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The demands on adaptive optics are increasing to achieve high performance and meet the requirements
for accuracy and reliability with these systems. At present, common technologies for actuator arrays are
highly developed and designed in complex arrangements leading to bulky devices. In this work, we pro-
pose an approach for designing modular actuation arrays by means of kirigami metasheets realigned in
parallel and leveled in plane. The study focuses on the numerical analysis of different cut patterns to
couple lift-off motions within a thin, scalable sheet. A design of a modular actuation array is explained
and illustrated in the context of a deformable mirror. The optimal lift-off positions within the array are
calculated for this example by a proposed positioning algorithm, which makes use of common methods
in adaptive optics such as Zernike polynomial fitting. The algorithm is validated by several simulations
calculating the membrane deflection, and the overall concept is discussed.
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I. INTRODUCTION

Many engineering developments benefit from advanced
structures with tunable material properties, reconfigurable
shapes, and versatile functions whose fundamentals are
based on origami and kirigami techniques [1-3]. Years
ago, the link between optical systems and origami was
already established when the reverse corner fold, one of the
most popular origami folds, was used for describing optical
layouts and simulations of optical systems [4]. Meanwhile,
topologies and shapes can be designed by folding and
cutting surfaces [5], which has led to inventions such as
ultralow-cost foldable microscopes [6], deployable solar
panels [7], and inflatable booms for space structures [8,9].
The field of optomechanics is rapidly developing [10].
Besides optomechanical concepts for sensing of mechan-
ical motion [11,12] and fundamental arrays and circuits
with higher modes [13,14], actuated systems inspired by
kirigami such as microscanners [15], nanokirigami meta-
surfaces and metastructures for visible light manipulation
and reconfigurable optical devices [16,17] were proposed.

Adaptive optics is an advanced technique for optimizing
optical systems by correcting the effects of an incom-
ing wave front and its added distortion. Such a technol-
ogy applies, next to a wave-front sensor and computing
system, an active optical element such as a deformable
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mirror within an imaging system to measure the optical
distortion, extract the information and correct the wave
fronts by shaping the mirror’s surface to redirect the light.
These mirrors became an indispensable element of high-
performance optical systems and have to meet extreme
design and performance requirements such as high spa-
tial resolution, smaller actuator pitch and high-density
actuation arrays [18]. However, fulfilling these require-
ments leads to complicated systems with bulk electronics
and huge installation footprints, which become especially
challenging, for example, with space-based instrumenta-
tion. The design project of the Large Ultraviolet Optical
Infrared Surveyor (LUVOIR) [19] and the initial develop-
ment of a hysteretic deformable mirror [20] have shown
the demanding aspects in designing active elements for
achieving stable wave-front correction over long periods
of time (approximately 10 min) with picometer accu-
racy [21] for direct exoplanet search and observations.
Therefore, lightweight, scalable, and creative solutions are
needed to open up further possibilities for the design of
such devices and realize the high demands. Various actu-
ator technologies are commonly used, which include, for
example, piezoelectric [22—24], electrostatic [25], thermal
[26,27], magnetorestrictive, and shape-memory alloy actu-
ators [28], as well as voice coil and reluctance actuators
[18,29]. Other approaches can be implemented by metama-
terials, which are artificially designed materials with prop-
erties usually not occurring in nature [30,31]. Considering
mechanical metamaterials, whose main advantages here
are scale-invariant mechanical behavior and reversible
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movements [32], some actuator technologies are based
on lightweight, scalable, and simple designs including
kirigami cut patterns that lead to buckling-induced three-
dimensional (3D) deformations when stretched, and have
the potential to be applied in adaptive optical systems.
Examples are programmable hierarchical kirigami [33],
and kirigami metamaterials with controllable local tilting
orientations [34], hybrid cut patterns [35], or multidimen-
sional deformations [36]. Studies that focused on devel-
oping controllable actuators by tuning and analyzing cut
patterns can be found in the literature [37,38].

In this paper, we propose and numerically analyze
kirigami cut patterns for coupling several liftoffs in a
thin, scalable metasheet, which enables us to design a
modular actuation array that possesses a slim, in-plane
design through a conversion of linear displacement into 3D
motions. Its application is illustrated in detail by an exam-
ple of a deformable mirror whose design and positioning
of liftoffs are discussed. An algorithm is proposed for plac-
ing the cut patterns according to common adaptive optics
methods such as Zernike polynomial fitting. The results are
presented and the efficiency of the proposed metamaterial
array is discussed, while practical guidelines are given.

II. MODULAR ACTUATION ARRAY BASED ON
KIRIGAMI

Dias et al. [37] recently presented and experimentally
evaluated a concept of kirigami actuators whose dynamical
pattern formation is controllable based on the arrangement
of cuts introduced in a thin sheet. The cuts are functional
cracks causing the system to buckle before failure through
crack propagation. Therefore, due to a conversion of a lin-
ear displacement imposed on the boundary of a thin sheet,
it is possible to generate predictable motions. One bound-
ary of the sheet with introduced cuts was clamped while
the opposite was subjected to a uniaxial extension perpen-
dicular to the crack. This load condition causes the sheet to
buckle in an energetically favorable mode corresponding
to predesigned shapes governed by the cuts. Four fun-
damental modes were elaborated and classified into roll,
pitch, yaw, and lift with the out-of-plane displacement
occurring at the critical force [37].

Motivated by these results, we propose the design of
multiple liftoffs in one kirigami sheet by means on a
designed cut coupling for connecting two, three, or more
liftoffs in a symmetric arrangement, and numerically ana-
lyze them through finite-element nonlinear simulations.
In the following, cut couplings for two, three, or more
liftoffs in one sheet are referred to as double, triple liftoffs,
or metasheets, respectively. The principles of this con-
cept have been validated with the help of proof-of-concept
experiments.
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FIG. 1. Cut patterns for a (a) double and (b) triple liftoff
(black) generated by rectangular polygons coupled by convex
unit cells (blue). The respective sheet is clamped on the left side
(section lining) and extended on the right (arrows).

A. Design of cut patterns

To create a double and triple liftoff within one sheet, we
need to introduce a separation forming convex polygons,
which can be done with two lateral cuts in the middle of
the liftoffs. The lateral cuts redirect the tension so that the
centers can lift up. A drop of the outer edges at the mid-
line can occur while increasing the extension, but showing
only small side effects with smaller out-of-plane displace-
ment. Figure 1 visualizes the cut patterns of double and
triple liftoffs. The sheets are clamped on the left side and
extended on the right.

B. Numerical validation of cut patterns

The proposed cut couplings are validated numerically
by means of finite-element simulations in COMSOL Multi-
physics 5.5 using the Structural Mechanics module with
the shell interface. The kirigami sheets are modeled in two
dimensions (2D) with a thickness of 0.127 mm, length
of 182 mm, and width of 100 mm. The material charac-
teristics correspond to Young’s modulus of 3.5 GPa and
Poisson’s ratio of 0.38. The lateral cuts have a length of
20 mm while the central cuts are 40 mm and placed in a dis-
tance of 8 mm. The liftoff area amounts to 18 x 18 mm?,
and is at a distance (center to center) of 80 mm and 40 mm
from the adjacent one for the double and triple liftoffs,
respectively. One boundary is mechanically clamped while
the other has an imposed displacement in regards to the
average out-of-plane displacement of the liftoffs to trig-
ger the buckling of the sheet. In addition, the surface
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included small, random imperfections (8 orders of mag-
nitude smaller than the sheet thickness) modeled by a
parametric surface for simulating the imperfection of the
sheet flatness. Nonlinear displacement-controlled station-
ary analyses are performed to examine the postbuckling
behavior of the kirigami sheets.

Figure 2 shows the deformation of the liftoffs in isomet-
ric view and visualizes the out-of-plane displacement of
the center points of the liftoffs plotted against the uniaxial
tension in the metasheet. These results are characterized by
a relatively small boundary extension of the kirigami sheet
so that the drop of outer edges is comparatively low. It is
possible to achieve higher liftoff displacements when the
metasheet is optimized in its cut geometry. With increas-
ing lateral cut lengths and concave unit cells, a rotation
is initiated. At maximum tension, the lateral cuts take an
upright position by flipping during the actuation process.
This case is also demonstrated in Fig. 2(c).

The same principles hold for a further extension as
long as the arrangement is symmetric. An example of a
metasheet with several liftoffs that can be actuated simul-
taneously is given in Fig. 3.

Based on these results, it is possible to design modular
in-plane actuation arrays when single sheets are arranged
in parallel and driven distributively by linear motors. This
will allow an individual actuation of certain liftoffs and
impose the required components in plane. Due to the
fact that sheets with different numbers of liftoffs have the
same geometrical dimensions, large-scale arrays can be

created and adapted to the desired needs. An example of
an application in the field of adaptive optics is presented in
Sec. IIL.

C. Proof-of-concept experiments

To validate the feasibility of the cut coupling and show
that the behavior of the kirigami actuators is insensitive
to scale or material, we perform proof-of-concept exper-
iments. Test samples are manufactured from PVC sheets
with a thickness of 0.3 mm using a VEVOR CNC 3018
engraver machine with a 5500-mW laser. The cut geome-
tries are scaled down with a factor of 3.5 to obtain kirigami
sheets with a total width of 28 mm and length of 60 mm.
The proportions are slightly adjusted to adapt the samples
according to the test setup.

The experiments are carried out with an Instron 5944
Universal testing machine with customized clamps for thin
sheets. Extension controlled tests are performed at a rate
of 0.25 mm/min to a maximum extension of 1.8 mm.
We test three samples each for the different cut patterns
(double and triple liftoff), and record their deformation
with a Panasonic HDC-SD60 Full HD camera. The sam-
ples experienced light inelastic strains, but the actuation is
reversible. Figure 4 presents the sheets in an isometric view
at the maximum extension while Fig. 5 shows the displace-
ments during the experiments from a side view. Videos
of the experiments can be found within the Supplemental
Material [39].
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FIG. 2. Out-of-plane displacement in isometric view (top) and average out-of-plane displacement of liftoffs’ center plotted against

uniaxial extension normalized by sheet length (bottom) for a (a) double liftoff and (b) triple liftoff as well as a triple liftoff with coupled

concave unit cells and high displacement is presented in (c).
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FIG. 3. Metasheet with several cuts exerting six liftoffs during
actuation. The actuated sheet is presented in (a) isometric view
and (b) top view.

IT1. APPLICATION OF KIRIGAMI ARRAY IN
ADAPTIVE OPTICS

We present a concept for deformable mirrors using the
proposed modular kirigami actuation array. The structure
is limited to a series of single metasheets mounted in
parallel and subjected to a displacement by use of sep-
arate linear actuators. Each metasheet contains different
cut patterns that couple vertical liftoffs that are purposely
designed to create common deformations for light wave-
front aberrations as illustrated in Fig. 6. The parallel-
arranged metasheets are designed in width and length
such that they can cover the active area of the mirror.
Beyond a sheet length-to-width ratio of about L/w =~ 1,
the sheet length does not contribute to the crack defor-
mation [37]. This allows us to flexibly adjust the length
of the metasheets for the mounting of the linear actuators.
In addition, kirigami actuators are weakly dependent on
sheet thickness according to the present analytical model
so that also the sheet thickness can be considered as a
design parameter. The facesheet of the mirror is placed
at a sufficient distance to the metasheets, which can be
determined by analyzing liftoff displacements and desired
membrane deformation. When the linear motors are actu-
ated, the respective sheet will buckle and change its shape
deformation to the encrypted liftoffs that generate a pres-
sure on the mirror facesheet. Because it is not possible to

(a) (b)

FIG. 4. The extended sheets with a (a) double liftoff and (b)
triple liftoff from an isometric perspective.

create negative deformations on the membrane, all correc-
tions are normalized to positive. We use the large span of
operation of the kirigami actuators to generate the level-
ing between the actuators above zero. A specific selection
of membrane material can also contribute with its stiff-
ness to the mechanical coupling and smoothing between
the actuators in the array. This mirror can be designed at
the nano-, micro-, or macroscales due to the scale-invariant
mechanical behavior of kirigami sheets.

A. Algorithm for determination of best liftoff positions

The performance of deformable mirrors is evaluated by
determining how well the actuators can reproduce a desired
surface shape on the reflective membrane. Zernike polyno-
mials are the preferred representation for light wave-front
aberrations in adaptive optical systems [40] and are com-
monly chosen to test the possibilities of the actuator arrays.
They are defined on a unit circle as functions of azimuthal
frequency p and radial degrees g, where p < ¢ using polar
coordinates (r, 6). The set of polynomials can be given by

Z5(r,0) = R(r) cos(pf) for p >0,

1
ZF(r,0) = Ri(r)sin(ph) for p <O, )
where
(g—p)/2 K -28
-1 MG
B =3 (=1)5(g = $)179) o

— Slg+p)/2-S1lg—p)/2—SI
The deformed mirror shape in response to the actuation of
a single actuator can be calculated by means of plate mod-
els and actuator influence functions. In the following, we
propose an algorithm for placing the cut patterns according
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Proof-of-concept experiments for a sample with double and triple liftoff. The photo series in the top shows the deformation

with increasing extension for a double liftoff and the photo series in the bottom presents the triple liftoff.

to selected low-order Zernike polynomials. Based on the
influence functions [41], we can identify the optimal posi-
tions for every liftoff per sheet by extending it to a reverse
method with initial pressure input and no dependency on
any input position.

The optimization is done in two steps by means of min-
imizing the sum of the squares of the residuals made in
the results of every single equation. In the first step, we
consider the matrix equation from [41] given by

7= MP, (3)

where z denotes the n x 1 vector containing the deflection
per surface points, M the n x m coefficient matrix, and
P the m x 1 pressure vector. We note that the unknown
in this case is the coefficient matrix, which denotes the
influence functions per surface point. To perform a least-
squares fitting on the matrix M to identify the optimal
position based on the coefficient calculation, we vectorize
the matrix M by stacking the columns of the matrix on
top of each other. The vectorized form of M is denoted by
V" (M) and given by

V(M) = [anay - .

ap ... Aoy - - - anm]T. (4)

.Ay1anndn ...

The corresponding coordinates associated to each element
in V""(M) are given by

e = (Ei,Ea, ..o Egi,Enn, Ena, ...
EnZa"~3ElmaE2ma"~7Enm)' (5)

The pressure vector must be n-times repeated and trans-
posed, and can be denoted as PT. For compactness, the
vector V" (M) is denoted as vec(M) in the following.
Using the Kronecker product, matrix multiplication can be
expressed as a linear transformation of vectorized matri-
ces. Hence, the first least-squares problem is associated
with

vec(z) = (PT® 1) vec(M), (6)

=K
which can be solved by standard numerical techniques.

The system is underdetermined with an infinite number
of solutions. We find the smallest solution by minimiz-

ing vec(M) subjected to the constraint vec(z) = (PT®
I)vec(M) and solve according to
vec(M) = KT(KKT) ™!z (7)

After the solution vec(M) is obtained, the vector can
be transferred back to the initial coefficient matrix M,
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which denotes the influence function at surface positions
labeledi = 1,..., N, perjth actuator.

In the second step, we calculate optimal positions of
the liftoff based on the obtained coefficients. For this, the

f @) =M; — {( {Aqb][ 1nrl][,§_<x_fﬂ

2)1/2

formulation of Case V from Ref. [41] is rewritten and the
radial limits substituted by the center point of the approx-
imate liftoff positions to obtain a nonlinear multivariable
function. This function can be given by

00 ”,2 i riz n+2 (x_pTW n+2
Lm0 () -(50) ]

X [sinn(¢y — ¢;) — sinn(py; — ¢i)]})

1 2\ 1 w
+[Z(A¢j{<x+%> |:§—ln(x+p—

IR

o] 1 Y n+2
-2 {rf; [(x + ”7) - r?*z} [ (1+2)+ a} x [sinn(gy; — i) — sinn(y; — 4»)])]} ®)
n=1

where A¢; is the approximated liftoff size in the angu-
lar coordinate calculated by the subtraction of upper by
lower angular limit ¢,; and ¢y;; 7; is the radial position
on a specified surface point #; x is the center position of
the liftoffs; p,, is the liftoffs” width, and « is an additional
factor based on the radial limits. The infinite sums are
approximated by using a lower limit on series term size
(before multiplication by sine term) of 1 x 107,

177 T’T 7 Tﬁ 1 T-1 Linear actuators
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FIG. 6. Conceptual visualization of the deformable mirror
based on kirigami actuators shown in a schematic way. The
squares illustrate the liftoffs whose position will be optimized
by our proposed algorithm. The sheets are arranged next to each
other with one edge clamped (illustrated by shading) and the
other one extendable using linear actuators (illustrated by arrows)
so that the active area of the mirror’s membrane is covered.

To enable finding the optimal position for the liftoffs
over the length of a single kirigami actuator sheet, we
make a preselection of actuator positions relevant to the
corresponding Zernike polynomials. For that, we rely on a
property of the Zernike polynomials, namely, the rotational
symmetry that allows the polynomials to be expressed as
products of radial terms and functions of angle, »(0)g(6").
Here g(0’) is continuous and repeats itself every 27 radi-
ans. Based on these symmetries, we determine a certain
amount of liftoffs in one sheet (for simplicity, two) for
a specific Zernike polynomial from the basis functions
presented in Fig. 7.

The preselection of positions is intuition-based and fol-
lows the principle of considering the points of highest

T 1 1 1
; . H“‘" : I Howz
1 -1 -1
0 1
it i 1 1’—‘
0 0 ow, 0
003 4 LJ

=it -1 -1

e 0 1
—1L -1
-1 0 1

FIG. 7. First ten basis functions selected from Zernike
polynomials.
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TABLE I. Summary of activated sheets with 11 kirigami actu-
ators in the deformable mirror per selected basis function of
the Zernike polynomials (ZPs). A sheet is activated when the
pressure (P) is set, otherwise it is zero.

Kirigami metasheet

ZP 1 2 3 4 5 6 7 8 9 10 11
w P P P P 0 0 o P P P P
w P 0 0 0 0O 0 O 0O o o P
w P P P P P P P P P P P
we P 0 0 O P o P 0 0 o0 P
ws P 0 0o P 0 0 o P 0 o0 P
w P P P P P o P P P P P
w P 0 o P P 0o P P 0 o0 P
w P P 0O P 0 0 o P o P P
w P 0 0o P 0 0 0o P 0O o0 P

deformation. Liftoffs can only lie on the horizontal cen-
terline of a sheet. In addition, the vertical distribution for
the sheets accordingly follows the first ten basis functions.

Then, we find the minimum of the set of equations
involving Eq. (8) by formulating it as a nonlinear least-
squares fitting problem that can be denoted by

min||f ()|} = min[fi (0)? + () + -+ +467 )

with lower (LB) and upper bounds (UB) on the x com-
ponent so that the solution is always LB < x < UB. The
lower bound refers to zero and the upper bound to the value
equivalent to the edge of the unit disc at the sheet center-
line. Only the right half of the unit disc is considered due
to the symmetric arrangement of the liftoffs on a sheet.
The nonlinear least-squares solver (Isqnonlin) of MAT-
LAB [42] starts at the point xy, which is defined in the
most likelihood area based on a priori knowledge, and

TABLE II. Summary of the results for a deformable mirror
actuated by 11 kirigami actuators with two or three liftoffs each.
The optimal positions of every liftoff in regards to the selected
ZP are given in the column of x, and are considered as symmetric
arrangement on the kirigami sheet.

Sheet  Height centerline ZP  xp X Quantity
1 10/11 ws 0 0.4100 1
2 8/11 wy 045  0.6800 2
3 6/11 wg 035 0.7984 2
4 4/11 wy 0.6 0.9300 2
5 2/11 wy  0.15  0.2050 2
6 0 wy, 0.85 0.2228 2
7 -2/11 wy  0.15  0.2050 2
8 —4/11 w; 0.6 0.9300 2
9 —6/11 wg 035 0.7984 2
10 —8/11 wy 045 0.6800 2
11 —10/11 Ws 0 0.4100 1

FIG. 9.
when all liftoffs are activated and exert the same pressure. The
vertical colorbar gives the membrane displacement in m.

a M md
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FIG. 8. Deformable mirror with kirigami-based actuation
showing the optimal positions of the double and triple liftoffs
illustrated as blue squares inside the active area (dashed blue
circle).

finds a minimum of the sum of squares of the defined
vector-valued function defined as

J1(x)
S2(x)

S = (10)

()

B. Arrangement of liftoffs

To illustrate the results, we run several MATLAB (MAT-
LAB R2019a) simulations to evaluate the best positions for
the liftoffs. Within the concept of a deformable mirror, we
actuate 11 kirigami actuators with two liftoffs each. Only

Surface displacement (m)

1 1

10 =05 00 0.5 1.0
Radial distance (unit disc)

Surface plot of the mirror membrane (active area)
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FIG. 10. Surface plot of the mirror membrane (active area)
when all liftoffs mentioned in Table II for w, (a) and ws (b) are
activated and exert the same pressure. The vertical colorbar gives
the membrane displacement in m.

the outer sheets have a triple liftoff to cover the open edges.
The mirror diameter (active area) is normalized to a radius
of 1 while the initial dimensions amount to an active area
of 50 mm, a membrane diameter of 70 mm, a sheet width
of 4.5 mm, and a liftoff size of 1 x 1 mm? with a rather
trapezoidal shape due to the plate model. The membrane
surface tension is to 15 N/m.

The horizontal distance was restricted to the centerlines
of every sheet, which correspond to 10/11, 8/11, 6/11,4/11,
2/11,0, -2/11, —4/11, —=6/11, —8/11, and —10/11 con-
sidering the arrangement in terms of the unit disc from
right to left numbering the sheets from 1 to 11 in ascend-
ing order. The surface points are distributed in a squared
arrangement to fully cover an area that contains the unit
disc. In total, 100 surface points are selected at a horizontal
distance of 0.01 per unit disc radius.

The preselection is done by choosing certain kirigami
actuators to be responsible for reproducing specific basis
functions as summarized in Table 1. The initial distribu-
tion at xo is listed in Table II. The results for the opti-
mized liftoff positions are illustrated in Fig. 8 and further
specified in Table II.

Figure 9 presents the active area of the membrane when
all liftoffs are activated with a pressure set to 1 N/m
for simplicity. The membrane displacement is calculated
based on the presented model in Ref. [41]. In addition,
Fig. 10 shows the basis function w, and ws to illustrate
the principle of fitting the mirror surface.

IV. DISCUSSION AND CONCLUSIONS

In summary, we design and apply concepts of cut cou-
pling in kirigami actuators and numerically analyze their
out-of-plane displacements by finite-element simulations.
Proof-of-concept experiments demonstrate the feasibility
of the principles and show that the behavior of kirigami
actuators is insensitive to scale and material. The liftoff
positions in the mechanical metasheets can act as actua-
tors when they are evoked by a linear displacement of the
metasheet itself. Based on a parallel arrangement of sev-
eral kirigami sheets with either double, triple, or multiple
liftoffs, modular actuation arrays are generated, which can
be applied, for example, in adaptive optics. A concept for
a deformable mirror is illustrated in detail and optimized
positions for the liftoffs of the actuation array are deter-
mined by means of a developed reverse position algorithm.
Due to the small number of liftoffs in the example, high
surface fitting accuracy cannot be reached. Nevertheless,
the number of actuators and thus, the degrees of freedom,
can be increased by exploring larger arrays. For example,
high-precision performance requires dense actuator arrays.
The current state of the art is 64 x 64 actuators demon-
strated by fully functional deformable mirrors of Boston
Micromachines Corporation (correction in astronomical
imaging instruments) [43] and AOA Xinetics (correction
of high-energy and high average power lasers) [44]. To
achieve modular arrays with a few thousand liftoff posi-
tions, more complex metasheets have to be designed and
aligned in such a way that the covering of the active area
of the mirror is maximized. It may be advisable to break up
the parallel arrangement and position the individual sheets
in an optimized way. Due to the large deformations that
can be achieved by the liftoff mechanism with optimized
cut geometry, the sheets no longer have to be leveled in-
plane but in their peak deformation instead, and could also
generate asymmetrical patterns when positioned with over-
lay. However, for the correction of low-order aberrations
and other sorts of applications fewer numbers of actuators
could be also appropriate.

The proposed system is characterized by a scal-
able design ranging from nanoscale to macroscale since
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the kirigami actuators have a scale-invariant mechani-
cal behavior. Therefore, it has a promising potential for
various applications in the field of adaptive optics. The
developed modular array presents a lightweight solution
since the actuators can be made, in the simplest sense,
of paper like traditional kirigami. Nevertheless, additional
linear actuators are required to activate individual sheets
in a targeted manner. Here, the number of liftoffs cho-
sen must be compared to the number of required linear
actuators. Then it can be reflected whether this concept is
advantageous for the application-related demands.

Moreover, kirigami structures show relative inde-
pendence from their base material, which significantly
expands the choice of material. By optimizing the cut
geometries for different materials, comparable movements
can be achieved within the actuation. In addition, the over-
all arrangement comprises an in-plane design due to the
fact that linear displacements are converted to an out-of-
plane deformation, which opens up the possibilities for
compact and slim layouts for optical systems such as the
deformable mirror in space-based applications.

The presented analysis needs to be exploited by investi-
gating and measuring the generated pressure of the liftoffs
when the kirigami sheet is operated. This will determine
which deformation profiles can be achieved for different
membranes and materials. It is also necessary to determine
a required distance between an actuation array and a mem-
brane so that the buckling-induced liftoff will always take
its favorable state and function in a reliable way.

While we discuss only symmetrical arrangements in the
positioning of liftoffs within one sheet and the placement of
metasheets for covering the active area of the mirror, asym-
metrical cut patterns and arrangements should be explored,
which would increase the complexity and lead to more
flexibility in designing the modular array. This could elim-
inate the limiting factor related to the response accuracy
for a dynamic input and degrees of freedom.

The preprogrammed behavior of the individual actu-
ators must be well thought out for the application. By
means of suitable combinations of encrypted liftoffs, the
possibilities can be extended such that a good number
of correction elements and liftoffs can be connected to
each other. The generation of a tailored control strategy
of the mirror linked to the wave-front sensor and comput-
ing system is advisable. While the presented concept of
actuating the deformable mirror with a modular array con-
tains only one layer of information, in the future it may be
possible to encode several layers into one metasheet and
then evoke the desired combination of liftoffs in a tar-
geted manner. Research works such as Refs. [33,38,45]
show how different layers of information can be tex-
tured.

The kirigami sheets can be further optimized and
adapted to other specific applications. Based on the
proposed idea, this could include, for example, the

(static) correction of small misalignments, aberrations,
imperfections, or undesired surface textures in other mate-
rials. For that, different cut couplings might be useful and
instead of pure symmetrical arrangements, other funda-
mental modes of roll, pitch, or yaw, and their combination
could be explored.

In conclusion, the modular kirigami array for distributed
actuation systems is characterized by its reliability and
robustness since this concept would not suffer from a
total failure when a single sheet loses functionality. The
array can be upgraded and improved by replacing and
changing the corresponding metasheets. The assignment
of single functions to individual sheets offers high flexi-
bility in the design. However, this concept is affected by
the losses and suboptimal use of space due to the tran-
sitions between single kirigami actuators with simple cut
coupling and small number of liftoffs. For that reason, the
investigation of more complex cut couplings is helpful to
advance this actuation system for applications in adaptive
optics.

ACKNOWLEDGMENTS

We thank Dr. M. Acuautla, Dr. T. Mokabber, S. Taleb,
and Z. Zhang from the Engineering and Technology
Institute Groningen for their technical support and the
provision of access to the machines for performing the
proof-of-concept experiments.

[1] Nicholas Turner, Bill Goodwine, and Mihir Sen, A review
of origami applications in mechanical engineering, Proc.
Inst. Mechanical Eng. Part C: Journal of Mech. Eng. Sci.
230, 2345 (2016).

[2] Xin Ning, Xueju Wang, Yi Zhang, Xinge Yu, Dongwhi
Choi, Ning Zheng, Dong Sung Kim, Yonggang Huang,
Yihui Zhang, and John A. Rogers, Assembly of advanced
materials into 3d functional structures by methods inspired
by origami and kirigami: A review, Adv. Mater. Interfaces
5, 1800284 (2018).

[3] Jung Jae Park, Phillip Won, and Seung Hwan Ko, A review
on hierarchical origami and kirigami structure for engi-
neering applications, Int. J. Precision Eng. Manuf.-Green
Technol. 6, 147 (2019).

[4] Jon H. Myer and Frank Cooke, Optigami—a tool for optical
systems design, Appl. Opt. 8, 260 (1969).

[5] Sebastien J. P. Callens and Amir A. Zadpoor, From
flat sheets to curved geometries: Origami and kirigami
approaches, Mater. Today 21, 241 (2018).

[6] James S. Cybulski, James Clements, and Manu Prakash,
Foldscope: Origami-based paper microscope, PLoS ONE
9, €98781 (2014).

[7] Shannon A. Zirbel, Robert J. Lang, Mark W. Thomson,
Deborah A. Sigel, Phillip E. Walkemeyer, Brian P. Trease,
Spencer P. Magleby, and Larry L. Howell, Accommodat-
ing thickness in origami-based deployable arrays, J. Mech.
Des. 135, 111005 (2013).

044012-9


https://doi.org/10.1177/0954406215597713
https://doi.org/10.1002/admi.201800284
https://doi.org/10.1007/s40684-019-00027-2
https://doi.org/10.1364/AO.8.000260
https://doi.org/10.1016/j.mattod.2017.10.004
https://doi.org/10.1371/journal.pone.0098781
https://doi.org/10.1115/1.4025372

SCHMERBAUCH, KRUSHYNSKA, VAKIS, and JAYAWARDHANA

PHYS. REV. APPLIED 17, 044012 (2022)

[8] Mark Schenk, A. D. Viquerat, K. A. Seffen, and S. D. Guest,
Review of inflatable booms for deployable space structures:
Packing and rigidization, J. Spacecraft Rockets 51, 762
(2014).

[9] Yutaka Nishiyama, Miura folding: Applying origami to
space exploration, Int. J. Pure Appl. Math. 79, 269 (2012).

[10] Ivan Favero and Florian Marquardt, Focus on optomechan-
ics, New J. Phys. 16, 085006 (2014).

[11] C.Doolin, P. H. Kim, B. D. Hauer, A. J. R. MacDonald, and
J. P. Davis, Multidimensional optomechanical cantilevers
for high-frequency force sensing, New J. Phys. 16, 035001
(2014).

[12] Houxun Miao, Kartik Srinivasan, and Vladimir Aksyuk,
A microelectromechanically controlled cavity optomechan-
ical sensing system, New J. Phys. 14, 075015 (2012).

[13] Michael Schmidt, Max Ludwig, and Florian Marquardt,
Optomechanical circuits for nanomechanical continuous
variable quantum state processing, New J. Phys. 14, 125005
(2012).

[14] S. J. M. Habraken, K. Stannigel, M. D. Lukin, P. Zoller,
and P. Rabl, Continuous mode cooling and phonon routers
for phononic quantum networks, New J. Phys. 14, 115004
(2012).

[15] Masaaki Hashimoto and Yoshihiro Taguchi, Circular pyra-
midal kirigami microscanner with millimeter-range low-
power lens drive, Opt. Express 28, 17457 (2020).

[16] Yu Han, Zhiguang Liu, Shanshan Chen, Juan Liu, Yongtian
Wang, and Jiafang Li, Cascaded multilayer nano-kirigami
for extensible 3d nanofabrication and visible light manipu-
lation, Photon. Res. 8, 1506 (2020).

[17] Shanshan Chen, Wei Wei, Zhiguang Liu, Xing Liu, Shuai
Feng, Honglian Guo, and Jiafang Li, Reconfigurable nano-
kirigami metasurfaces by pneumatic pressure, Photon. Res.
8, 1177 (2020).

[18] P.-Y. Madec, in Adaptive Optics Systems III, edited by
Brent L. Ellerbroek, Enrico Marchetti, and Jean-Pierre
Véran, International Society for Optics and Photonics
(SPIE, 2012), Vol. 8447, p. 22.

[19] The LUVOIR Team, The LUVOIR Mission Concept Study
Final Report, arXiv:1912.06219 [astro-ph.IM] (2019).

[20] Robert Huisman, Marcel P. Bruijn, Silvia Damerio, Martin
J. Eggens, Syed Naveed R. Kazmi, Anja E. M. Schmer-
bauch, Heino P. Smit, Marco A. Vasquez-Beltran, Ewout
Van der Veer, Moénica Acuautla, Bayu Jayawardhana, and
Beatriz Noheda, High pixel number deformable mirror
concept utilizing piezoelectric hysteresis for stable shape
configurations, J. Astron. Telescopes, Instrum. Syst. 7, 1
(2021).

[21] Laura Coyle, Scott Knight, Allison Barto, and Cody Allard,
Ultra-stable telescope research and analysis (ultra) pro-
gram - phase 1 report, NASA Contract SONSSC18K0820
(2019).

[22] John W. Hardy, Adaptive Optics for Astronomical Tele-
scopes, Oxford Series in Optical and Imaging Sciences
(Oxford University Press, New York, 1998), p. 448.

[23] Takuso Sato, Hiroyuki Ishida, and Osamu Ikeda, Adaptive
PVDF piezoelectric deformable mirror system, Appl. Opt.
19, 1430 (1980).

[24] Krystian L. Wlodarczyk, Emma Bryce, Noah Schwartz,
Mel Strachan, David Hutson, Robert R. J. Maier, David

Atkinson, Steven Beard, Tom Baillie, Phil Parr-Burman,
Katherine Kirk, and Duncan P. Hand, Scalable stacked
array piezoelectric deformable mirror for astronomy and
laser processing applications, Rev. Sci. Instrum. 85, 024502
(2014).

[25] S. A. Cornelissen, A. L. Hartzell, J. B. Stewart, T. G.
Bifano, and P. A. Bierden, in Adaptive Optics Systems
11, edited by Brent L. Ellerbroek, Michael Hart, Norbert
Hubin, and Peter L. Wizinowich, International Society for
Optics and Photonics (SPIE, 2010), Vol. 7736, p. 898.

[26] Gleb Vdovin and Mikhail Loktev, Deformable mirror with
thermal actuators, Opt. Lett. 27, 677 (2002).

[27] Lei Huang, Xingkun Ma, Mali Gong, and Qi Bian, Experi-
mental investigation of the deformable mirror with bidirec-
tional thermal actuators, Opt. Express 23, 17520 (2015).

[28] R. G. Gilbertson and J. D. Busch, A survey of micro-
actuator technologies for future spacecraft missions, J. Br.
Interplanetary Soc. 49, 129 (1996).

[29] Roberto Biasi, Daniele Gallieni, Piero Salinari, Armando
Riccardi, and Paolo Mantegazza, in Adaptive Optics Sys-
tems I, edited by Brent L. Ellerbroek, Michael Hart,
Norbert Hubin, and Peter L. Wizinowich, International
Society for Optics and Photonics (SPIE, 2010), Vol. 7736,
p- 872.

[30] Shuyuan Xiao, Tao Wang, Tingting Liu, Chaobiao Zhou,
Xiaoyun Jiang, and Jianfa Zhang, Active metamaterials and
metadevices: A review, J. Phys. D: Appl. Phys. 53, 503002
(2020).

[31] M. Miniaci, A. S. Gliozzi, B. Morvan, A. Krushynska,
F. Bosia, M. Scalerandi, and N. M. Pugno, Proof of Con-
cept for an Ultrasensitive Technique to Detect and Localize
Sources of Elastic Nonlinearity Using Phononic Crystals,
Phys. Rev. Lett. 118, 214301 (2017).

[32] Marco Miniaci, Anastasiia Krushynska, Antonio S. Gliozzi,
Nesrine Kherraz, Federico Bosia, and Nicola M. Pugno,
Design and Fabrication of Bioinspired Hierarchical Dissi-
pative Elastic Metamaterials, Phys. Rev. Appl. 10, 024012
(2018).

[33] Ning An, August G. Domel, Jinxiong Zhou, Ahmad
Rafsanjani, and Katia Bertoldi, Programmable hierarchical
kirigami, Adv. Funct. Mater. 30, 1906711 (2020).

[34] Yichao Tang, Gaojian Lin, Shu Yang, Yun Kyu Yi, Ran-
dall D. Kamien, and Jie Yin, Programmable kiri-kirigami
metamaterials, Adv. Mater. 29, 1604262 (2017).

[35] Doh-Gyu Hwang and Michael D. Bartlett, Tunable
mechanical metamaterials through hybrid kirigami struc-
tures, Sci. Rep. 8, 3378 (2018).

[36] Wei Zheng, Weicheng Huang, Feng Gao, Huihui Yang,
Mingjin Dai, Guangbo Liu, Bin Yang, Jia Zhang, Yong
Qing Fu, Xiaoshuang Chen, Yunfeng Qiu, Dechang Jia, Yu
Zhou, and PingAn Hu, Kirigami-inspired highly stretchable
nanoscale devices using multidimensional deformation of
monolayer MoS2, Chem. Mater. 30, 6063 (2018).

[37] Marcelo A. Dias, Michael P. McCarron, Daniel Rayneau-
Kirkhope, Paul Z. Hanakata, David K. Campbell, Harold S.
Park, and Douglas P. Holmes, Kirigami actuators, Soft Mat-
ter 13, 9087 (2017).

[38] Yi Yang, Marcelo A. Dias, and Douglas P. Holmes, Multi-
stable kirigami for tunable architected materials, Phys. Rev.
Mater. 2, 110601(R) (2018).

044012-10


https://doi.org/10.2514/1.A32598
https://doi.org/10.1088/1367-2630/16/8/085006
https://doi.org/10.1088/1367-2630/16/3/035001
https://doi.org/10.1088/1367-2630/14/7/075015
https://doi.org/10.1088/1367-2630/14/12/125005
https://doi.org/10.1088/1367-2630/14/11/115004
https://doi.org/10.1364/OE.394908
https://doi.org/10.1364/PRJ.398467
https://doi.org/10.1364/PRJ.393333
https://arxiv.org/abs/1912.06219
https://doi.org/10.1117/1.JATIS.7.2.029002
https://doi.org/10.1364/AO.19.001430
https://doi.org/10.1063/1.4865125
https://doi.org/10.1364/OL.27.000677
https://doi.org/10.1364/OE.23.017520
https://doi.org/10.1088/1361-6463/abaced
https://doi.org/10.1103/PhysRevLett.118.214301
https://doi.org/10.1103/PhysRevApplied.10.024012
https://doi.org/10.1002/adfm.201906711
https://doi.org/10.1002/adma.201604262
https://doi.org/10.1038/s41598-018-21479-7
https://doi.org/10.1021/acs.chemmater.8b02464
https://doi.org/10.1039/C7SM01693J
https://doi.org/10.1103/PhysRevMaterials.2.110601

MODULAR KIRIGAMI ARRAYS FOR DISTRIBUTED...

PHYS. REV. APPLIED 17, 044012 (2022)

[39] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.17.044012 for videos
showing the proof-of-concept experiments of a sample with
double and triple liftoff.

[40] Vasudevan Lakshminarayanan and Andre Fleck, Zernike
polynomials: A guide, J. Mod. Opt. 58, 545 (2011).

[41] E. Scott Claflin and Noah Bareket, Configuring an elec-
trostatic membrane mirror by least-squares fitting with
analytically derived influence functions, J. Opt. Soc. Am.
A 3, 1833 (1986).

[42] MATLAB, version 9.6.0.1072779 (R2019a) (The Math-
Works Inc., Natick, Massachusetts, 2019).

[43] T. Bifano, MEMS deformable mirrors, Nat. Photonics 5, 21
(2011).

[44] Allan Wirth, Jeffrey Cavaco, Theresa Bruno, and Kevin
M. Ezzo, in High-Power, High-Energy, and High-Intensity
Laser Technology, and Research Using Extreme Light:
Entering New Frontiers with Petawatt-Class Lasers, edited
by Georg Korn, Luis Oliveira Silva, and Joachim Hein,
International Society for Optics and Photonics (SPIE,
2013), Vol. 8780, p. 122.

[45] Corentin Coulais, Eial Teomy, Koen de Reus, Yair Shokef,
and Martin van Hecke, Combinatorial design of textured
mechanical metamaterials, Nature 535, 529 (2016).

044012-11


http://link.aps.org/supplemental/10.1103/PhysRevApplied.17.044012
https://doi.org/10.1080/09500340.2011.554896
https://doi.org/10.1364/JOSAA.3.001833
https://doi.org/10.1038/nphoton.2010.297
https://doi.org/10.1038/nature18960

	I. INTRODUCTION
	II. MODULAR ACTUATION ARRAY BASED ON KIRIGAMI
	A. Design of cut patterns
	B. Numerical validation of cut patterns
	C. Proof-of-concept experiments

	III. APPLICATION OF KIRIGAMI ARRAY IN ADAPTIVE OPTICS
	A. Algorithm for determination of best liftoff positions
	B. Arrangement of liftoffs

	IV. DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


