(a). The sheet’s deflection increases with increasing flow velocity,
since flow forces that act on the structure increase as U? (Eq. (1)). The
flow veloicty is reflected in the Cuachy number. For small values of flow
velocity, the sheet expands nearly symmetrically in the direction of the
incoming flow (Fig. 4(a)), since the flow forces that act tangentially
on the strips (F;) are small at low flow velocities and cannot exert
the necessary force on the sheet in that direction to impose large-scale
asymmetry. Note that these forces scale with H, and at small values
of U, their magnitude remains small. As higher flow velocities (larger
U), the tangential forces, Fy, that act on the strips increase and since
the strips in this case are biased in one direction, collectively, impose a
large sideways force on the structure, which then imposes a noticeable
asymmetry on the structure. The bending of the sheet increases with
increasing flow velocity, which implies that the orientation of where
the shed vortices travel downstream also changes with increasing flow
velocity. The sheet stays static for the entire range of flow velocities
tested here. The stiffness of these sheets changes if the number and size
of the slits are changed [29], which would mean a different direction
for the shed vortices in the wake. It is also clear from the visualization
results of Fig. 3(a) that a change in the number of slits would change
the number of vortices that are shed in the wake.

In the snapshots of Fig. 3(b) (for a symmetrically biased sheet), the
sheet undergoes limit cycle oscillations. When oscillations are observed,
the flow pattern in the wake of the structure is entirely different from
that in the wake of a static structure (compare Fig. 3(a) and (b)).
Instead of small-scale (H,) shedding patterns observed in the wake of a
static sheet, when the sheet oscillates, large-scale (H,) vortices are shed
at a frequency equal to the sheet’s oscillation frequency. The fluid flow
that approaches the sheet goes through the slits and small-scale vortices
are formed during each half-cycle of oscillations, similar to the pattern
observed in Fig. 3(a). However, in this case, when the sheet stops at
the end of each half cycle of its oscillations, the small-scale vortices
are released simultaneously and form the large-scale vortices observed
in Fig. 3(b). Initially the sheet elongates statically in the direction of
flow, and at a critical flow velocity, it develops limit cycle oscillations.
This transition to oscillations is marked by the appearance of two peaks
in Fig. 4(b) that correspond to the two extreme positions of the sheet
during its oscillations. A summary of the sheet’s response in this case
is given in Fig. 5 by plotting the normalized displacements of the tip
of the sheet in the direction of flow, x* = x/H,, and perpendicular to
that, y* = y/H,, and in the form of its tip trajectory. It is clear that
the sheet initially expands symmetrically in the direction of flow, x*.
Then oscillations start at a Cauchy number of C, ~ 0.24. Once the
oscillations start, the tip of the sheet initially follows a figure-eight
trajectory, suggesting a 2:1 ratio between oscillation frequencies in
the x and y directions. The figure-eight trajectories grow in their size
initially, reaching a maximum that is clearly visible in the y* plot, and
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Fig. 5. The tip displacements of the kirigami sheet with ribbon-cut pattern and strips
biased symmetrically toward the center (Fig. 3(b)). These are normalized displacements
in the direction of flow, x* = x/H,, and perpendicular to that, y* = y/H,, as well
as the observed trajectory of the tip versus the Cauchy number. The sheet elongates
symmetrically for low flow velocities. Then at C, ~ 0.24, it undergoes a dynamic
instability, which leads to limit cycle oscillations of the sheet. The tip trajectories when
limit cycle oscillations start follow a figure-eight pattern initially, and then a teardrop
pattern at higher flow velocities. The red and blue lines show the bounds of motion
in the x and y directions, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

then decrease in magnitude as the mean displacement of the sheet in
the direction of flow increases. At higher flow velocities, the trajectories
become teardrops, suggesting that the symmetry of the response breaks
in this case as well.

The differences in the responses of the sheet in this case and the
previous case are due to the differences in the orientation of the fins.
When the fins are biased asymmetrically, the small-scale forces that act
on the fins result in a collective force that bends the sheet sideways. In
the case where the fins are biased symmetrically toward the center, the
small-scale flow forces result in a collective large force that changes its
orientation in each half cycle and causes limit-cycle oscillations of the
sheet.

3.2. Large-scale rotational flow without large-scale structural instability
using closed-loop kirigami sheets

The large-scale rotational flow that led to large-scale mixing we
observed in the previous section was a result of the large-scale flow-
induced instability of the structure. This might give the impression that
large-scale rotational flow using kirigami sheets relies on large-scale
instability of the structure. Here, by using a different kirigami pattern,
we show that large-scale rotational flow can be obtained even for cases
where the structure stays stable. The plots in Fig. 3(c) correspond to
the response of a closed-loop kirigami pattern in flow. In this pattern,
curved cuts are made at different distances from the center of a circle.
Naturally, the length of the curved cuts increases with the distance of
the cuts from the center. The symmetric nature of these cuts makes it
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possible for the middle disc to stay parallel to its original orientation
(i.e., perpendicular to the flow) as the flow velocity is increased. The
snapshot of Fig. 3(c) corresponds to a case where the kirigami sheet
has undergone a large elongation in the direction of flow, but despite
this large elongation, the sheet has not experienced any flow-induced
instability. The inherent design of this pattern stops the fluid from
continuing to flow in its original direction, due to the presence of the
middle disc that stays perpendicular to the flow at all times. Instead,
the flow is deflected to the sides and goes through the openings of the
sheet. At lower flow velocities when the sheet is only slightly stretched,
parallel vortices are shed from the sides of the sheet at a scale of H,,
similar to those shed from the sides of the deflected ribbon cuts in
Fig. 3(a). As the sheet is stretched more, the slits expand and form large
and well-structured openings on the sides of the sheet (Fig. 3(c)). As a
result, the flow goes through the openings with minimal interactions
with the strips and forms regions of rotating flow on the two sides of
the structure at a scale of H, (Fig. 3(c)). Fig. 4(c) shows that the sheet
elongates smoothly as the flow velocity is increased and no large-scale
structural instability is observed. For all these flow velocities, almost
still fluid is observed behind the central disc of the sheet, despite the
large incoming flow velocity, since the fluid flow is always directed to
the sides. Since the structure does not oscillate in this case (as opposed
to the case of Fig. 3(b)), the fluid rotates in opposite directions to those
around the structure in Fig. 3(b). The red vortex is immediately on the
top of the sheet in Fig. 3(c) and the blue vortex is below, and vice versa
in Fig. 3(b). While in both cases large-scale vortices are observed in the
wake of the sheet, these vortices are formed differently. The formation
of large-scale rotating flow in the closed-loop pattern of Fig. 3(c) is due
to the bending of the incoming flow that cannot go through the end-
disc, but in the ribbon-cut pattern of Fig. 3(b), the large-scale rotational
flow is formed as a result of the sudden change in the direction of
motion of the oscillating structure.

3.3. Jet formation using fractal-cut kirigami sheets

Here, we show that jets can be passively formed and directed
at predictable angles using kirigami sheets. Fig. 3(d) and (e) show
snapshots of the response of kirigami sheets with square fractal cuts
at level-1 (d) and level-2 (e), when placed in fluid flow. The fractal
cut kirigami patterns are used mainly to create rotating units within
the sheet when external tension is applied. In fractal cuts, the same cut
patterns is repeated for each unit, resulting in cuts with finer details
and larger strains as the levels are increased [25,26]. The level-1 cuts of
Fig. 3(d) divide the large square to four smaller squares, and the level-2
cuts (Fig. 3(e)) repeat these cuts in each unit of level-1, resulting in 16
smaller squares in the level-2 sheet. In the snapshots of the figure, the
sheets have undergone flow-induced buckling, which has resulted in the
formation of well-structured openings in the sheets. Fluid flows through
these openings and forms distinct jets in the wake at a size comparable
with H, as shown in the flow visualization plots of Fig. 3(d) and (e).
The number of openings in each buckled case dictates the number of
jets that are formed in the wake, and as a result, 3 jets are observed in
the wake of the level-1 sheet (one opening in the middle and two on
the sides) and 5 in the wake of level-2.

The directions of the jets in the wake of the sheet are dictated by
the state of the structure, which itself depends on the flow velocity,
as shown in Fig. 6. For the level-1 sheet, at low flow velocities, the
two side jets are directed at angles of +60°. The middle jet is weak,
since the middle slit of the sheet is not open yet, and is shed at 0°.
As the flow velocity, reflected in the Cauchy number, is increased, the
two sharp edges of the sheet (denoted by square symbols in Fig. 6) are
influenced by the mean drag force (which scales with H,) and move
continuously in the flow direction, which then causes the two side jets
to be redirected at smaller angles with respect to the flow direction. The
angles of the side jets decrease continuously and reach around 30° at
C, ~ 0.008 (Fig. 6). At this point, the first structural instability occurs
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and the lower side of the structure buckles (the lower edge, denoted
by a red square, moves to the left in the snapshot). This is observed in
the form of a sudden drop of the x* displacement and a slight increase
in the magnitude of y* in Fig. 6. Naturally this buckling changes the
sizes of the middle and lower openings and causes an asymmetry in the
structure, therefore influencing the direction of the jets that are formed
through those openings. After this structural instability, Jet 3 goes back
to an angle of —60°, and Jet 2, that was initially oriented horizontally,
deflects downward slightly. Jet 1 follows the original trend and its
angle continues to decrease. This behavior of Jet 1 changes as soon as
the second instability of the structure occurs and the upper side of the
sheet buckles (the upper edge, denoted by a blue square, moves to the
left in the snapshots). This is the mirror image of the first instability,
and the structure becomes symmetric again. As a result, Jet 1 follows
a behavior similar to what Jet 3 followed after the first structural
instability, and its orientation goes back to +60°. After C, ~ 0.010, the
structure remains stable, exhibiting only a modest amount of further
elongation as the flow velocity is increased. This elongation in turn
causes a slight reduction in the angle of the side jets, while the middle
jet stays at 0°, since the structure remains symmetric.

The five jets that are observed in the wake of the sheet with a level-
2 cut also change their directions as the flow velocity is increased, as
dictated by the shape of the sheet at each flow velocity. At lower flow
velocities, two jets (1 and 2) are directed at +70° and +60°, one jet (3)
is directed at 0 and two more (4 and 5) are directed at —60° and —70°.
As the flow velocity is increased, jets 2 and 4 reorient themselves from
+50° to 0° very quickly by C, ~ 0.0014, and they stay at that angle
for all higher flow velocities, since the sizes of the openings through
which these jets are formed stay constant. Jets 1 and 5 also change their
directions as the flow velocity is increased, albeit at a much slower rate,
and their angles decrease from a magnitude of 70° linearly to 50°. In the
visualization image of Fig. 3(d), the side jets are wider and the middle
jet is more focused. These sizes follow the sizes of openings through
which these jets are formed. The plot of the figure is a view from the
top of a horizontal plane at the midsection of the sheet, where the
openings are wider on the sides and smaller in the center. If observed
from a vertical plane, the jet in the middle comes out of a wide opening
and is diffused in that orientation, and the jets on the side come from
much smaller openings, and as a result they are much more focused.
The sizes of jets observed at the midsection of the level-2 kirigami cuts
of Fig. 3(e) follow the sizes of the opening at the midsection as well.
The jet in the middle and the two extreme side jets are the wider jets
and the jets that are in between are narrower when observed along a
horizontal plane, and opposite when observed along a vertical plane.

4. Conclusions

When a kirigami sheet is placed perpendicular to the incoming
fluid flow, the deformation of the sheet that is needed to deploy the
kirigami pattern is passively caused by the fluid forces, without any
need to apply external tension. This enables the use of kirigami sheets
as completely passive flow control devices, which can be possibly
designed with an expected behavior when placed in a flow with a
given velocity. Interactions between a kirigami sheet and fluid flow
constitute a multi-scale multi-physics FSI problem. Since the flow that
goes though the kirigami slits interacts locally with the strips, and this
interaction influences the overall morphing behavior of the structure at
the large scale, FSI must be considered at multiple scales. Here we have
shown how different types of responses of the structure and different
fluid patterns in the wake of the structure can be obtained for different
types of kirigami patterns. Some kirigami patterns deploy in a stable
and progressive manner to large elongations when placed in fluid flow,
while others undergo static instabilities and buckle at a critical flow
velocity, or dynamic instabilities and exhibit limit cycle oscillations.
These different types of structural responses result in a variety of fluid
patterns in their wake. Small-scale vortex shedding, in sizes comparable
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Fig. 6. The response of the kirigami sheet with level-1 fractal cut pattern as the Cauchy number is changed. Side view snapshots from the experiments, tracked displacements
of four points on the kirigami sheet in the direction of flow, x*, and perpendicular to that, y*, together with the directions of jets in the wake. The onsets of the two buckling
instabilities are highlighted by vertical dashed lines. The angles of the jets are assumed to be positive counterclockwise with 0° defined to be in the direction of the incoming

flow (left to right).

with the size of the slits, is observed in the wake of a ribbon cut kirigami
sheet when the structure only undergoes static deflections. These small-
scale vortices give way to large-scale shedding of vortices in the wake,
in sizes comparable with the size of the sheet, when the kirigami sheet
undergoes limit cycle oscillations. The area behind the structure in a
closed-loop kirigami sheet experiences an almost still fluid condition
despite the large velocity of the incoming flow, while in the case of
fractal cuts, jets can be produced and directed in specific directions.
In the future, kirigami sheets can be designed such that their flow-
induced instabilities or lack thereof correspond to a desired flow be-
havior in their wake. For example, the number of parallel vortices and
the frequency of the vortices that are shed in the wake of a ribbon cut
pattern, the size of the area of still fluid behind a closed-loop kirigami
pattern with a central disc, and the direction and strength of the jets
that are formed in the wake of fractal-cut patterns can be manipulated
by making changes in the designs of the kirigami sheets. Kirigami sheets
can be designed such that at a specific flow velocity they assume a
specific shape (such as the ones shown in Fig. 3) and therefore produce
a desired wake. The ability to create controlled small-scale vortex
shedding, induce desired flow-induced instabilities on structures, and
form specifically-angled jets will enable several future applications in
flow mixing (e.g., by producing small vortices in uniform flow at low

Reynolds numbers), flow control (e.g., by controlling the direction and
the number of jets that are produced downstream), and underwater
soft robotics (e.g., by imposing desired flow-induced oscillations on
structures).
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