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Abstract— Orthogonally assembled double-layered corru-
gated (OADLC) mechanisms are a class of foldable structures
that harness origami-inspired methods to enhance the structural
stiffness of resulting devices; these mechanisms have extensive
applications due to their lightweight, compact nature as well
as their high strength-to-weight ratio. However, the design of
these mechanisms remains challenging. Here, we propose an
efficient method to rapidly design OADLC mechanisms from
desired behavioral specifications, i.e. in-plane stiffness and out-
of-plane stiffness. Based on an equivalent plate model, we
develop and validate analytical formulas for the behavioral
specifications of OADLC mechanisms; the analytical formulas
can be described as expressions of design parameters. On the
basis of the analytical expressions, we formulate the design
of OADLC mechanisms from behavioral specifications into an
optimization problem that minimizes the weight with given
design constraints. The 2D folding patterns of the optimized
OADLC mechanisms can be generated automatically and
directly delivered for fabrication. Our rapid design method
is demonstrated by developing stiffness-enhanced mechanisms
with a desired out-of-plane stiffness for a foldable gripper that
enables a blimp to perch steadily under air disturbance and
weight limit.

I. INTRODUCTION

Inspired by nature, origami-inspired folding as a top-down
design and fabrication strategy has been introduced to create
three dimensional (3D) devices and robots from 2D planar
materials [1]. These folded devices have many advantages,
such as tunable mechanical properties [2], ease of design
[3], [4], inexpensive and rapid manufacturing [5]-[7], high
scalability [8]-[10], and low weight [11]-[15]. Therefore,
using folding-inspired techniques as a design and fabrication
paradigm for developing 3D structures is promising.

However, lack of structural stiffness has limited the
practical usages of origami-inspired foldable designs [16],
[17]. Therefore, ensuring sufficient stiffness while maintain-
ing origami-inspired structures’ inherent advantages of low
weight, ease of design, and inexpensive, rapid fabrication
remains a challenge.
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Fig. 1. (a) Flow chart of our computational design and fabrication of
OADLC mechanisms. (b-c) Example robotic applications: (b) A gripper with
optimized stiffness enhancement while minimizing weight; (c) A foldable
car with OADLC wheels, proving the design paradigm can be applied to
build circular OADLC mechanisms with in-plane stiffness specification as
a design constraint.

Corrugated laminates is one of the most promising solu-
tions for addressing the lack of stiffness while maintaining
low weight. Corrugated laminates have extreme anisotropic
behavior resulting from folding [18], where they have in-
creased stiffness along spanwise direction (along creases)
but relative compliance in the chordwise direction (along
corrugations), with respect to the constitutive material. One
way to achieve high stiffnesses along both spanwise and
chordwise directions is to assemble two corrugated layers
orthogonally into an orthogonally assembled double-layered
corrugated (OADLC) mechanism [19].

There are various models developed to describe the be-
haviors of single-layered corrugated structures. Among many
homogenization models [20]-[24], Xia ef al. [24] presented
mathematical expressions of stiffness matrices for arbitrary
corrugated geometry with easy formulations and high ac-
curacy. Models for structures with multi-layered corruga-
tions have also been studied. For manufacturing simplicity,
multi-layered corrugations are usually parallelly assembled
(creases in all corrugated layers are parallel to each other)
[25]. For example, an analytic homogenization model for
parallelly assembled double corrugated core cardboards is
presented in [26]. New techniques have been developed to
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manufacture orthogonally assembled corrugated structures
[25], [27] and different models have been applied. In [19],
corrugated layers within corrugated-core sandwich panels
were treated and modeled as equivalent continuum layers.
However, this method is not intuitive and is limited to
structures with relative thin constitutive material compared to
the thickness of the corrugation. Plenty of research have been
done on characterizing behaviors of corrugated laminates.
However, the design and construction of such OADLC mech-
anisms with desired behavioral specifications, e.g. structural
stiffness, is still bottlenecked by the design process, which
involves numerous iterations of computationally expensive
analysis. In order to efficiently design and customize this
class of stiffness-enhanced structures in a rapid prototyping
manner, a systematic design method needs to be developed.

Here, we present an efficient formulation of OADLC
mechanisms from behavioral specifications as a constrained
optimization problem, as shown in Fig. 1(a). Our method
is based on an equivalent plate model that converts the
corrugated structure into a plate with equivalent elastic
constants (Section II). Based on these analytical expressions,
we can transform the design of OADLC mechanisms with
specified structural stiffnesses into a set of constraints on
the design parameters, which include: mechanical (Young’s
modulus, Poisson’s ratio and thickness) and geometric (num-
ber of creases, fold angle and plate width) properties. To
determine a specific parameter assignment, we can apply
these constraints to an optimization criterion. For exam-
ple, incrementing weight usually increases cost and power
consumption, reduces mobility [28], [29], and even leads
to functional incompetence or failure [17], especially for
aerial applications [30]. Thus, we choose to minimize the
weight of the resulting designs while satisfying stiffness
requirements. Other optimization targets, e.g. robustness of
the resulting design to manufacturing tolerances [7], can
also be easily adopted. The optimized design can be output
instantly from our programming package as ready-to-cut 2D
mechanical drawings that can be directly fabricated by 2D
machinery, e.g. paper cutter (Section. III). Eventually, this
optimization-based approach for the rapid design of OADLC
mechanisms is demonstrated through designing stiffness-
enhanced mechanisms for a foldable gripper (Fig. 1(b)) on
a blimp for steady perching (Section IV).

Beyond the foldable gripper, this computational design
paradigm can be applied to the broader robotics com-
munity. For example, it can be applied to design var-
ious shapes of OADLC mechanisms with different me-
chanical specifications. An origami-inspired foldable car
derived from an author’s previous work [31] can be en-
hanced to gain more load-bearing capacity by replacing
laminated wheels with computationally-designed circular
OADLC wheels (Fig. 1(c)). In addition, such OADLC mech-
anisms can be used to replace building components for
better performance. In Liu et al., plastic corrugated sheets
were used to build lightweight self-folding robots [13],
[15]. Though the corrugated sheets functioned well, they
could be further customized to achieve desired rigidity while

Fig. 2. Corrugated mechanisms with triangular unit cell. (a) A single-
layered corrugated sheet with it geometry parameters and coordinate system
labeled. (b) A typical OADLC mechanism.

minimizing weight.

To summarize, the contributions of this work include:

« computationally tractable analytical models that charac-
terize the stiffnesses (both in-plane stiffness and out-of-
plane stiffness) of OADLC mechanisms,

« experimental validation of the analytical stiffness mod-
els of OADLC mechanisms,

e an optimization-based method to computationally de-
sign OADLC mechanisms with desired behavioral spec-
ifications while minimizing the weight of designs,

« a programming package that can automatically generate
ready-to-cut patterns of the optimized design from the
specifications, and

o demonstration of the proposed design paradigm via a
robotic gripper on a blimp vehicle.

II. MODELING AND VALIDATION

A typical OADLC mechanism is composed of two orthog-
onally assembled single-layered corrugated structures (Fig
2). Thus, we first introduce relevant background knowledge
on the modeling of single-layered corrugated structures.
Based on this modeling, we then further derive models for
the OADLC mechanism. We eventually validate our models
with physical experiments.

A. Parameter Definition and Assumptions

To simplify and analytically derive stiffness models of
single-layered corrugated structures, we assume:

« the constitutive material is isotropic,

o the constitutive material’s thickness is constant,

o all unit cells (Fig. 2(a)) are identical, and

« each single-layered corrugated structure is fabricated
symmetrically with respect to its mid-plane.

B. Background: Single-Layered Corrugated Structure

1) Generalized Stiffness Matrix: With the assumptions
mentioned above, the single-layered corrugated structure can
be approximated as an orthotropic classical Kirchhoff plate,
with the relationship between stress and strain expressed as

[32], [33]:
fup =0 ol {&) 0

where N, M, €, and K are the in-plane force vector, out-of-
plane moment vector, membrane strain vector, and curvature
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Fig. 3. Modeling illustration. (a) Equivalent plate model for a unit cell
of a triangular corrugated mechanism. (b) Spring model for an OADLC
mechanism. 7 is an arbitrary direction of interest.

strain vector, respectively. A and D are the in-plane stiff-
ness matrix and out-of-plane stiffness matrix, and can be
expressed as follows [24], [34]:

A Ap O Dy D O
A=1|Ay1 An 0|, D=|Dx Dn O (2)

Particularly, for a triangular unit cell, the expressions of
A and D have been summarized in Ye et al. [23]:
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where E is the Young’s modulus of the constitutive material
and Vv is Poisson’s ratio of the constitutive material.

2) Equivalent Plate Conversion: Each unit cell (e.g. the
7 unit, Fig. 3(a)) of the corrugation mechanism can be fur-
ther simplified as an equivalent plate. This plate’s dimension
is defined as: thickness ¢, =, length L,; = L;, and width
W, = Wsin g, where ¢ is the thickness of the constitutive
material, and L;, W, and « are the length, width, and fold
angle, respectively, of the j* unit. Thus, the in-plane Young’s
modulus E., and E,y, and out-of-plane Young’s modulus Ej,
and Ej, of the equivalent plate are expressed as follows [34]:

_ 1A11An — A}, _ 1A11An — A},

C. Analytical Modeling of OADLC Mechanism

The OADLC mechanism is built by orthogonally assem-
bling two single-layered corrugated structures with connec-
tors along the edges, but no direct connections between the
two layers. To obtain analytical expressions to realize rapid
and efficient design, we simplify the model by neglecting the
stiffness-enhanced effect of the connectors based on the fact
that the stiffness of the latter is relatively small compared to
that of the corrugated layers. Thus, each layer can be treated
as compression/torsional springs along both the spanwise
and chordwise directions. Therefore, the in-plane stiffness
and out-of-plane stiffness of the OADLC mechanism can be
computed using equivalent spring theory.

1) Analytical Model of In-Plane Stiffness: Accordingly,
we arrive at the model K = %, where K, A, and L are the
axial in-plane stiffness, cross-sectional area, and length. On
the i layer, the total in-plane stiffness along the chordwise
direction Kg) is modeled as n; springs connected in series,

and stiffness along the spanwise direction Ké’) is treated as
n; springs connected in parallel:

; 1 o a E8Witsin @
T oLt
ZV!, W,sm 2 j:1 le
=1 Er()ic)LiA,jfi

When two corrugated layers are assembled orthogonally,
the in-plane stiffness along an arbitrary direction 1 can be
simplified as springs connected as shown in Fig. 3(b).

1 2 2 Dy, .

Ky = (K" +K) (cosn)? + (kP + K )(sinm)? - (14)

2) Analytical Model of Out-of-Plane Stiffness: D = %,
where D, I, and L are the out-of-plane stiffness, second
moment of inertia, and length. The out-of-plane stiffness on

the " layer around the chordwise direction D(Ci), spanwise

direction D(Si) and that of the two layered assembly Dy, are

derived as:
() 3y, «in %
p— L po_y ity
c n ]2W,-sin% ’ S =1 12Li’j

=l E;Ei-)Li,./t?
Dy = (DY) + D) (cosn)? + (DY) + D) (sinn)?  (16)

In summary, we can analytically determine both the in-
plane stiffness and out-of-plane stiffness with system design
parameters as follows:

a7
(18)

_
K= F(E V101 W n Lyon YA Es Vo Wama Lo, Y1)
D :g({El7V17t1,W1,n1~L1~,011}ﬁ{Ezﬁszz,Wza'lz-,Lzﬂz}-,rl)

where the expressions % and ¢ can be obtained by com-
bining Eq. 11 with Eq. 16. It is worth noting that L; and L;
are arrays of crease length.

Ex=———""—% E,=- (11) The stiffness of the OADLC layers is usually much larger
f An f An than that of the connectors, which can guarantee the accuracy
12(D11Dy — D?,) 12(D11Dx» — D?,) of our models. However, the stiffness of the connector needs
Epx = 3 » Epy = 3 (12) {6 be considered when it becomes comparable to that of
t°Dyy t°Diy p
OADLC layers. In this paper, we focus on the modeling of
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Fig. 4. Modeling validation. (a-b) Varying plate width W while fixing
number of creases n and crease fold angle ¢. (a) In-plane compression
stiffness. (b) Out-of-plane bending stiffness. (c-d) Varying number of
creases n while fixing plate width W and crease fold angle o. (c) In-
plane compression stiffness. (d) Out-of-plane bending stiffness. (e-f) Varying
crease fold angle o while fixing plate width W and number of creases n.
(e) In-plane compression stiffness. (f) Out-of-plane bending stiffness. Dots
and error bars indicate mean testing results and standard deviations (N = 3),
solid lines indicate modeling results, dashed lines indicate 20% above and
below modeling results and shaded regions indicate 20% error ranges.

OADLC mechanism with triangular unit cells. Our method is
applicable to OADLC mechanisms with other types of unit
cells, e.g. sinusoidal profile, by merely replacing Eq. 11 and
Eq. 12 correspondingly.

D. Model Validation for OADLC Mechanism

To validate our models, we designed experimental tests for
both the in-plane and out-of-plane stiffness of OADLC mech-
anisms. We used Grafix Dura-Lar film as the constitutive
material with a measured thickness of 0.125 mm, a Young’s
modulus of 2.7 GPa and a Poisson’s ratio of 0.43. Also,
for simplification, we used square OADLC samples (with
uniform crease lengths that can be expressed as a function
of W, n and ) and only measured the stiffness along the
axial direction (i.e. 1 = 0°). Thus, we varied the remaining
design parameters, namely the plate width W, number of
creases n, and crease fold angle o (see Eq. 17 and Eq. 18).
In each test, we fixed two out of the three design parameters,
and varied the other one to measure stiffness. Both in-plane
compression tests and three-point out-of-plane bending tests
were performed using the BAOSHISHAN digital force gauge
HP-500 with an HPB manual test stand.

To validate the effect of plate width W, we fixed the value
of the number of creases and crease fold angle (n =11, a =

90°), and varied W to be 8mm, 10mm, 12mm, and 14 mm.
Our results are shown in Fig. 4(a) and (b), respectively, show-
ing a good agreement between our experiments and models
as all errors are less than 20%. In a similar manner, we fixed
W (=10mm) and o (=90°), and changed n to be 7, 9, 11,
and 13. The results of the testing of in-plane compression
stiffness and out-of-plane bending stiffness are shown in
Fig. 4(c) and (d), respectively, suggesting our model can
accurately predict the behavior of an OADLC mechanism.
Similarly, we kept the value of n and W constant (n =11,
W = 10mm), and altered o to be 40°, 65°, 90° and 115°,
as shown in Fig. 4(e) and (f) for in-plane compression and
out-of-plane bending, respectively. The results also indicate
that our model only generates very small error with regard
to the experiment.

Our model has good agreement with experimental testing
among a wide range of parameters, which demonstrates
the quality of the analytical solution and that this design
paradigm can be translated to eventual designs with good
stability. However, for simplicity reason, corrugated layers
were modeled without considering the effect of connectors,
which can limit the movement of creases and also contributed
to the combined stiffness. The effects of this can be observed
in the experimental results, as experimental data was slightly
larger than the predictions from our model. To further
improve the accuracy, we can include the connector into our
model at the cost of model complexity.

III. COMPUTATIONAL DESIGN

Our analytical models of OADLC mechanisms effectively
guide the design of the system when a desired stiffness (in-
plane/out-of-plane) is specified. Here we present one possible
optimization algorithm that finds the set of design parameters
that satisfies the predefined constraints and minimizes the
weight of the resulting design. This optimization approach
allows users to customize their own specific constrained op-
timization problems, with different parameters, constraints,
and/or optimization targets, using the scheme to be discussed.
To solve this optimization problem, we also develop a
programming package, which can instantly output ready-to-
cut design files for fabrication and assembly.

A. Design Parameter

The design parameters of an OADLC mechanism include
the mechanical properties of the constitutive material and the
geometries of resulting devices.

1) Mechanical Properties: Young’s modulus E;, Poisson’s
ratio v; and thickness ¢;. i indicates the layer number (i = 1
or 2).

2) Geometry Parameters: the number of creases n;, crease
fold angle ¢, and plate width W;.

For demonstration purposes, we use a square OADLC
mechanism, which makes n; equal to n,. For further simplic-
ity, we use the same constitutive material and identical unit
cells for both layers. Therefore, E1 =E, =E, vi=wv, =V,
H=bh=t,n=m=n 0 =0=0c,and W, =W, =W.
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B. Design Constraint

There are three types of design constraints: layout con-
straints, fabrication constraints, and behavioral constraints.
Layout constraints stem from the layout (e.g. square, see
Fig. 1) of the OADLC mechanism. This type of constraint
imposes geometric relationships for the lengths of creases.
Fabrication constraints come from practical considerations
for fabrication and assembly. For example, we may need to
confine the overall dimensions of the resulting device to fit
in a very limited space. Behavioral constraints originate from
the demand on the desired performance of resulting devices.
For instance, users can require that the deformations of the
desired OADLC mechanism under certain loading conditions
need to be smaller than certain values. Thus, users can set
behavioral constraints to define lower bounds of the stiffness
of the resulting structure. Constraints of all types on each
design parameter can be specified by users.

1) Layout Constraints: Theoretically, the layout of the
OADLC mechanism can be any shape. For a square OADLC
mechanism, the total length of each layer along the chord-
wise direction when folded should be the same as the crease
length. This constraint can be expressed as follows:

.o
Lj:(n—&-l)Wsma (19)

Other layouts, e.g. circular, triangle, trapezoid or any other
arbitrary shapes, can also be defined in the same manner.

2) Fabrication Constraints: Here we propose three com-
mon fabrication constraints from our tests as examples, but
users are free to define any other constraints for their needs.

(i) Maximum fabrication dimension Ly,,: the maximum
dimension of each layer when laying flat should be smaller
than the maximum fabrication dimension Ly,,. Therefore,
max (Lj) < Lfab and (l’l+ I)W < Lfab-

(ii) Folded axial dimension [L;y, Lmax]: the resulting
OADLC mechanism usually needs to fit into a limited space
with lower bound L,,;, and upper bound L,,,,. Thus, L, <
(n+1)Wsin§ < Ly

(iii) Folded thickness [f;in, tmax]: the thickness of the
OADLC mechanism should also be constrained within an
appropriate range. Therefore, #,,;, < 2W cos % < bnax-

3) Behavioral Constraints: In practice, large deformation
can cause serious consequences. Therefore, the OADLC
mechanisms usually need to meet a minimum stiffness re-
quirement (K,,;, and/or D,,;,). Therefore, we have Koaprc >
I{min and/or DOADLC > Dmin-

C. Optimization

Here, we only use out-of-plane stiffness with a square
layout as an example to demonstrate how we formulate our
design problem into a well-defined constrained optimiza-
tion problem. Also, we choose the design with the least
weight. This formulation also applies to designs using in-
plane stiffness or other more sophisticated situations thanks
to the available analytical models. Along with the design
constraints as discussed in Section III-B, the constrained

optimization problem can be expressed as follows:

minimize m= 9 (t,p,a,W,n)
E,v1,0,LWn

o
subject to  L; = (n+1)W sina

(n+ 1)W S Lfab

o (20)
Linin < (n+ 1)Wsin§ < L

o
Lmin < 2W cos 5 < Tmax

Doaprc 2 Duin

where p is the constitutive material’s density. m is the total
weight of the OADLC mechanism, which can be expressed
as a function .7 of its geometry and material properties.

IV. CASE STUDY

Given the limited onboard power supply, the capability of
perching is essential for small aerial robots, allowing them
to land on trees, walls, or charger lines to rest or recharge.
One of the major challenges for perching is to design a
light-weight and powerful mechanism to guarantee steady
perching [35]. An origami gripper is a promising solution due
to its intrinsic low weight. Here, we use an origami gripper
(Fig. 5(a)) as an example to demonstrate our method to
improve its rigidity with desired out-of-plane stiffness while
minimizing its weight for the stable perching of a blimp in
moderate wind (= 40 cfm flow rate, 0.25 m away from the
blimp).

The origami gripper (Fig. 5(a), 25.2 g, including a mo-
tor and a connector) has two flat fingers attached on the
base, which are tendon-driven by a micro gearmotor (Pololu
#2366). Initially, the blimp with the original gripper is able
to freely fly to reach the perching bar and rest in standing air
(Fig. 6(a)). However, due to the lack of bending rigidity, the
gripper is unable to stay on the perching bar in a moderate
wind environment (=~ 40cfm flow rate, 0.5m from the

=

Connector

Motor

Tendon

OADLC
mechanism

Fig. 5. Origami grippers on a blimp. (a) Original gripper, 25.2g. (b)
Gripper with optimized stiffness enhancement, 30.7 g. (¢) Gripper with naive
stiffness enhancement, 37.7 g. (d) A blimp with the original gripper attached.
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blimp). To improve the perching performance, we propose to
increase the bending stiffness of the gripper by adding square
OADLC mechanisms onto the fingers and base. Also, due to
the limited payload (31 g) of the blimp, we need to minimize
the weight of the resulting gripper.

A. Constraints

o Lygp = 250mm, the maximum working space of the
fabrication tool (Silhouette Cameo 4),

o Ly =48mm and L, = 60mm for matching finger
dimensions and ease of mounting,

o tyin = 10mm and t,,,, = 12.5mm for fitting in space
under the base without influencing gripper folding, and

e Dy = 80mN-m, guarantee that the deflection of the
gripper tip is less than 0.5 mm for steady perching.

B. Computational Design

By inputting design constraints to our programming pack-
age, the optimized design with the minimum weight is
calculated with its 2D folding patterns (Fig. 1); correspond-
ing design parameters are listed in Table I, Case 1. Also,
the square OADLC structure is 48.18 mm x 48.18 mm with
ty = 11.89mm. All design constraints are satisfied.

Particularly, this set of optimal design parameters is ob-
tained nearly instantly by executing the optimization package
on a typical personal computer, while conventional parameter
exploration may have been extremely time-consuming and
labor-intensive.

C. Validation

After attaching the optimized OADLC mechanisms onto
the fingers and base, an upgraded gripper was obtained
as shown in Fig. 5(b) (30.7 g, within the limit of blimp’s
payload). The blimp could still move freely to reach and
grasp the perching bar (Fig. 6(c)) and successfully stayed

Fig. 6. Perching of a blimp using an origami gripper. (a) Blimp can stay on
the bar using the original gripper when there is no air disturbance. (b) Blimp
detaches the perching bar when air flow increases to 40 cfm. (c) Blimp rests
on the bar. (d) Blimp stays on the bar even with 40 cfm air blowing.

TABLE I
EXAMPLE TEST CASES THAT DEMONSTRATE DESIGN FEASIBILITY.

w o D m

e mm) ") @N-m) (2
Optimized 1 8 8 84 87.80 1.85
2 6 31 29 223.56 4.17
) 3 6 37 25 269.96 491
Naive 4 6 35 32 247.94 5.65
5 6 40 30 287.71 6.28

on the bar under the disturbance of the same moderate wind
(Fig. 6(d)).

Without using our design tool, it takes an enormous
amount of iterations and time to design an OADLC mech-
anism that satisfies all the design constraints, even for
experienced engineers. For comparison, we randomly select
several OADLC mechanism designs that had already satisfied
all the design constraints through a trial-and-error process
without their weight minimized (Table I, Case 2-5). We chose
to fabricate the naive design with the lightest weight, Case 2,
resulting in a 37.7 g gripper. This over-weight gripper caused
the blimp fail to lift-off although it has sufficient stiffness for
perching under a disturbance.

V. CONCLUSION

We have proposed a computational design and fabrication
method for orthogonally assembled double-layered corru-
gated mechanisms, an origami-inspired stiffness-enhanced
design. The value of this design paradigm is demonstrated
by creating optimized stiffness-enhanced mechanisms using
the design tool presented above and adding them onto a
robotic system. This system fails to function properly without
the mechanisms and also fails when using un-optimized
solutions. In a matter of seconds, the high-level behavioral
specifications of a robotic device can be realized instantly
and automatically into design cut files ready to use for fabri-
cation. This system brings the goal of personal, customized,
and on-demand design of stiffness-enhanced mechanisms
within reach.

This design framework is one step towards the high-
level goal of the computational design of fully functional
robotic systems based on user-specified behaviors. This work
suggests an important next step towards computational fold-
able robot design: developing design tools to identify the
weak points in foldable robotic systems, thus knowing where
to apply stiffness-enhanced mechanisms to improve system
performance.

Beyond the scope of the proposed corrugation mecha-
nism, our design approach can be applied to other foldable
structures thanks to the intrinsic simplicity of origami struc-
tures. For example, we can computationally design actuation
mechanisms from desired power output specifications by
using a similar method to our framework. Furthermore, our
method holds the potential to be adopted to achieve rapid
design and prototyping of dynamic reconfigurable systems
and integrated origami robots from behavioral specifications.
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