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Abstract: Origami has inspired several fields of engineering, motivating the creation of novel adaptive and morphing
structures. Recently, the folding along the crease pattern of origami-inspired mechanisms has been harnessed in energy
harvesting. This paper describes the use of a waterbomb origami as a potential energy harvester. Bistability inherent in
the waterbomb base origami can be utilized to increase the bandwidth of its frequency response. A dynamical model is
proposed and performance of the origami is investigated under external excitations.
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INTRODUCTION

Origami is a Japanese art practiced for hundreds of years but only recently it has been gaining attention for its potential
to provide novel solutions to engineering systems. The origami-inspired structures have been applied considering different
folding patterns as innovative designs (Hernandez et al., 2014). Fonseca et al. (2022) presented a general review of
origami-inspired systems and structures. Examples of applications have been found in versatile architectures (Sorgug et
al.,2009), aerospace-based systems (Zirbel et al., 2013), surgical tools (Mohanta et al., 2019), miniature robots (Miyashita
et al., 2015) energy absorption (Song et al., 2012), among others (Meloni ef al., 2021).

Origami-inspired structures are versatile since they are able to present stiffness variations and folding/unfolding
behaviors. One of the attractive features of these structures is their geometrically driven multistability, which has been
applied in metamaterials with programmable reconfiguration of shape and bulk properties (Overvelde et al., 2016).

The multistability associated with buckling in origami-inspired structures have been of interest for energy harvesting
applications. A rapid snapping action between structure stable states subjected to dynamical loading implies a broadband
response. In addition to the strong nonlinear characteristics of origami-inspired structures, a sudden geometric or stiffness
variation can be harnessed for broadband energy harvesting purposes.

One of the most well-known origami pattern is the waterbomb pattern (Ma and You, 2014), which has been employed
to build foldable cylinders as stent grafts (Kuribayashi et al., 2016), worm robots (Onal ef al., 2012) and deformable robot
wheels (Lee et al., 2013). The waterbomb pattern is of interest due to its simple topology and scalability, together with
an interesting kinetic behavior that allows it to behave as one- or two-way bistable mechanism (Hanna et al., 2014).

This work deals with vibration energy harvesting of a six-crease waterbomb base origami. The bistability inherent in
this pattern is profited to increase the bandwidth of its frequency response enhancing the energy harvesting capacity.

Waterbomb origami: a bistable mechanism

The waterbomb base origami has a folding pattern that has been used as a foundation for complex origami designs.
There are two types of waterbomb pattern: the six-crease and the eight-crease (Chen et al., 2016). The six-crease
waterbomb pattern proved to be useful in a variety of applications because its tessellations range from a flat-foldable
surface to a deformable tube (Fonseca et al., 2019), Fig. (1).

A spring-like behavior can be assigned to the waterbomb origami and two equilibrium states are settled, Fig. (2). It is
known that its force-deflection curve is nonlinear, actuating as a nonlinear spring. When its motion is between the first
stable equilibrium state and the unstable equilibrium state, it is unimodal despite its nonlinearity. Nevertheless, a
sufficiently large input displacement promotes a transition from the first stable equilibrium state, through the unstable
equilibrium state, to the second stable equilibrium state.

This work focuses on the six-crease waterbomb pattern and its kinematics is presented in the sequel. Two independent
parameters define the pattern, length L and sector angle a.
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Origami-inspired structures are modeled according to their mechanical behavior (Fonseca ef al., 2022). Considering
the rigid origami theory, deformations of structural components does not occur during the deployment process, and the
panels remain flat at any condition (Filipov et al., 2017). Under this assumption, it is known that the waterbomb base has
3-degrees of freedom (Fonseca et al., 2021). However, it can be reduced to a single-degree of freedom if symmetries are
considered (Rodrigues and Savi., 2021).
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Figure 1 — Waterbomb pattern: six-crease base and eight-crease base. Tessellation of a six-crease waterbomb
base form a cylindrical deformable structure.
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Figure 2 — Equilibrium states of the six-crease waterbomb base.

By considering the angles presented in Fig. (2), the rigid origami theory implies a constraint that furnishes the
following set of equations:

cos(0) cos(¢) tan(A) + sin(p) =1 (1-a)
2tan(A) cos a + tan(A) sin(2¢) cos 8 — cos(2¢p) = 1 (1-b)

The relations defined in Eq. (1) are veracious from the first state (6 < 1r/2) up to the flat state (8 = 1/2). This is the
first stage of deployment. The second stage is performed with ¢ remaining constant and equal to /2 while the angle 6
varies. Aiming to have the angle deployment between the stages, the angle 6 is redefined as in Fig. (2). Therefore, 6 >
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1 /2 characterizes the second stage. Based on that, two stable equilibrium points are established, one in each stage of
deployment.

Origami-based energy harvesting

Dynamical folding and unfolding of origami-inspired mechanism are responsible to originate large angle change
between its adjacent facets, which is useful to convert a portion of ambient mechanical energy into electricity. Therefore,
multistable origami-inspired mechanisms subjected to external vibrations can experience significant geometric change
serving as mechanical devices to harvest vibration energy in a relatively broadband frequency.

An origami-based energy harvester can be formed by attaching piezoelectric films over the folds. Power from the
ambient vibration is harnessed by localized deformation of the piezoelectric films over the folds that directs the motion
of charges towards the electrodes. For a bistable origami, snap-through behavior gives rise to its broadband frequency
response, which is desirable a more effective energy harvesting.

Some recent works has exploited origami-inspired mechanism as energy harvesters. Tao et al. (2019) designed an
origami-inspired TENG (triboelectric nanogenerators) with great potential for biomechanical and ocean wave energy
harvesting. Wang et al. (2020) designed a similar device that can switch from bidimensional to three-dimensional state,
which improve the output performance of TENG and can be successfully integrated into floors and smart shoes. Miranda
et al. (2020) investigated origami-inspired sunscreens equipped with piezoelectric cables under the action of wind forces.
Chung et al. (2021) developed a triangular cylinder origami-based hybrid generator composed by a vertical contact
separation TENG on the surface and PENG (piezoelectric nanogenerators) on the inner hinges, which can harvest
mechanical energy from each motion.

Ngo et al. (2022) proposed a vibration energy harvester based on an eight-crease waterbomb base through
piezoelectric energy conversion, creating a device with excellent deformability and flexibility. In this paper, a six-crease
waterbomb base is considered instead. Since the tessellation of the six-crease waterbomb base generates a foldable
cylindrical structure, which does not happen with the eight-crease waterbomb base, this work is a novel strategy.

MATHEMATICAL MODEL

Waterbomb origami is modeled as a single-degree of freedom mechanism. According to the rigid origami theory, the
facets are assumed to be rigid. The creases are assumed to be elastic hinges represented by linear torsional stiffness. Based
on that, it is possible to write the total potential energy of the waterbomb pattern:

W =~ [2kg (20 — 265)% + 4k, (@ — ap)?] )

where kg and k, are torsional stiffness and 6, and «, are the angles corresponding to the stress-free stable states.

The kinematics related to Eq. (1) provides a direct relation between the angles a and 8. The potential energy ¥ as a
function of 6 is presented in Fig. (3) for different set of values. Its double-well characteristics is due to the transition
between the stages, presenting a large influence to the energy harvesting process.
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Figure 3 — Double-well potential energy of the six-crease waterbomb origami. In the left, it is considered different
equilibrium angles. In the right, it is considered different stiffness on the creases.

The deployment of the waterbomb base origami can be treated by considering the height h = L cos 8 (Fig. 2). Thus,
force-displacement relation can be obtained by the derivative of the potential energy ¥ with respect to the height h, given
by the following equation:
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A lumped mass in the central vertex of the waterbomb base origami that is initially at the position h,, corresponding
to the initial angle 6,,, is considered. Besides, a harmonic base excitation f = f; sin(wt) is assumed. By considering that
the deployment of the waterbomb origami is described by a displacement u = h — h, the equation of motion is as follows:

{mil +ct+ F(u) — K,V = —mf @

V=-Kei-V/p ¢

where m denotes a lumped mass, ¢ is a viscous damping coefficient, K, and K. are coefficients responsible for
electromechanical coupling properties of the piezoelectric element, V is the voltage output, R; is the load resistance and
C is the capacitance of the piezoelectric element (Paula ef al., 2015; Costa et al., 2021).

The dimensionless form of the equations of motion is given by:

{55 = —§x — F(x) + xV — y sin(Q1) Q)

V=—Kkx—pV

where x = u/L is the dimensionless displacement, T represents a dimensionless time.

The performance of the piezoelectric structure is evaluated by the RMS (root mean square) power and by the efficiency

in power conversion:
’1 T
Pout ?fo pVZdT
n =

" \/ % ) OT xy sin(Q1) dt

(©)

where P;,, and P,,,; are the overall input and output power considering the RMS of the instantaneous mechanical power
(B,,) and instantaneous electrical power (P,) respectively.

NUMERICAL SIMULATIONS

Equations of motion are solved by employing the fourth-order Runge—Kutta method considering a period of time long
enough to ensure that transients have elapsed and a steady-state solution is achieved. Table 1 presents parameter of the
origami energy harvester.

Table 1 — Parameters of the origami energy harvester.

Parameter Value
Length L (mm) 60.0
Sector angle A (degree) 45.0
Stiffness kg = k, (N mrad™) 0.0010
Initial height hy (mm) 30.0
Lumped mass m (g) 50.0
Damping coefficient ¢ (N s m!) 0.50
Piezoelectric coefficient coupling y 0.05
Piezoelectric coefficient coupling x 0.50
Piezoelectric parameter p 0.05

Bistable structures present the most interesting behavior for energy harvesting purposes. Fig (4) presents the dynamical
response of the waterbomb origami under an external amplitude force f; = 1 mm. Two different but close initial
conditions are considered, u, = 30 mm and u, = 31 mm. Accordingly with these initial conditions, despite the small
difference, the waterbomb base oscillates around one or other stable equilibrium point, at u = 0 and u = —60 mm.
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Figure 4 — Equilibrium points of the waterbomb origami.

Interwell oscillations enlarge the bandwidth of power output of the energy harvester when compared to the case when
the response is confined to intrawell oscillation, restricted to a single well. The goal is to define suitable excitations that
lead to enhanced energy harvesting. Three cases are presented in the sequel (Fig. 5 to Fig. 7): oscillation around
equilibrium point A (Fig. 5); oscillation around equilibrium point C (Fig. 6); and oscillation around both equilibrium
points (Fig. 7). The efficiency is calculated for each case and the external excitation frequency is adopted to be w = 5
Hz.

By considering u, = 0, the system response is presented in Fig. (5) showing displacement, instantaneous power and
efficiency. The central vertex of the waterbomb origami oscillates with an amplitude around 0.2 mm, and the RMS
mechanical power is 26.9 nanowatts while the RMS electrical power is 4.2 nanowatts, providing an efficiency of 15.6%.
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Figure 5 — Dynamical response around equilibrium point A and its power generated and efficiency.

By considering an initial condition related to the other equilibrium point, u, = —60 mm, the amplitude of the response
is close to 0.4 mm (Fig. 6), almost the double of the previous case. The RMS mechanical power is 48.0 nanowatts and
the RMS electrical power is 11.0 nanowatts. When compared to the previous case, it is noticeable that the increase of the
electrical power is more significant than the increase of the mechanical power. The efficiency is now 22.9%. Despite the
same conditions of external excitations, these two cases present different behaviors due to the geometry of the waterbomb
origami.
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Figure 6 — Dynamical response around equilibrium point C and its power generated and efficiency.

By considering an increase of the external amplitude from f; = 1 mm to f; = 90 mm, the system response is
presented in Fig. 7. The central vertex oscillates around both equilibrium points A and C, which characterizes an interwell
oscillation. The amplitude of oscillation is around 45mm and the power generated is in the order of milliwatts. Despite
these higher values, the efficiency does not increase, being about 16.7%. The RMS mechanical power is 98.4 milliwatts
while the RMS electrical power is 16.4 milliwatts.
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Figure 7 — Dynamical response around equilibrium points A and C (interwell oscillation).

Thus, bistable system can improve the provided power, however, this does not necessarily happen when it oscillates
around both stable equilibrium points.

CONCLUSIONS

A waterbomb origami dynamical model is proposed for energy harvesting purpose. The origami-inspired structure is
integrated with piezoelectric films to create a device with excellent deformability and flexibility. The bistability of this
structure enhance the mechanical low frequency energy harvesting. The performance of the waterbomb origami has been
investigated under different conditions showing that this application has an interesting potential to enhance energy
harvesting capacity.
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