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Abstract— Collision management strategies are an integral
part of micro air vehicle (MAV) operation for ﬂight sustainability. Among them, collision avoidance strategies require
enhanced environmental and situational awareness for generating evasive maneuvers and collision-free trajectories. Simpler
and more adaptable option is to prepare for collisions and
design the physical system with predicted collision patterns
in mind. In this work, a mechanically compliant quadcopter
design using origami-inspired foldable robotics methods with
protective shock absorbing elements has been proposed for a
collision resilient quad-rotor MAV. 2D design of the foldable
structure and the manufacturing process, including electronic
hardware elements and software has been discussed. Our results
show that in low speed collisions, the ﬂight of the quadcopter
is uninterrupted. The compliant quadcopter can continue ﬂight
after impact in near-hover conditions because of the reduction
of impact forces due to the increased impact time.
Index Terms— Soft Robot Materials and Design, Soft Robots,
Flexible Robots, Miniature Robots, Unmanned Air Vehicles,
Micro Air Vehicle.

Fig. 1.

beneﬁt of stable robust operation [5], [6]. However, such
methods are often not available in MAVs due to limited
sensing capabilities, computational power, battery capacity
and thrust output.
Foldable robotics [7], [8], [9], [10], [11] offer a number of
advantages for the design and manufacturing of MAVs. Suitability of abundant, lightweight materials allows for lighter
structural designs compared to conventional manufacturing
methods by trading design complexity. It also offers fast,
low cost, batch-prototyping and fabrication. Most important
aspect, however, is that foldable robotics offer customized
mechanical properties of structures that can be tuned for
the purpose [12], [13], [14]. Quadrotor frame experiences
rigorous forces compared to its size due to the operation of
high speed rotor assembly, which generates lift and control.
Body design must provide the quadrotor with reasonable
stiffness to hold the rotors ﬁrmly, while being able to provide
shock reduction with spring-like elasticity.
Collision resilience in MAVs have a presence in the literature providing different perspectives on design and operation.
In [1], researchers used a plastic structural material with high
elasticity to absorb and redirect the collision energy into
deformation. Research in [3], shows a different approach to
collision management by covering the quadrotor body with a
spherical cage. An origami inspired protective bumper piece
has been designed by researchers in [2], which uses similar
materials and techniques used in this work.
The contribution of this study is the design and operational demonstration of one of the ﬁrst miniature quadrotors
that is entirely fabricated using foldable robotics methods.
This miniature, foldable, collision resilient quadcopter called
MiniCoRe (see Fig. 1) is envisioned to be a capable and
mechanically compliant ﬂying platform, built using cheap,
available materials. Our results demonstrate the effectiveness
of foldable structures against impact commonly experienced

I. I NTRODUCTION
Compliance in robotics has become high in demand with
the increasing understanding of its practical beneﬁts; such
as enhanced adaptability to external effects and safer interactions with the environment. Such compliance can easily be
achieved with the use of low cost materials and low-barrier
manufacturing inspired from origami methods.
Compliance in aerial robotics is a relatively new concept
[1], [2], [3], made possible with the emergence of robust
aerial systems. Quadcopters with rigid bodies are relatively
easier to operate than the compliant ones; the quadcopters
with compliant bodies require fast sensors, electronics, and
controllers for successful operation. The advantage of compliance is apparent with the interaction of the robot and
its surrounding environment. Collisions are constant threats
in micro aerial vehicles (MAVs) by the virtue of their
mission deﬁnitions: to operate in tight spaces and indoor
environments. Any disruption in the supply of lift force; such
as power outage, malfunction in the rotors, and sensor or
controller errors are critical in the absence of redundancy.
As an advantage, MAVs are inherently more resilient to
mechanical stresses due to laws of scaling [4]. However,
rotors and electronics are more susceptible to damage in the
case of an impact, because of the lower quality components
available in smaller size. Current technology allows for
collision avoidance using integrated proximity sensors or preplanned trajectories to eliminate the risk. Trade-off of these
systems is the increase in weight and software complexity.
For most applications, where thrust and computational power
is in abundance, collision avoidance algorithms provide great
978-1-7281-6570-7/20/$31.00 ©2020 IEEE

Miniature, foldable, collision resilient quadcopter, MiniCoRe.

176

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on February 03,2021 at 11:39:33 UTC from IEEE Xplore. Restrictions apply.

by MAVs. Foldable frame successfully shields the vulnerable
rotors and electronics from the impact, while providing
structural integrity during ﬂight.

signiﬁcantly upon impact, dissipating the energy of the
collision. In order to restrict the motion of arms in y-z plane,
a T-fold has been implemented. The T-fold has a side beneﬁt
of having a component along the plane of the reaction force,
which can restrict this motion with minimal modiﬁcation of
adding a slanted surface to connect both ends of the half
T shape. Two triangular shaped elongated cells are folded
from the same piece of cellulose acetate sheet. These cells,
when combined, form a larger triangle, increase the overall
strength and enable easier folding and manufacturing.

II. D ESIGN
The designed frame of MiniCoRe is for a quadcopter
in X conﬁguration and weighs around 8g (43g including
the electronics and the batteries). Propulsion has been provided by four micro outrunner brushless DC motor with
approximately 1N of thrust output. Frame is constructed
using a standard A4-sized cellulose acetate sheet available
in many ofﬁce suppliers. Using the methods of foldable
robotics inspired by origami techniques, frame is assembled
through pre-planned folds. This design method allows for
easy prototyping and customization for different motor and
battery types to be incorporated into the frame. Strength of
the foldable design method has been demonstrated in the
earlier works of the Miniature Robotics Lab, MiniAQ-I/II, a
quadrupedal ambulatory robot design [15], [16].

Fig. 3. Folding of the arms. (a) Unfolded cellulose acetate sheet, orange
seam lines are perforated with laser for accurate folding. Folding hierarchy is
noted with numbers. (b) Cutaway of the folded, load bearing arms; triangular
cells can be seen. (c) Overall shape of the folded arms.

A. Foldable Frame Design
Design incorporates a number of elements crucial for the
ﬂight performance of MiniCoRe. The frame needs to have a
high stiffness to withstand the lift forces and reaction torques
shown in Fig. 2. Rotor arms have been designed as long and
slender beams to increase impact time during collisions. An
electronics hub is designed at the center of the body. The hub
provides an enclosure to protect electronics while holding the
batteries and the arms ﬁrmly in their intended conﬁguration.
Additional protection against collisions has been provided
with rotor bumpers constructed from the same material.

Fig. 2.

Figure 3 shows the folding pattern. Surface shown in red is
bearing the load of generated thrust by forming the tail of the
T-fold. Blue surfaces restrict red surface from buckling under
compression stress. To keep the blue surfaces from collapsing
under collision, green surfaces provide another point of support. Locking extensions are inserted into the slots engraved
on green surface. These locks block the fold from unwinding
and provide the attachment point to the electronics hub. For
MiniCoRe, two diagonal arms are required, each supporting
two rotors. Arms are joined together to reach X conﬁguration
using half-lap joint in the middle point as shown in Fig. 4.

Forces acting on the rotor arms during ﬂight.

Quadcopter frame has been shaped in the X-Quad conﬁguration with each motor spaced equally. This is advantageous
from controls perspective, since the frame becomes identical
in pitch and roll axes. Rotors are placed at the tip of arms
for maximum moment generation with respect to the center
of mass. Longer arms increase the generated moment and
moment of inertia, thus arms being longer increases the control authority. Shorter arms require more thrust corrections
to steer the quadrotor since the moment arm is reduced, but,
shorter arms are lighter and easier to design for required
stiffness.
The arms have high bending stiffness in y-z plane to
restrict the motion of rotors with respect to the body in
thrust direction. On the other hand, they have a relatively
lower stiffness in x-y plane, which causes them to bend

Fig. 4.

Two diagonal arms joined together with half-lap joint.

Rotors are required to hold their intended alignment for
smooth operation. Misaligned rotors do not cause major
disruption thanks to the feedback controller; however, it
increases the power consumption due to the loss of thrust.
Rotors are held in their place ﬁrmly using three 1.2mm
screws, which connects the rotor base to arm tips. Motor
connections can be considered as the most critical part of the
design as they sustain the stresses caused by thrust, reaction
torques, vibrations, and impact stresses. In order to provide
easy access to screw holes and add rigidity to the motor
mounts, a three pointed fold is placed at the end of the arms.
Three mounting points share the load and direct the stress
along the side surfaces of the arm.
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To support the X-Quad arm assembly and to provide housing for the electronics and batteries, the main body housing
plays an important role. Main body housing is attached to
the assembled arms through the locking extensions of arms.
The locking requires pre-stressing of the electronics hub to
align the locking extensions with the slots. Locking can be
completed by splitting the extensions apart. Pre-stressing of
the electronics hub increases the body rigidity by adding
another layer of triangular fold over the arms.
Electronics hub is folded around the electronic hardware
to provide a steady ﬁxture for ﬂight controller and batteries.
Enclosure is an open top rectangular box on the bottom and
a half pyramid on the top.
Collision protection ability has been enhanced using
bumpers made out of cellulose acetate sheets. Outermost
protection is required around the rotors to prevent rotor-blade
damage, as the rotor blades are the ﬁrst points of contact
with an obstacle. Protective bumpers absorb the collision
energy by elastically deforming, and release the energy by
pushing the quadcopter body away from the obstacle, acting
as a suspension. The bumper design and potential collision
scenarios are shown in Fig. 5.

Fig. 6.
visible.

Implementation of the bumper, mounting point and half-fold is

be achieved by pressing the pattern onto the ﬁlm using a
press machine.
The folding pattern is designed in 2D. The drawn pattern
is uploaded to the Universal Laser Systems VLS 3.50 Laser
Cutting machine with an A4 cellulose acetate sheet for
cutting and engraving operations. Folding lines are marked
with a dashed line to decrease material resistance for folding
and signal the user where the design should be folded. The
pattern includes seven individual unfolded components: the
electronics hub, two arms and four bumpers.
C. Electronics
To achieve ﬂight, a regulating feed-back control system
to provide rotor inputs is essential. On that end, on board
computation and sensing capability have to be provided. This
need can be satisﬁed with the commercial ﬂight controller
boards. Such boards are capable of fast sensing/computation
capability with options to outﬁt communication suites and
extra sensors.
Crazybee F4 is a ﬂight controller that employs 32bit STM32F4 type micro-controller unit integrated with
MPU6000 inertial measurement unit, which provides 8kHz
attitude feedback. Along with the ﬂight control unit, 2.4GHz
RF receiver, and a 4-in-1 Electronic Speed Controller unit
for 2S brushless DC motor control has been packed inside a
4.3g package.
The board has been supplied with suitable four Eachine
TC0803 brushless DC motors with 15000KV rating. Peak
thrust of each motor combined with 40mm 4-blade propellers
is in average 25g. Thrust-to-weight ratio of the ﬁnal quadcopter is approximately 2.3. Two 3.7V 40-80C lithiumpolymer batteries are used to power the MiniCoRe. The
electronics used are shown in Fig. 7.
Flight software has been provided by open source Betaﬂight, which enables users to customize controller settings
easily. For the purposes of this work, extensive software
modiﬁcations are unnecessary, therefore, the ﬂight code has
been left unchanged except for stabilization tuning to conduct
tests.

Fig. 5.
Collision scenarios and related force reactions(left), Unfolded
bumper part (middle), folded and ﬁxed bumper part (right top), bumper
and rotor ﬁxture assembly seen from top (right bottom).

Cellulose acetate is formed into a loop mounted around
the motor ﬁxture using the motor screws as shown in Fig.
6. An extra layer of cellulose acetate sheet is folded on
the bumper part to increase spring coefﬁcient. Mounting
point and orientation plays an important role in forming the
spring. Bumper mount wraps around the motor ﬁxture from
the sides. Half-fold encapsulates the rotor mount with Ushaped folds around the sides. This half-fold rigidly attaches
the low stiffness cellulose acetate ﬁlm to the motor mounts
and enables the ﬁlm to form a directional spring around the
rotors. This spring-like section of the bumper absorbs most
of the collision energy.
B. Fabrication

III. C OLLISION M ODELING

MiniCoRe is easy-to-fabricate thanks to foldable robotics
methods used in robot design. The only fabrication required
is the engraving of the folding patterns into the cellulose
acetate sheet. This is possible using a commercial laser
cutting device for fast prototyping and bulk production can

In order to formalize the behavior of the foldable frame’s
deformation under ﬂight stresses and collisions, we should
model the system’s dynamics. Compliant characteristics of
the foldable body and the outer bumpers can be studied
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The equations of motion for the link can be written as;
x
x
+ Fl2
ml x¨2 = −Fl1

ml y¨2 =

y
−Fl1

−

y
Fl2

y
x
lcosθ − Fl2
lsinθ.
Il θ̈ = τts + Fl2

Fig. 7.
Pro.

(2)
(3)
(4)

Figure 9 shows the forces acting on the motor mounts.
Fb is the spring force generated by the bumpers around the
motors. In reality, the bumper has complex spring characteristics, which are directional and non-linear depending on the
impact angle. In this model, the springs have been assumed
linear. Friction is an important factor in the distribution of the
impact energy. In the actual MiniCoRe, thanks to the material
properties of cellulose acetate sheets, friction between the
wall surface and the bumper is very small and therefore is
neglected for this study.
With the aforementioned assumptions, we can write the
equation of motion for the motor mount as:

Setup of the ﬁnalized electronic suite equipped with Crazybee F4

analytically by modeling the compliance as a spring with
energy losses due to friction. By calculating the forces acting
upon each component, we can obtain a useful simpliﬁed
dynamic collision model. For this study, we assume that the
collision takes place in the hover position, where pitch and
roll angles are zero with the body having an initial velocity
vector given in the instance of contact. Additionally, collision
surface is perpendicular to MiniCoRe’s initial velocity vector.
Yaw angle is zero and the direction vector is along the
velocity vector. We also assume that the bumper ends are
identical and contacting the obstacle at the same instance.
Therefore, in the preliminary study, symmetrical conditions
are assumed. This simpliﬁed model is shown in Fig. 8.

x
mm x¨3 = Fb − Fl2

(5)

y
Fl2

(6)

Fb = k b x
τts = kts θ,

(7)

mm y¨3 =

where kts can be approximated using EulerBernoulli beam
equation for the bending of the arms by assuming the interface between the motor and the main body is cantilevered,
while the moment is calculated at the ﬁxed point. Using small
angle assumptions, we can write:
2EI
(8)
θ,
L2
where E is the Young’s modulus, I is the second moment
of inertia of the beam, and L is the length of the beam. By
analogy to rotational spring system, we can deduce:
M=

Fig. 8. Structural model of the quadrotor in prescribed collision conditions.

The compliance of frame is considered analogous to a
spring. It retains the deformation energy with small amount
of losses due to the characteristics of the material. Collapsible arms can be modeled as torsional springs complemented
with beam equation to obtain the spring constant. Bumpers
as well as other structural elements have been assumed to
have negligible mass and inertia. It is possible to dissect
each mass individually to obtain equations of motion and
internal forces.

Fig. 9.

τ = kts θ
(9)
2EI
kts = 2 .
L
Using geometric relations, kinematic equations reduce to
two degrees of freedom: x3 and θ.
x1 = x3 + lcosθ
l
x2 = x3 + cosθ
2
l
y2 = sinθ
2
y3 = lsinθ.

x¨1 = x¨3 − l(cosθθ̇2 + sinθθ̈)
l
x¨2 = x¨3 − (cosθθ̇2 + sinθθ̈)
2
l
y¨2 = (−sinθθ̇2 + cosθθ̈)
2
y¨3 = l(−sinθθ̇2 + cosθθ̈).

In this model, Fl1 s are the link forces. The forces F y
shown in Fig. 9 are equal due to symmetry. Therefore, we
can write the equation of motion in the x direction as;
M x¨1 =
M x¨1 =

x
Fl1

(11)
(12)
(13)

Then, we can take the second derivatives of the kinematic
relations to acquire:

Free body diagram of the forces acting on the arms.

x
Fl1
+
x
2Fl1
.

(10)

(1)

(14)
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Using eqn. 14, we can ﬁnd the link forces by inserting them
into the equations of motion, eqn. 5, 6, and 7.
α = cosθθ̇2 + sinθθ̈

β = −sinθθ̇2 + cosθθ̈

(15)

M
(x¨3 − αl)
2
l
x
x
Fl2
= ml (x¨3 − α ) + Fl1
(16)
2
y
Fl2
= ml lβ
l
y
y
Fl1
= −Fl2
− ml β
2
Using the link force equations, we obtain two ordinary
differential equations of x3 and θ as:
x
Fl1
=

M
l
mm x¨3 = kb (x03 − x3 ) − ml (x¨3 + β ) −
(x¨3 + αl)
2
2
(17)
l
0
I θ̈ = kt s(θ − θ) − ml lsinθ(x¨3 + β) + mm αlcosθ
2
(18)
We can impose boundary conditions just before contact as;

Fig. 10. Drop test from 1.5 meters, showing the bending of rotor arms.
The width of the stripes is 1cm.

if the impact occurred with low speeds (less than 1m/s) and
with a pitch angle that is less than 5◦ . These parameters are
within the limits of normal attitude conditions of near-hover
operation like observation and inspection [17]. Bumpers
exhibit adequate compression to block propeller collision and
to push the frame away from the obstacle.

x03 = 0 x˙03 = v
(19)
π
θ˙0 = 0
θ0 =
4
We can use a non-linear ODE solver to solve for x3 and θ.
Inner forces and component accelerations can be calculated
to observe the material behavior during impact. The resulting
dynamic model can be utilized to obtain the impact force by
calculating the deformation time and the peak acceleration.
IV. E XPERIMENTS
Tests are conducted to demonstrate the performance of
MiniCoRe under collision. To evaluate the effectiveness of
compliance, experiments are conducted in parallel with a
3D printed rigid quadrotor design using PLA 3D printing
material. Velocity and acceleration data are evaluated using
an OptiTrack Motion capture system. To compensate for
tracking errors during collisions, velocity and acceleration
data are retrieved from the experimental footage. First experiment is a free fall test from 1.5m shown in Fig. 10. It can be
seen that bumpers are guiding the arms to deform in the preplanned conﬁguration, which would decrease the transfer of
collision energy on the critical parts and distribute it among
multiple points by increasing the contact area momentarily. Stored energy then recalls the arms to their original
conﬁguration, while pushing against the ground. Interaction
of the arms with the collision surface increases the impact
time while reducing the peak acceleration experienced by the
electronics hub. Construction material shows its limitations
in the construction of the bumpers. As the size of the loop
around the propellers increase, bumpers lose stiffness as
expected, which render them obsolete.
Figure 11 is an in-ﬂight test with the objective of examining collisions during ﬂight. We expect the quadrotor to
continue operation after the collision and depart from the
object within manageable attitude limits. Our tests suggest
that MiniCoRe can continue ﬂying after impact with a wall

Fig. 11.

Powered collision test, width of the stripes is 1cm.

In collision angles of 5◦ -10◦ , foldable body experiences a
ﬂip due to center of mass being above the pivot point (contact
point). In order to effectively counter the ﬂip-over, either
center of mass should be lowered by placing the battery
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Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on February 03,2021 at 11:39:33 UTC from IEEE Xplore. Restrictions apply.

model of the frame dynamics is introduced.
As the future work, the MiniCoRe design will be modiﬁed to exhibit the same resilient behavior under medium
speed and higher attitude angles. Further features will be
implemented, such as a landing gear to relieve shock during
landings. More detailed collision model will be introduced
to compare against the test results. The MiniCoRe will
be employed to study multi-body robotic formations for
observation and inspection purposes.
Fig. 12. Unpowered drop test velocities for MiniCoRe and the rigid model
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Powered Impact velocity diagrams for MiniCoRe and the rigid

mount lower in already packed body hub or bumpers should
be larger in order to place the pivot point higher than the
center of mass. This has proven to be also problematic due
to lowered stiffness of the bumper structure.
As it is illustrated in Fig. 12, for an unpowered free fall
test on both MiniCoRe and the rigid model, the impact
time for MiniCoRe is about two times the rigid model. This
results in an average impact acceleration of about 21g for
MiniCoRe free drop test and about 38g for the rigid model,
indicating a greater destructive shock for the rigid one. In
addition, in this experiment, the impact restitution factor for
MiniCoRe is calculated to be about 0.29, which is lower
than the magnitude for the rigid model (calculated as 0.42),
meaning 44% more shock absorption capacity in MiniCoRe.
For the powered impact test, as illustrated in Fig. 13,
the impact time for MiniCoRe is almost twice the impact
time for the rigid model. Accordingly, the average impact
accelerations are about 5g and 11g for MiniCoRe and the
rigid model, respectively. The analysis of data for more than
sixty impact experiments for MiniCoRe and the rigid model
approves the higher capability of MiniCoRe to survive in
impacts.
V. C ONCLUSION AND F UTURE W ORKS
This work presents a miniature quadcopter, named MiniCoRe, which utilizes foldable design features to achieve
compliance to withstand impacts. Designed with origami
inspired folding techniques, stiffness of the foldable frame
is tuned with the collision resilience in mind. The ﬁnal
design of MiniCoRe weighs 43 grams including electronics.
Collision resilience characteristics of the compliant frame
design has been demonstrated through free fall and powered
ﬂight tests which has shown to decrease collision shock
and peak acceleration experienced by the body. A simpliﬁed
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