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Abstract: Impact protection structures enable aerial robots to navigate in
confined or cluttered environments. As weight is a major limitation in designing
aerial vehicles, origami-inspired folded structures made of thin material sheets
can offer novel, lightweight solutions to tackle collision resilience challenges.
Here, we study the use of energy absorption properties of origami structures for
the protection of a miniature aerial robot in horizontal collisions. A ring-shaped,
cyclic symmetric descendant of the Miura-ori, which we call the ‘Miura-oRing’ in
this paper, is studied. It acts as a light-weight radial spring used as a collision-
cushioning structure to be assembled on a quadrotor frame in order to provide
horizontal impact protection.

1 Introduction

Effective structural impact protection is a major consideration in the design of both
manually-driven and autonomous vehicles in all modes of transport. On the other
hand, energy consumption is a significant factor limiting the structural mass of
vehicles. This constraint becomes more significant for aerial vehicles, as the
propulsion system needs to generate enough lift to take the vehicle off the ground.
As a result, designing high-performance, lightweight protective structures is an
important challenge in the development of collision-resilient and energy-efficient
vehicles in all terrains.

Thin-walled structures have been used as energy absorption devices in vehicle
design as aresult of their favourable structural characteristics such as high strength-
to-weight ratio. A well-known example is the crash box in automobiles, a thin-
walled member attached to the front rail and bumper of the vehicle for energy
absorption in collisions. Similar thin-walled elements are used in the structural
design of trains to minimise damage and fatalities in case of an accident [Marsolek
and Reimerdes 04].
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1.1 Structural behaviour of origami structures

Origami folded sheets can be generally considered to be thin-walled structures.
This has paved the way for the development of novel thin-walled structures with
desirable properties based on the rich literature of origami design. Many
researchers have studied the structural behaviour of various origami-inspired thin-
walled structures under different mechanical loadings, of which several examples
are represented in Figure 1.

Figure 1: Examples of studies on the structural behaviour of various origami
structures. (a) Concrete origami building panels tested for performance under
transverse loads [Holland and Jones 84]. (b) Three-point bending experiment of a
Miura-ori paper model [Schenk 11]. (c) Numerical simulation of the bending
response of a Miura-ori plate [Wei et al. 13]. (d & e) Axial crushing test of different
origami tubes [Ma and You 14 & Yang 18]. (f) Deformed shape of the Miura-ori
core sandwich plate under a blast load [Pydah and Batra 17]. (g) Optimisation of
the crush characteristics of a cylindrical origami structure with triangular facets

[Wu et al. 07].

1.2 Origami-inspired vehicular robotics

Over the past few decades, origami design principles have found numerous
innovative applications in various branches of engineering. In recent years,
robotics has been a fast-growing field of application for origami engineering. In
particular, origami-inspired structures have played substantial roles in the design
of novel reconfigurable robotic vehicles such as the self-folding crawling robot. A
number of examples for such applications of origami are depicted in Figure 2.
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Figure 2: Examples for the applications of origami-inspired reconfigurable
structures in vehicular robotics. (a) Deformable wheel robot using the magic ball
origami [Lee et al. 13]. (b) Multi-stable crawling robot [Pagano et al. 16]. (c) Self-
folding crawling robot [Felton et al. 14]. (d) Self-locking foldable robotic arm [Kim
et al. 18].

In this paper, we aim to demonstrate the application of the favourable structural
properties of a derivative of a well-known origami pattern in the development of a
collision-resilient aerial robot.

2 Origami-inspired Mechanical Collision-Resilience: A Case
Study on Aerial Robots

As discussed in the previous section, a diverse range of successful applications of
origami in robotics have been demonstrated by the research community. However,
most of these applications have been developed based upon the reconfigurability
properties of origami structures through geometric transformations. In fact, other
potentially useful aspects of origami structures such as energy absorption
properties have not attracted much attention in robotic design. Here, we aim to
demonstrate the utility of lightweight energy-absorbent origami structures in
vehicular robotics through a case study on collision-resilient aerial robots.

Flying robots, or drones, are rapidly becoming a part of our everyday lives.
Currently, collision-resilience and safety are among the most important challenges
on the way of wide-spread commercialisation of multirotor drones. Remote sensing
is a widely-used strategy to avoid potential collisions [Modi et al. 01, Merrell et al.
04, Kwag and Chang 07, Odelga et al. 16]. However, most remote sensors are not
capable of detecting all possible impact scenarios. Furthermore, they significantly
add to the computational complexity of the vehicle’s onboard equipment.

A collision robust flying robot — resilient to physical impact with obstacles — is
highly useful for flight operations in confined or cluttered environments.
Commercially available mechanical protection concepts are not sufficiently
effective, and are often based on rigid components that do not mitigate collision
forces. For example, propeller guards made of Expanded/Extruded Polystyrene
foam (EPS/XPS) are used as a light-weight and inexpensive solution for the
protection of commercial multirotor drones. However, as EPS and XPS are both
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rigid materials with poor elastic behaviour [Gibson and Ashby 99, Mcvicker, 17],
they are unable to properly cushion impact forces in a recoverable manner.

Inspired by the energy absorption capacities and lightweight of folded polymer
sheets, in this paper we propose an origami-inspired protective structure for
miniature flying robots (see Fig. 3a for an artist impression).

3 The Cyclic ‘Miura-oRing’: Design and Simulation

It has been shown that the most effective protective configuration against
horizontal collisions is a decoupled (i.e. passively spinning) universal (i.e.
protecting all propellers) protector [Kovac and Sareh 18]. Theoretically, assuming
the centre of the universal protector is coincident with the centre of mass of the
aerial vehicle, and the friction in rotational joints between the platform and the
protector is negligible, a decoupled universal protector will eliminate all yawing
moments arising due to the collision.

In addition to moment decoupling as a first strategy, a second strategy to enhance
the impact-robustness of aerial robots is to minimise the peak collision force
experienced by the platform. Here we study the functionality of an origami impact
protector made of a very thin plastic sheet.

The Miura-ori [Miura 85] (Fig. 3b) is a widely-used origami tessellation in
engineering design. Several studies have proposed symmetric derivatives for this
pattern which can alter both the form and functionality of the original pattern (see,
e.g. [Klett and Drechsler 10]). Variations with finite symmetry groups include
several descendants with rosette symmetry (i.e. two-dimensional point groups)
including cyclic and dihedral descendants. Using a group-theoretic framework, an
extensive family of isomorphic [Sareh and Guest 13, 14, 15a] and non-isomorphic
[Sareh and Guest 12 &15b] wallpaper [Hahn 05] symmetric variations for this
pattern have been designed. Based on a cyclic variation of the Miura-ori [Barreto
97, Nojima 02], we aim to develop a protector capable of reducing the peak force
experienced by the vehicle in a collision. In this paper, we call this variation the
cyclic ‘Miura-oRing’.

Figure 3: (@) Artist’s impression of a quadrotor equipped with an origami bumper
for safe and crash-robust pipe inspection and repair. (b) The Miura-ori in a
partially folded state [Sareh, 2014].



THE SPINNING CYCLIC ‘MIURA-ORING’ FOR MECHANICAL COLLISION-RESILIENCE

3.1 Geometric Modelling of the Cyclic Miura-oRing

Modelling the cyclic Miura-oRing as a function of five geometric parameters
enabled us to produce an array of different models which served as inputs to finite
element analysis (FEA). The five parameters which fully define the cyclic origami
pattern (Fig. 4) are:

i. Number of radial segments (n): This is the number of segments into which
the circle is divided, depicted as Si, Sz, Ss, ..., Snin Fig. 4. It has to be an even
number to keep the number of mountain and valley fold lines equal. In this model,
it ranges from 30° to 70°.

ii. Pattern angle («): Changing one angle will affect all others as there is only
one degree of freedom dictating all angles in this origami pattern. In this model,
we decided to change the acute angle of the most internal facets from 20° to 50°.

iii. Inner diameter (r): The inner diameter shrinks as the origami ring is folded.
An empirical function was established from folding. We estimated the suitable
inner diameter of the two-dimensional pattern in order for the folded structure to
fit around the circular protective frame of the drone.

iv. Number of concentric layers (m): This is the number of layers in the radial
direction, depicted as I, Iz, Is, ..., In in Fig. 4. For simplicity and to focus on
continuous parameters, this value was held constant at 5 in our model, and we
did not investigate the effects of varying this parameter on structural performance.

v. Width of external facets (we): The width of facets on the external edge of
the pattern provides an extra degree of freedom. This parameter, w, is expressed
as a factor of the unchanged facet width wy, i.e., w = we/W,, where w; is the
external facet width and w is the unchanged facet width in the pattern sequence.
In this study, the normalised width w was set to range from 0.6 to 1.4.

Figure 4: Geometric modelling of the cyclic Miura-oRing: Half of a typical crease
pattern and its geometric parameters (mountain and valley folds are represented by
solid and dashed lines, respectively).
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3.2 Finite Element Analysis

The two parameters which affect the overall geometry of the structure are the
number of radial segments n, and the pattern angle «, which composed a set of
models to be simulated (Fig. 5). The origami ring was a thin-walled structure, and
the miniature drone was a low-speed, light-weight vehicle. As a result, in order to
choose a suitable design for the ring, we adapted the quasi-static FEA simulation
method which is widely used for the evaluation of impacts of thin-walled structures
[Mamalis and Johnson 83, Zheng et al. 04, Ma and You 14]. The simulations
involved displacing a rigid plate towards the centre of the origami structures. By
performing a series of identical simulations on origami structures with varying
geometric parameters, it was possible to carry out a comparative analysis, relating
those parameters to the stiffness and energy absorption capabilities of the structures
under compression. The origami structures were meshed using S4R shell elements
in Abagus/Explicit (S4R is a general purpose, doubly-curved, linear four-sided
shell element). The formulation of the element allows for six degrees-of-freedom
per node. The model was meshed using an approximate element size of 1.7 mm.
After processing the FEA results, the structural behaviour of each model was
determined (Fig. 6). Specific outputs were extracted from the resulting force vs.
displacement curves to characterise the structural performance of each model for
the purpose of choosing a suitable design. These outputs were: (i) the elastic energy
(temporarily) absorbed by the structure until it slips out of plane, (ii) the peak
reaction force during compression, and (iii) the mass of the structure. It is desirable
to have a lightweight protective structure with high elastic energy absorption
capacity, i.e. a structure with high specific elastic energy (elastic energy per unit
mass). Furthermore, in order to minimise the risk of damage to the vehicle, the
protective ring must have a relatively low peak reaction force during compression.
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Figure 5: Matrix of models tested for parameters a and n whilst w=1.
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The specific energy analysis indicated that, in general, a more desirable design can
be achieved by choosing a pattern angle of 30° (see Fig. 7). Also, it was observed

that, as a general trend, increasing the number of radial segments increases the peak
reaction force.
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Figure 6: Finite element analysis output data from simulations of the matrix of
models in the previous figure.
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4 Fabrication, Experimentation, and Results

In addition to the structural design considerations, and in order to provide a well-
suited design for the intended application, we took into account the
manufacturability of the structure at small scale (to suit the palm-sized flying robot
used in this study) as an extra design consideration. In fact, whilst increasing n at
a constant o would create a more desirable ring in terms of structural performance,
it also makes the hand-folding process increasingly difficult. This is due to two
reasons. Firstly, increasing n proportionally increases the number of internal
vertices of the structure. This not only increases the number of lines to be folded,
but makes the facets progressively smaller. Keeping in mind the limits of manual
fabrication, as the facets become smaller, folding the pattern without damage to
internal facets poses a substantial fabrication challenge. As a result, for the given
size of the ring, we manufactured a structure with n = 40 as a reasonable trade-off
between structural performance and manufacturability.

To verify the capabilities of the proposed protective concept, impact experiments
were carried out with a miniature multirotor aerial robot (Crazyflie 2.0) as depicted
in Fig. 8. The following are the four design configurations which were tested for
their impact resilience performance: Ci: fixed naked, C,: rotary naked, Cs: fixed
origami-protected, and Ca: rotary origami-protected shields. The peak impact force
and angular speed of these design configurations were measured and analysed to
compare their corresponding impact protection performances in normal and
oblique collisions. In these experiments, pendulum swing tests were performed
using the quadcopter, equipped with an inertial measurement unit (IMU), as a
pendulum mass.

To obtain certain collision velocities, a simple energy conservation equation
between potential and kinetic energy (E = mgh = 0.5 mv?) has been used to calculate
the required height at a pendulum releasing point, where E is the total amount of
mechanical energy, m is the pendulum mass, h is the height of the pendulum from
the releasing point to the point of impact, and v is the velocity upon impact to the
wall. An electromagnet was used to hold and release the vehicle precisely to make
sure that each collision has the same initial velocity and initial orientation for each
testing configuration. A maximum velocity of 1.2 m/s at the lowest point of the
pendulum swing was set as a typical target velocity to simulate a horizontal
collision to a surface. It should be mentioned that the masses of the naked and
origami protector were not the same due to the added weight of the origami
structure; the origami protected configurations had a mass of 53.0 g, while the
naked configurations were both 48.5 g. Hence, the impact forces were calculated
from the actual mass of each design configuration. The impact surfaces were
switched between smooth (acrylic glass) and rough (sandpaper with 1SO Grit P80)
in order to determine the effect of the friction coefficient of hitting surfaces. The
swing of the pendulum was oriented at two different angles to simulate impacts at
two different angles of collision with respect to the colliding surface: 30° (oblique
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collision) and 90° (normal collision). For each collision scenario, we calculated the
average values of force and angular speed from five trials.

Conceptual design Prototype
The Miura-  Aerial
oRing robot Protective

Experimental setup

C€ F‘b
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X

Figure 8: Top: Conceptual design and prototype for a palm-sized quadrotor drone
with a spinning Miura-oRing protector. Bottom: Schematic experimental setup for
the pendulum collision tests of the quadrotor to a surface.
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The collision duration in the origami-protected systems was observed to be
significantly longer than that of the naked systems, providing a considerable level
of impact cushioning. We began by comparing the impact protection performance
between the naked and origami-protected systems in a normal collision. At this
collision angle (i.e. 90°), the peak force reduction turned out to be around 30% for
both fixed and rotary origami-protected systems when compared to the naked
configurations. For impacts at 30° with respect to the collision surface, in which
the tangential collision force is dominant, the peak force reduction was around 20%.
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Figure 9: Summary of experimental results for four design configurations: Ci: fixed
naked, Cz: rotary naked, Cs: fixed origami-protected, and Ca: rotary origami-
protected. Values have been averaged between the results of experiments using
rough and smooth surfaces.

In order to investigate the performance of the rotary configurations compared to
the fixed ones, force and angular speed data were analysed in a way similar to the
previous section. The effect of the rotary concept on the reduction of rotational
speed after impact was clearly demonstrated in the 30° impact experiments where
the tangential component of collision force was relatively large. As anticipated,
every fixed protection system displayed considerably higher rotational speed after
impact compared to the rotary systems. Specifically, the fixed protection systems
were not effective against the rough surface in sliding collisions as the average
maximum angular speed for fixed naked and fixed origami-protected systems were
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recorded to be around 814 and 697 degrees per second (DPS), respectively. Even
though those values for the fixed protection system on the smooth surface were
lower compared to those of the rough surface due to lower friction, they were still
significantly high: around 392 and 579 DPS for the fixed naked and fixed origami-
protected systems, respectively. On the contrary, the rotary systems effectively
decoupled shear impact force, resulting in an average maximum angular speed of
one order of magnitude smaller compared to those of the fixed protection systems
in the collision scenarios above. In normal collisions, the fixed and rotary systems
performed similarly as expected due to the dominance of the normal component of
the collision force. The experimental results are summarised in Fig. 9.

5 Conclusions

We developed and demonstrated an effective protection system that can cushion
the impact to reduce the overall collision peak force experienced by the drone, as
well as decouple the induced yawing moment from the platform. Studies on both
smooth and rough surfaces demonstrated that the simultaneous exploitation of
these two concepts is the most advantageous design configuration in terms of the
overall impact protection performance. In summary, origami-protected systems
offered 20~30% improvement in the peak impact force reduction compared to
naked-protection systems in all tested collision scenarios.
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