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ARTICLE INFO ABSTRACT

Communicated by Marwan Al-Haik Adaptive wings configurations have been evaluated for morphing airframe applications during the last two

decades. Constructions with flexible hinges can be in particular a solution for small top medium-scale air vehicles,

II;?;Z :::: while novel Kirigami technologies help to produce flexible and complex structures by enabling novel geometric
Micro aerial vehicle (MAV) paradigms. In this study, a cellular Kirigami wingbox with an adaptive hinge is designed and manufactured. The
Modeling mechanical properties of the wingbox are numerically evaluated, considering the shear modulus of the cellular
Metamaterials elements patterning the wingbox. Thus, the equivalent torsional, flexural stiffness, as well as the shear center
Torsional and flexural stiffness location of the whole wingbox structure are calculated. The analysis is parametrized against various possible
Aeroelasticity internal cell angles and cell thickness values that define the Kirigami cellular tessellation of the wingbox. The

static divergence speed is also evaluated by means of the same parametrization. This study shows the feasibility of
using a Kirigami wingbox concept for morphing/adaptive small to medium-scale from a structural and aeroelastic
perspective.

1. Introduction circulation [9]. The entrapment of the separated flow causes the occur-
rence of tip vortex destabilization, which causes instability during roll
[9]. Due to their low flight speeds, MAVs are also especially suscepti-
ble to wind gusts, which can easily have speeds of the same order of
magnitude as the vehicle’s flight speed. These problems and a range
of flight dynamic issues can be alleviated by introducing a passive
wing morphing design within a highly flexible wing structure [10,11].
Novel Kirigami-based manufacturing technologies transform flat sheets
into three-dimensional structures. Kirigami manufacturing paradigms
provide a unique combination of macro-scale geometry and surface to-
pography [12]. Deployable structures with flexible hinges can be also
produced by designing corresponding Kirigami patterns [13-15]. Be-
sides their capacity of being included in passive morphing wings de-
signs, cellular structures possess high flexural stiffness per unit weight

Morphing and adaptive airframe configurations have been exten-
sively evaluated during the last three decades, and arguably proposed
at a more embryonic stage from the beginning of the aviation era [1].
Adaptive airframe structures have been developed for several platforms,
from large scale to Micro Air Vehicles (MAVs) [2]. During the last two
decades, MAVs have in particular gained attention for both military
and civilian applications, the most promising of these being surveil-
lance and monitoring tasks [3-5]. Designers have attempted to embed
features proper to larger aircraft in MAVs, notwithstanding their tight
volume constraints. This increases the complexity of design, manufac-
turing and, partly, operations [6]. The main challenge for fixed-wing
small - medium scale air vehicles is the achievement of complex flight
envelopes at low Reynolds numbers (within the range of 70,000 to

200,000 for MAVs), and with wings having a small aspect ratio (typ-
ically around 1) [7]. The resulting aerodynamic flow can undergo a
large separation and reattachment on the top wing surface, creating
a separation bubble [8]; this causes a drop in lift and an increase in
drag. A low aspect ratio wing at low Reynolds numbers also gener-
ates large wingtip vortexes, which interfere with the longitudinal wing
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and tailorable transverse shear stiffness [11,16-22]. However, the exist-
ing literature focuses on the use of cellular/lattice configurations either
built as extruded two-dimensional structures or made by elements with
tessellations determined by the presence of distributed actuators for
the morphing of the wingbox. Aside from the example shown in [23]
(and to the best of our knowledge), no other attempt has been made
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Fig. 1. Examples of Kirigami wingbox cellular structures with (a) hexagonal and (b) re-entrant (butterfly) honeycomb configurations. It is possible to tailor the

location of an integrated hinge (c and d) for adaptive shape change performance.

to evaluate the use of Kirigami manufacturing techniques to design and
produce integral cellular structures wing boxes, applied in particular to
MAV constructions. In this study, we propose a demonstration of the
manufacturing and then the parametric analysis of a cellular Kirigami
wingbox (section 2). We evaluate the final mass, equivalent shear stiff-
ness, shear center location, and torsional and flexural stiffness for the
whole Kirigami cellular wingbox structure as functions of the inter-
nal cell angle (section 3.3)and cellular thickness (section 3.4). These
analyses are performed by considering the presence (or lack) of an elas-
tomeric skin covering the external surface, which is typical of several
morphing wing/airframe configurations [1,4,24]. The static divergence
speed is also calculated by varying the cellular geometry configuration
(section 3.5). Static divergence is a critical design parameter for flexi-
ble wing configurations, as it has been observed since the beginning of
heavier-than-air aviation [25].

2. Cellular Kirigami wingbox concept and manufacturing method
2.1. Cellular Kirigami wingbox concept

Morphing wing structures represent viable solutions for MAV de-
signs that achieve good flight dynamics performance [10,11]. Kirigami
technologies allow to shape and manufacture the wings with flexible
hinges at selected positions to obtain passive morphing and adap-
tive shape change performance (see Fig. 1). Kirigami is a variation
of Origami, the traditional Japanese popular art of paper of folding
and cutting paper [12,26]. The Kirigami geometric paradigms allow
controlling the cellular configurations and the hinge position. Various
centrosymmetric cellular shapes like the hexagonal in Fig. 1(a) and re-
entrant in Fig. 1(b) with airfoil cross-sections could be easily available.
In order to enable an adaptive shape change, a flexible hinge can be
manufactured by partial folding and glueing the flat cut sheet shown
in Fig. 1(c) and (d). Cellular structures such as zero Poisson’s Ratio
honeycomb (ZPR [27]), also allow attaining large in-plane deforma-
tions, which are highly beneficial for morphing. Successful applications
of morphing structures technologies include wind turbine blades [28],
span-wise [24,29,30] and chord-wise morphing [1,31], as well as vari-
able camber wing configurations [32].

2.2. Cellular Kirigami wingbox manufacturing

The basic manufacturing process layout is shown in Fig. 2; the tech-
nique described here is similar to the one discussed in a previous work
[23]. The first step involves the design of the cutting and folding pat-
tern on the flat sheet in Fig. 2(a) and (d). The material substrate used
in this case is PEEK (AZO materials, UK). The second step consists in
the curing (thermo forming) of the sheet into a corrugated shape us-
ing a mould system made of several aluminum (2024 alloy) rods with
trapezium cross-sections. The moulds allow imposing the desired shape

of the corrugation on the sheet in Fig. 2(b) and (e). The corrugated part
corresponds to the ribbon side in the hexagonal centrosymmetric con-
figurations. The folded and moulded sheet is inserted in a vacuum bag
and thermoformed in autoclave for 60 min at 175°C. The curing cor-
rugated sheets are shown in Fig. 2(c) and (f). The third step involves
the folding and glueing of the cured sheets. The glueing at the hinge lo-
cation should be avoided to make the cellular wingbox flexible in that
specific position. Fig. 2 (a), (b) and (c) illustrate the hexagonal (PPR)
honeycomb shape; similarly, (d), (e) and (f) correspond to the butterfly
(NPR) cellular shape.

3. Numerical evaluation of the wingbox structural properties
3.1. Cellular geometry and Kirigami configuration

A centrosymmetric honeycomb can be considered composed of ar-
rays of unit cells. The geometric and stiffness configuration of the unit
cell is responsible for the overall deformation of the honeycomb pane,
and, hence its structural response. The unit cell can be entirely de-
scribed by the lengths 4 and /, the thickness 7, and the internal cell
angle 0 (Fig. 3). A regular hexagonal unit cell in Fig. 3(a) has a positive
internal cell angle; if the internal cell angle is reduced the Poisson’s ra-
tio of the honeycomb can be made to decrease. A re-entrant honeycomb
in Fig. 3(b) is one where the internal cell angle is negative and as such
exhibits a negative Poisson’s ratio; if stretched in one direction the hon-
eycomb will now expand in the direction perpendicular to that of the
applied displacement. This behavior is known as auxeticity [33-35].

The primary function of a honeycomb sandwich panel is to carry
bending loads. Therefore, the honeycomb core, therefore, needs to be
suitably stiff to ensure the load transfer between the bending/stretch-
ing of the face sheets and the transverse response of the core, which is
controlled by the out-of-plane shear modulus. Characterizing the afore-
mentioned parameters is critical for designing a suitable honeycomb
core [36]. The out-of-plane shear moduli are given by G5 and G,s,
where the out-of-plane direction is denoted as X3 and the two in-plane
directions are X; and X,, as shown in Fig. 4(a). Two sets of coordinates
are employed: the structural “global” reference frame and the “local”
coordinate system for the cellular elements. The angle between the two
coordinates is marked as ¢ and the condition shown in Fig. 4(b) is cor-
responding to ¢ =0°.

The honeycomb shear moduli are complex to calculate, and accurate
values can be estimated only via numerical methods. However, upper
and lower bounds (Reuss and Voigt bounds) can be computed [36] us-
ing complementary and minimum potential energy theorems. For an
out-of-plane shear load in the X direction the upper and lower bound-
aries for the shear modulus G ; coincide, giving an exact expression:

Gz cosh (f
G, hfl+sind 1

) @

where G, is the shear modulus of the cell wall material given by:
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Fig. 2. (a) Pattern of scores and slits for a hexagonal (PPR) honeycomb cellular wingbox; (b) Kirigami PEEK sheet in the mold prior to thermoforming; (c) corrugated
template prior to assembly. Figures (d), (e) and (f) are related to a butterfly (NPR) cellular wingbox.

(b)

Fig. 3. (a) Hexagonal 2D unit cell with its geometry parameters. (b) An auxetic (butterfly) cell configuration.

G, = Es
ST 2(14v)
where E is the elastic modulus of the material. For an out-of-plane

shear load in the X, direction the upper boundary of G,; is determined
from: where G, is the shear modulus of the cell wall material given by:

2

G 1 h/1+2sin0 ¢
P R (©)
G, ~ 2 (h/l+sinB)cos "1

The lower boundary of G23 is determined from:

G h/l+sinf ¢
2> /—(-) @
G, — (14+2h/)cost "1

In this case, the bounds do not coincide for anything other than a reg-
ular hexagonal honeycomb. A finite element simulation is applied to

identify an approximated and empirical formula for G, [37]:

K
023 = O3 + 377 O30 =~ O23100) ®
where
0.788, 6>0°
K= (6)
1342, 6<0°

The honeycomb depth is given by b. The parameter K is dependent on
the internal cell angle with the auxetic value [38].

3.2. Finite element models

The evaluation of the structural properties is performed using the
ANSYS commercial Finite element software (ANSYS, 2013) using APDL
language. The geometrical parameters of the unit cell are used to ex-
plore the design space for cellular wingbox configurations. The wingbox

models are created for a baseline NACA 2415 profile, an aerofoil that
has already been successfully used for low-speed MAVs [23,39,40]. The
configurations possess both a wingspan and chord length of 0.14 m. For
each individual unit cell, the total height and total width are kept con-
stant at 0.021 m, as the internal cell angle is changed the / and / lengths
scale accordingly (Fig. 5). This is done to keep the number of cells and
overall geometry of the wingbox constant as the unit cell rotations and
the internal cell angle are changed. Two types of Kirigami core orienta-
tion are considered, one with the unit cell oriented in the manor shown
in Fig. 5(a) and (b) labeled as ¢ = 0°. In the second configuration, the
unit cell rotated 90° as seen in Fig. 5(c) and (d) marked as ¢ =90°.

The wingbox in Fig. 6(a) and (b) features a cellular structure with a
transverse torsional stiffness response around the X, axis (plane X, X3).
This arrangement will be from now on referred to as the ¢ = 0° configu-
ration. The wingbox observed in Fig. 6(c) and (d) has its axis of torsion
corresponding to the ¢ = 0° configuration. The Kirigami cores are sim-
ulated both with and without an elastomeric skin.

The Kirigami wingbox core is simulated using materials properties
typical of PEEK; a silicone elastomer of uniform 1 mm thickness is used
for the skins (Table 1). Both the honeycomb core and the wingbox skins
are modeled using SHELL181 elements, which are four-noded with six
Degrees Of Freedom (DOF) at each node (translations in x, y, and z
directions, and rotations about the x, y, and z-axes). These elements
are suitable for analyzing thin to moderately thick shell structures. A
convergence test was performed considering the global torsional and
uniaxial deformation of the wingbox according to the boundary con-
ditions described later. The convergence test led to the selection of a
maximum element size equal to 1/5 of the / dimension was used. The
wingbox core is formed by intersecting a rectangular honeycomb panel
with a volume of constant cross-section equal to that of the desired aero-
foil extruded along the wingspan. The torsional stiffness GJ is evaluated
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Table 1
Material properties of the cellular wingbox.
Material ~ Young’s modulus Poisson’s Density p
[MPa] ratio v [kg/m?]
Wingbox core  PEEK 3.95 % 10° 0.393 1320
Skin Silicone 2.83 0.48 1300

by clamping all the degrees of freedom present at the root of the wing-
box, while the rotational DOFs around the wingspan axis are coupled
together at the tip. At the same tip, a torque M, is applied at a single
node located at the center of the cross-section. A linear elastic static
problem is solved resulting in an output rotation 6,; an approximation
of the torsional gradient is calculated as:
de, 6,

dz " b

where b is the wingbox span. The torsional stiffness can then be calcu-
lated from the classical relation:

GJ _ do,
G _ 2% 8
M, dz ®

)

The flexural stiffness EI is evaluated by clamping all DOFs present at
the root of the wingbox, while a vertical load P is applied at the shear
center of the tip section (to obtain a deflection without twist). Consid-
ering the wingbox as a cantilever beam, EI can be calculated using the
following formula for an equivalent engineering beam [41]:

_pL?

El=
33,

©)]

where 6, is the deflection at the tip in the vertical sense, and L is the
wingbox span.

The wingbox mass and center of gravity are provided directly from
the postprocessor of the ANSYS FEA code. The shear center though is
not, and was instead determined by calculating the point about which
the wingbox rotating under pure torsion.

3.3. Internal cell angle variation

The effect of the internal cell angle, 0, has been first investigated
within a range of —40° < 6 < 40°. The maximum and minimum values of
0 are based on the largest and smallest angles possible before contact of
the opposing / length walls becomes an issue. In practice, the maximum
internal cell angle would be smaller than the one used, to allow for
glueing the h length walls. For the simulations of the configurations
with varying 6, the thickness of the core material is kept constant at
0.24 mm.

The two out-of-plane shear moduli corresponding to the parametric
cellular cores of the Kirigami models, and responsible for the transverse
shear and torsional state were evaluated using the analytical formulas
(Eq. (1)-(6)). The results in Fig. 7 (a) have been scaled by the cell wall
material shear modulus. It is interesting to note that G5 is greater than
Gy for all values of ¢, with the largest value of G5 occurring at  =0°.
It should be noted that if the # and / lengths were the same, isotropic
properties would be observed for # = 30°. The shear center location has
been evaluated and shown in Fig. 7(b). The results have been demon-
strated in area form and the bottom lines mean the wingbox with 2 mm
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30° 9 =90°, (d) 6= —30° ¢ =90°.

thickness skin while the top lines stand for the no skin case. The shear
center location appears to change with 0; for all models, the most for-
ward position of the shear center occurs at § = 0°. Both the ¢ =0° and
@ =90° configurations have similar trends, but the ¢ =90° configura-
tion has a slightly more forward location of the shear center for all
values of 0. The addition of skin has little effect on the shear center po-
sition, and the latter moves back by at most 5.3% (at 6 = 40° for the
@ =90° configuration) with respect to the case where no skin is consid-
ered.

The variation of the overall mass of the wingbox versus the inter-
nal cell angle is provided in Fig. 7(c). The wingbox mass appears to
be directly related to the internal cell angle decreasing, as 6 increases.
The mass of the wingboxes with the ¢ =90° unit cell is always slightly
larger than the equivalent wingbox with the ¢ = 0° unit cell. As the
wingbox size remains constant with the changing 6, the amount of skin
and therefore the mass of the skin also stays the same. This shifts up-
wards the relevant curves, without changing the overall trend. The skin
though does contribute significantly to the total mass, from about 4
times at = —40° to 8 times at # = 40°. The range of the possible shear
center locations within the aerofoil is shown in Fig. 7(c) along with the
aerodynamic and mass centers (which can be considered approximately
constant).

The torsional stiffness GJ is an important mechanical parameter for
the aeroelastic design. Fig. 8(a) shows the torsional stiffness for wing-
boxes with and without the skin. The internal 6 angle is again a critical
parameter controlling the torsional stiffness of the complete wingbox.
This is also confirmed by observing Fig. 8(b), in which a large pro-
portion of the cellular core of the wingbox contributes to the overall
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Fig. 6. Wingbox examples with the ¢ = 0° unit cell, (a) for 6= 30° and (b) for = —30°. Similar examples with the same sequence of angles in (c) and (d), this time

for configurations with the ¢ = 90° unit cell.
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Fig. 7. (a) Shear modulus ratios varying 6. (b) The shear center location along the chord axis relative to the leading edge of the wingbox. The top lines of areas mean
no skin cases while the bottom lines stand for 2 mm thick skin cases. (c) The mass trend versus 6. (d) Shear center range and location of the aerodynamic center and

mass center for the wingbox with skin.

torsional stiffness, especially for larger positive 6 values (95% when
0 = 40°) for the ¢ = 0° configuration and more than 99% (6 = 0°) for
the ¢ =90° configuration). On the contrary, negative internal cell an-
gle values give low torsional stiffness and generate cellular cores which
contribute less to the overall torsional stiffness (as low as 35% when
0 = —40°) for the ¢ = 0° configuration, and as 64% (0 = —40°) for the
@ =90° layout). The ¢ =90° configuration contributes to over 80% of
the total torsional stiffness within the range —36° < 0 <40°; the ¢ =0°
configuration however only provides a similar stiffness contribution for
12° < 0 < 40°. Large variations of torsional stiffness with the internal
cell angle are possible for the complete wingbox. The torsional stiff-

ness values vary from 31.1Nm? (6 = 40°) to 0.7Nm? (§ = —40°) for the
@ = 0° configuration without skin, and from 79.8 Nm? (6 = 0°) to 4.8 N m?
(6 = —40°) for the ¢ =90° - again without skin. Of significant interest is
the large peak that occurs at 6 = 0° for the ¢ =90° configuration. The
0 = 0° configuration provides the maximum value of the out-of-plane
shear modulus G3/G, (see Fig. 7 (a)). Also, this internal cell angle con-
figuration makes the honeycomb / length walls align along the length of
the wingspan and provide a stretch-dominated response of the cellular
core, corresponding to the largest equivalent in-plane moduli. The large
in-plane stiffness however occurs for a small internal of internal cell an-
gles (—5° < 0 <5°) [38]. The effects of the in-plane and shear transverse
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Fig. 8. (a) Trends of the torsional stiffness for wingboxes with and without skin. (b) Core contribution to the total torsional stiffness of the complete wingbox. (c)
Flexural stiffness versus 6. (d) Contribution of the core to the total flexural stiffness of the complete wingbox.

stiffness combined together at § = 0° to provide the significant peak in
torsional stiffness for the ¢ =90° angle.

The flexural stiffness EI can be also evaluated in Fig. 8(c). Also in
this case, the flexural stiffness is directly related to the internal cell an-
gle of the cellular core. The ¢ =90° configuration wingbox consistently
yields the largest ET values, with a significantly higher peak of EI com-
pared to the ¢ =0° configuration (192.6Nm? at 6 = 0°, with respect to
11.0Nm? at § = 40° for the wingbox with the skin). The large peak that
occurs at § = 0° for the ¢ = 90° configuration is again due to the / length
walls aligning along the length of the wingspan and therefore providing
a large span-wise stiffness. In the case of the ¢ =90° configuration, the
addition of the skin only provides a small increase in terms of flexural
stiffness, with the core contribution not dropping below to 80% of the
overall wingbox when —36° <6 <40° (see Fig. 8(d)). The flexural stiff-
ness of the ¢ =0° configuration appears to be greatly affected though
by the addition of the skin, with the core contribution only exceeding
80% within 20° < 6 < 40°.

3.4. Effect of the variation of the thickness t

Due to the constraints of the Kirigami manufacturing process
adopted with its bonding of the moulded ribbons [14], the wall length
h is double the thickness of the / walls (2r). A thickness range of
0.1mm <t < 0.8mm has been here considered for the parametric simu-
lations related to five different internal cell angles (6 = 30°, 6 = 15°,
0=0° 60=-15° 6 =-30°). The two out-of-plane shear moduli corre-
sponding to the cellular core composing the Kirigami wingboxes and
responsible for the transverse shear and torsional response have been
again evaluated using the analytical formulas (Eq. (1)-(6)). The results
are shown in Fig. 9(a); the data have been normalized with respect
to the shear modulus of the cell wall material. As expected, the shear
modulus for all internal cell angles increases linearly with the thick-
ness [36]. In the case of G3/G,, the 6 =0° configuration appears the
one providing the largest stiffness increase with the thickness. The —15°
and —30° internal cell angle configurations have exactly the same re-
sponse as the 15° and 30° internal cell angles respectively. This is
illustrated in Fig. 7(a) [38]. For G,3/G,, the § = 30° case is the one
showing the largest stiffness increase, while the § = —30° case gives the
most compliant configuration.

The variation of the wingbox mass for the ¢ = 0° configuration has
a positive linear response with increasing wall thickness, no matter the
internal cell angle considered (Fig. 9(b)). The configurations with the
larger internal cell angles have lower mass, and this holds true as the
wall thickness increases. The wingbox size remains constant with the
change of the ¢ angle, and the skin volume remains the same. These
two factors contribute to an increase in the slope of the lines, without
however changing the overall trend of the mass variation. The case for
@ =90° is similar to the one shown in Fig. 7(c); the results related to
the ¢ =90° configurations are therefore not shown here again.

In terms of torsional stiffness GJ, the majority of the cellular wing-
box configurations have a stiffness that increases exponentially with
the wall thickness for the ¢ = 0° case (Fig. 10(a)). The values of the
torsional stiffness for 0°, —15° and —30° are similarly within the same
range. Interestingly for the ¢ = 0° cell configuration, an almost linear
response is observed (Fig. 10(b)). The Kirigami cellular wingbox at 0°
provides the highest torsional stiffness, while the one at —30° features
the lowest. The other configurations and the remaining cases follow
similar ranges of torsional stiffness. The addition of the skin has a rela-
tively positive effect on the torsional stiffness and this effect decreases
as the cell wall thickness increases.

Similarly, the thickness has an almost exponential impact on the
flexural stiffness of the Kirigami wingbox configurations with ¢ = 0°;
the effect becomes however almost linear with the ¢ = 90° cases
(Fig. 10(c) and (d)). With the addition of a skin, the ¢ = 0° cell configu-
ration shows a larger relative increase of the flexural stiffness compared
to the ¢ =90° configuration with the skin. The two types of Kirigami
cellular wingboxes also share a relative decrease of the effect of the skin
over the flexural stiffness as the cell wall thickness increases.

The location of the shear center location is only affected in a neg-
ligible manner by the variation of the thickness; the related results are
therefore not shown in this section. The internal cell angle appears to be
the most critical defining factor. Examples of the total deformation pat-
terns for torsion and bending under unit loads are in Fig. 11 for ¢ =90°
and 6 = 30° for a skin of 2 mm of thickness. Although constrained by
the short slenderness of the wing, the deformations associated with the
torsion via the pure shear load appear to be distributed in the first 70%
of the wingspan starting to the wingtip. Bending however appears to
be unfirm only for the first 45% of the wingspan, with both leading
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Fig. 9. (a) Evaluation of the shear modulus in the X, X; and X, X; plane. (b) The variation of the wingbox mass for the ¢ = 0° configuration with and without skin.
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Fig. 11. Total deformation pattern under unit external forces, (a) torsion and (b) bending. Kirigami wiggbox configuration with ¢ =90° and 6 =30°.

edge and trailing edge showing fields of deformations affected by the
clamping of the wing root.

3.5. Aeroelasticity

The static torsional divergence speed is calculated as a first step to
assess the aeroelastic properties of the wingboxes. The divergence speed
V, is given by [41]:

Vv - 2K
47\ pSec(oC, /oC,)

10)

where K is the GJ/d, torsional stiffness of the wing (dz being the
wingspan), .S and p represent the surface of the wing and the density of
air respectively, and ec is the distance between the aerodynamic and the
shear centers expressed in terms of the wing chord. The term dC; /0C,
is the wing lift curve slope. It can be seen from Eq. (10), it is desirable
to maximize GJ and to minimize ec to increase the divergence speed.
The divergence speed was calculated assuming a two-dimensional
lift curve slope (dC; /da) of 2z, an air density of 1.225 kg/m’, and an
aerodynamic center of 0.245 [9]. The unit cell angles of the Kirigami
wingbox configurations are critical factors in determining the diver-
gence speed. Fig. 12(a) shows in particular that the variation of the
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internal cell allows for ranges of values of the divergence speed as large
as 12m/s <V, <48m/s for the ¢ = 0° unit cell configuration; the range
of velocities spans within 17m/s <V, <54m/s for the ¢ = 0° cell lay-
out. The largest value of divergence speed is observed for the ¢ = 0°
wingbox configuration at 6 = 0°; this is because that geometry of the
wingbox features both the largest torsional stiffness (Fig. 8(a)) and
the most forward position of the shear center (Fig. 7(b)). As expected,
the presence of the skin provides an increase in the divergence speed
(Figs. 12 (b) and (c)), although the trend is not purely linear because
of the way the variation of the total mass of the wingbox varies with
the skin thickness (see Fig. 9 (b)). The cellular wingbox configurations
shown here are based on the shaping of centrosymmetric honeycomb
configurations around a specific airfoil using Kirigami techniques. The
use of positive and negative internal cell angles affects the distribu-
tion and magnitude of the shear stresses in the honeycomb walls across
the thickness. Smith and Scarpa [42] showed that honeycombs with
9 =+ — 10° show variations of 50% of the intensity of the maximum
stresses for thickness ratios up to ¢// = 8, with the largest values for
the auxetic configuration. Thinner honeycombs (¢// = 2) have however
less than 10% of variation. In that sense, Kirigami cellular wingboxes
made for thin airfoils would be less susceptible to the internal cell angle
when shear stress concentrations during bending and torsional load-
ing are considered. A way to significantly reduce stress concentrations
no matter the honeycomb thickness is to adopt lattice configurations
with curved walls/ligaments [43]. In that sense, centrosymmetric hon-
eycombs with walls served by ligaments with radius offer a significant
reduction of the peak shear stresses and strains and lower overall val-
ues of Voigt/Reuss bounds [44][44]. An aspect to consider, however, is
that the use of honeycombs with curved cells further increases torsional
compliance. Also, the peak of the transverse shear modulus is at 9 =0°
with the honeycombs with sharp wall junctions used in this work. The
presence of radius in the curved wall honeycombs would shift that peak
and change the overall bending and torsional stiffness of the Kirigami
wingbox [45]. Another way to increase the stiffness and strength of the
cellular structure is to use polymeric inserts at the intersection of the
honeycomb cell walls [46], a strategy that has also been adopted to
assemble Kirigami zero Poisson’s ratio honeycombs made from PEEK
films [47]. While this solution may provide an increase to the overall

weight of the cellular wingbox, it may provide however a good trade-
off between specific shear moduli and shear strength for the cellular
structure making the Kirigami wingbox [47].

4. Conclusion

This work has described the manufacturing and parametric design of
cellular wingbox structured made via Kirigami techniques. A paramet-
ric analysis has explored the design space of these wingboxes in terms
of static mechanical and aeroelastic divergence. The Kirigami cellular
configurations can be tailored by changing the unit cell angles, while
keeping the thickness and overall sizing constrained by the manufactur-
ing process adopted. A parametric Finite Element Analysis shows that
the torsional stiffness, flexural stiffness and shear center location could
be significantly varied by tuning the internal cell angles. Moreover, the
equivalent torsional and flexural stiffnesses of the wingboxes could also
be varied through the cell wall thickness. Both torsional stiffness and
locations of the shear center could be varied to provide large ranges
of divergence speeds. Of particular interest is found to be the ¢ =90°
unit cell wingbox configuration, which provides the largest torsional
and flexural stiffness values, as well as the most forward shear cen-
ter location for the same internal cell angle of 6 = 0°. Kirigami wingbox
constructions are feasible and scalable and provide a way to tailor static
and aeroelastic structural properties of MAV and potentially medium
scale wing assemblies.
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