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Abstract—1In this study, a throwing robot equipped with
an shock absorbing structure, utilizing paired-Cross Flexural
Hinge (p-CFH) and an airbag, was fabricated and validated
to assess the effectiveness of its impact absorption mechanism.
This robot was developed in anticipation of situations where
direct human intervention for life rescue would be challenging.
Throwing robots can be broadly categorized into ball type,
wheel type, and hybrid type. The hybrid type combines the
advantages of both: the ease of throwing from ball type, due to
its low air resistance coefficient, and the versatile mobility of
the wheel type in diverse environments. However, hybrid type
throwing robots are more vulnerable to external impacts due to
the complexity of their internal structure, resulting in a lower
maximum drop height compared to wheel type robots.

To address these challenges, this research proposes a the
Throwbot that combines the easy throwing capability of ball
type with the obstacle overcoming ability of the wheel type,
while also addressing the low free fall height drawback inherent
in hybrid types. To achieve this, we developed a Throwbot with
a ball to wheel transform structure, p-CFH mechanism, and
airbag based impact absorption system. Additionally, materials
were selected based on simulation results to refine the Throw-
bot. The performance of the proposed robot was evaluated
through various assessments, including free fall experiments
and obstacle overcoming tests. Through this research, the
proposed Throwbot effectively addresses the shortcomings of
existing throwing robots, establishing a novel approach to
throwing robot design.

[. INTRODUCTION

Various types of robots, such as snake robots [1], [2],
drones [3], [4], [5], and throwing robots, are being developed
to address situations where human access to disaster site is
challenging. Among those, throwing robots have the advan-
tage of overcoming obstacles like high walls and passing
through narrow areas caused by building debris, making them
particularly useful in disaster situations.

Throwing robots can be broadly categorized into ball type,
wheel type, and hybrid type. Ball type throwing robots are
easy to throw due to their shape, and they have do not tip
over. Additionally, the entire surface of the ball type robot
provides propulsion, preventing it from being stopped by
obstacles on its body, unlike wheel type robots [6]. However,
a major disadvantage of ball type robots is their inability
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Fig. 1: (a) Throwbot in wheel mode (b) Exploded view of
Throwbot

to overcome obstacles, limiting them to smooth terrain. In
[7], a ball type robot capable of overcoming obstacles is
proposed, but its large size and weight of approximately
6.4 kg make it unsuitable for throwing. Conversely, robots
specifically designed for throwing, focusing on miniaturiza-
tion and shock absorption, have been studied, but they lack a
movement mechanism [8]. The robot proposed in [9] features
a movement mechanism using soft materials, but it is limited
by having only one degree of freedom, restricting its various
movements. Additionally, the HoYa Robot, introduced in
[10] and [11], is a lightweight robot that is easy to throw, but
it is vulnerable to shock due to the lack of shock absorption
mechanism, with a maximum free fall height of 2 m.
Wheel type throwing robots can operate in various en-
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Fig. 2: (a) Throwbot in ball mode (b) Throwbot with airbag

vironments and have a better ability to overcome obstacles
compared to ball type robots. Furthermore, unlike ball type
robots, which must maintain a spherical shape for ease of
movement and throwing, wheel type robots are not restricted
beyond the need for wheel mobility. This allows for the
application of various shock absorption mechanisms, such as
parachutes [12], flexible hinges [13], aerial attitude control
[14], and wheels larger than the robot’s body [15]. However,
due the shape of wheel type robot, it is sometimes necessary
to develop a separate throwing device [16], and additional
structures may be required to prevent the body from rotating
during movement [17].

Hybrid type throwing robots have a structure that can
switch between ball type and wheel type [18], [19]. When
the robot lands on the ground, it switches from throwing
mode to driving mode to perform its mission. This switchable
design allows it to combine the ease of throwing of the
ball type with the maneuverability and obstacles overcoming
ability of the wheel type. In some cases, a rubberized shell is
added to the robot’s exterior to absorb shock [20]. However,
the cushioning performance of the rubberized shell cannot
be improved by reducing hardness or increasing thickness
beyond a certain level [20], which limits the throwing height.
There are also robots that can transition from a sphere to a
three-legged robot [21], as well as those that can change
from a tetrahedral structure to a planar structure [22].

In both cases, the additional transformation mechanisms,
which are seldom used, increase the robot’s weight, making
it less suitable for throwing [20]. The main disadvantage
of these hybrid structures is their complex internal design,
which enables the switch between ball type and wheel type.

To address the disadvantages of these robots, we developed
a hybrid type Throwbot (as shown in Fig. 1) that can combine
the benefits of the ball type, such as ease of throwing due
to its small size, with the obstacle overcoming ability and
high speeds of the wheel type. Additionally, to address
the reduction in maximum throwing height, we adopted
a simplified internal design, including p-CFH and airbag
structure, to overcome this limitation. Through this study,
we confirmed that p-CFH and airbag structures are effective
for throwing robots with shock absorption structures, and we
proposed a new method for manufacturing.

II. DESIGN OF SYSTEM
A. System Overview

Throwbot, equipped with shock absorbing structure, in-
corporates various design techniques to combine the ease of
throwing, the obstacle overcoming ability, and addressing the
low free fall height limitations of existing throwing robots.

To address the complexity of the internal structure, we
designed a ball to wheel transformable simple structure.
This design uses a linkage structure that switches from ball
mode to wheel mode. To overcome the limitations of ball
type throwing robots in absorbing shocks and overcoming
obstacle, p-CFH was applied to the exterior shell, allowing
the robot to be thrown and operated in various environments.
In ball mode, the Throwbot (as shown in Fig. 2a) is equipped
with an airbag and is thrown in the configurations shown
in Fig. 2b. When the robot hits the ground, the airbag is
automatically removed, and it simultaneously switches from
ball mode to wheel mode (as shown in Fig. 1a) and begins
operation.

Throwbot with a shock absorption structure consists of
three main parts. As shown in Fig. 1b, the first is the linkage
structure for transforming from ball mode to wheel mode,
the second is the tail structure to improve driving stability,
and the third is the p-CFH and airbag structure for shock
absorption.

The designed throwbot is shown in Fig. 1b. The parts
were fabricated using a 3D printer (Bambu Lab X1-Carbon,
Bambu Lab, China). The linkage, tail, and shell parts were
made using PLA, while the CFH was maded TPU. The driv-
ing mechanism consist of a differential drive system with two
servo motors (DHV-2288, Sky Holic, South Korea) mounted
on a main frame made of PLA. The differential drive system
allows the Throwbot to move forward, backward, and rotate
in place. The system is powered by a lithium polymer battery
(2200 mAh 8c 7.4 V (2S), TOYMIX, South Korea), and
a receiver (R7008SB, Futaba, Japan) is used for remote
control.

B. Linkages for Transform Ball Mode to Wheel Mode

Throwbot is thrown in ball mode and switches to wheel
mode after landing. To solve the issue of reduced throwing
height, we simplified the ball to wheel transformable struc-
ture. In existing hybrid types, additional actuators are used to
switch modes, which complicates the structure, adds weight,
and reduces the throwing height. To address this issue, we
used a linkage structure and a spring to simplify the design
and enable immediate mode changes.

The linkage structure consists of two linkages, one in
each shell, with an elongated design measuring, 25 mm
when folded and 52 mm when fully extended. The two
shells remain folded after the linkage’s spring is compressed,
secured by the locking structure. When the robot is thrown
and impacts the ground, the locking mechanism disengages,
allowing the spring to unfold the linkage. If the impact
does not disengage the lock, the motor’s rotation will do
so, ensuring a reliable transformation. If the linkage unfolds
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Fig. 3: Impact absorption simulation of various wheel struc-
tures (a) Diamond structure (b) Ellipse structure (c) FH
structure

to 180 degrees, additional force is required to revert to
ball mode, so the linkage structure is designed to avoid
full unfolding. Since the Throwbot only needs to switch
to ball mode for throwing, the transformation is only from
ball mode to wheel mode, requiring human intervention to
reset to ball mode in preparation for the next throwing. This
structure is ideal for throwing robots because it does not
require additional actuators and is simple, lightweight, and
reliable. By adopting this structure, the Throwbot with shock
absorbing structure can withstand high impact heights.

C. Tail for Stable Driving

Ball type throwing robots require a tail structure for stable
driving and overcoming obstacles [10]. Since the Throwbot
is thrown in ball mode, the tail must be stored inside the
robot. The tail also needs to be longer than the radius of
the robot’s outer shell, requiring a variable length structure.
To achieve this, we used a mechanism that compresses and
stored the tail inside the robot in ball mode, then extend it
outside to form the tail when it is thrown and switches to
wheel mode.

The tail mechanism is designed with a scissor lift structure.
This structure offers the advantage of a compactness and
a variable length. Like the previous linkage structure, it
was designed to be stored inside the robot in a compressed
state without using an actuator, then unlocked and extended
by spring force. This design keeps the robot lightweight
and compact without the need for additional actuators. The
tail, utilizing a scissor lift structure, measures 43 mm when
compressed and extends up to 220 mm with a spring,
providing a variable length of 177 mm.

III. DESIGN OF SHOCK ABSORPTION STRUCTURE

The wheel and airbag structures were desinged through
Finite Element Analysis (FEA) before being fabricated based
on these predictions.

A. Shock Absorption with p-CFH

To select the most efficient shock absorbing wheel struc-
ture, we used Inventor (Autodesk, USA) to design various
structures, including diamond, ellipse, Flexural Hinge (FH)
structures. These wheel structures were created using nylon
with a bending stress of 38.3 MPa, as shown in Fig. 3.

Assuming the robot falls from a height of 6 m with no
air resistance and a gravitational acceleration of 9.8 m/s?,
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Fig. 4: Comparison of FH and p-CFH (a) FH structure (b)
p-CFH structure (c) Impact absorption simulation of CFH
structure

and that the impact is concentrated on one part of the wheel,
the velocity at the moment of impact with the ground is
approximately v2-6-9.8 ~ 11 m/s. Given that the robot
weighs 0.8 kg and the shock absorption time is 0.2 s, the
resultant force between the robot and the ground is calculated
as 11 -0.8/0.2 = 44 N. To account for the safety factor,
the resultant force used in the FEA using Inventor Stress
Analysis (Autodesk, USA) is set to 50 N.

For the diamond structure wheel, as shown in Fig. 3a, a
maximum deformation of 6.815 mm and a maximum stress
of 40.26 MPa occur, resulting in a safety factor of 0.95,
which exceeds the bending stress of nylon and causes the
structure to fail. Therefore, the diamond structure wheel is
not suitable for shock absorption. For the elliptical structure
wheel, as shown in Fig. 3b, a maximum deformation of 4.646
mm and a maximum stress of 35.28 MPa occurs, resulting
in a safety factor of 1.08. Although this does not exceed the
bending stress of nylon, if a slightly larger force is applied, it
will break immediately, therfore the elliptical structure wheel
is also not suitable for shock absorption. For the FH structure
wheel, as shown in Fig. 3c, a maximum deformation of
0.3424 mm and a maximum stress of 9.691 MPa occurs,
resulting in a safety factor of 3.95. This does not exceed
the bending stress of nylon, ensuring that the wheel will not
break even if a larger force is applied. Therefore, the FH
structure was selected for the wheel’s shock absorption.

To increase the shock absorption capacity, as shown in Fig.
4, the wheel was designed using TPU, which has a density
of 223 kg/m3 higher than nylon, but offers much higher
shock resistance. Additionally, the p-CFH structure, com-
posed of two intersecting independent beams, was applied
to the wheel. This design offers excellent shock absorption
capacity, unlike the FH structure, which is composed of a
single rigid body. The p-CFH structure also resulted in a
20% weight reduction compared to the FH structure.

For a more precise shock absorption analysis, Ansys Static
Structural (Ansys, USA) was used to analyze the shock
absorption of the p-CFH structural wheel. As in the previous
shock absorption simulation, 50 N was set as the FEA
input. As shown in Fig. 4c, the simulation result shows a
maximum deformation of 2.2332 mm, which is 6.5 times
larger than that of the FH structure, but the maximum stress
of 0.3593 MPa is 27 times lower. This predicts that the shock
absorption capacity of the wheel can be improved using TPU
and the p-CFH structure.
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Fig. 5: Shock absorption simulation of airbag (a) Shock
absorption simulation setting (b) Simulation result

Airbag
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Fig. 6: Structure of airbag module (a) Single airbag module
(b) Locking mechanism for airbag module

B. Shock Absorption with Airbag

To assess the effectiveness of the airbag in absorbing shock
when the robot is thrown and collides with the ground,
FEM analysis was performed using Ansys Static Structural
(Ansys, USA) before actual production. The analysis com-
ponents included a Throwbot made of PLA, an airbag made
of Polyvinyl Chloride (PVC) film, and a structural steel
collision surface. The input resultant force was set to 50
N, consistent with the previous wheel structure analysis.

As shown in Fig. 5b, when a force of 50 N was applied
to the airbag, the deformation less than 2.7 mm, and the
deformation and stress on the robot were almost zero. From
this, we can predict that the airbag can effectively absorb the
shock from a collision with the ground.

Based on the simulation, an airbag module was created to
be mounted on the Throwbot. For the airbag module, we
chose a COy cartridge as the gas generator to reuse the
airbag. PVC, which is easy to process and durable, was
selected to absorb the impact of the airbag, and a durable
polyurethane (PU) tube was used to make the flow path.

The airbag module was designed with two hemispheres
that wrap around the Throwbot, as shown in Fig. 6a. The
coupling with the Throwbot is accomplished by engaging
six clasps attached to each hemisphere with corresponding
clasps on the opposite side, as shown in Fig. 6b. This
structure allows the airbag module to be mounted to the
Throwbot without direct coupling. Additionally, when the
Throwbot collides with the ground, the airbag module, which
is composed of PU tubes, deforms and the fastening structure
is distorted, allowing the Throwbot and the airbag module
to be separated without any additional device.
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Fig. 7: Impact absorption experiment setting and process (a)
Test setting (b) Impact test process
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Fig. 8: Acceleration graph of impact absorption experiment

IV. SHOCK ABSORPTION STRUCTURE EXPERIMENT

To verify the design of the shock absorption structure, we
conducted an experiment to measure the impact by dropping
a weight on the shock absorption structure. As shown in
Fig. 7, a 0.5 kg weight was dropped from a height of 300
mm onto the structure to measure the resulting acceleration.
For the acceleration measurements, the weight was connected
to a basket, and we measured the acceleration upon impact
by dropping the weight onto three differenet structures: a
TPU block without a p-CFH structure, a shell with a p-
CFH structure, and a structure combining both airbags and
p-CFH. The Head Injury Criterion (HIC) was used to indicate
the impact’s severity, as measuring acceleration alone does
not fully capture the reduction in effect. The HIC can be
calculated using the (1) [23], [24].

1 t 2.5
HIC = mazx {(tg —ty)- [t2 - / a(t)dt} } @)
ty

In (1), the interval ¢ — ¢; can be up to 36 ms. We
conducted the experiment over a total duration of 36 ms
[25], centered around the peak value with a range of 418
ms.
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TABLE I: Peak acceleration and HIC value of experiment

Acceleration Peak [m/s?] HIC
Non p-CFH 19.6200 16.3705
Only p-CFH 16.6213 6.3986
Airbag with p-CFH 5.4806 0.3373

As shown in Fig. 8, the p-CFH structure exhibited less
acceleration change compared to the block shaped structure,
and the acceleration change was further reduced when the
airbag was combined with the p-CFH structure. Table I
provides a detailed comparison of acceleration and HIC
values. The acceleration peak was the lowest at 5.4806
m/s? when both the airbag and p-CFH structure were used
together, and highest at 19.6200 m/s? in the block form with
only the p-CFH. When comparing the HIC values, the HIC
for the airbag was 0.3373, the p-CFH was 6.3986, and the
block was 16.3705, indicating that the combination of the
airbag and p-CFH structure effectively reduced the impact.
When comparing the reduction in peak value and HIC, the
peak value decreased by 15.3%, and the HIC by 60.9% when
the p-CFH structure was used, compared to the plain block.
The peak value decreased by 67.0%, and the HIC by 94.7%
when comparing the results with and without airbags. This
confirms that the designed structure effectively reduces the
impact on the robot during a fall after a throwing situation.

V. PERFORMANCE TESTS AND RESULT

The developed Throwbot weighs 0.765 kg without the
airbag and has a diameter of 220 mm in ball mode. The
operating noise of the robot, measured at a distance of 1 m
in a quiet indoor environment, was 58.6 dB. Battery life is
also a critical factor for this type of robot. To assess this,
we operated the robot at its minimum speed and confirmed
that it could run for over 75 minutes. In terms of running
speed, the robot achieved an average velocity of 0.8257 m/s
over a distance of 3 m, repeated five times. The Throwbot
is designed with a differential drive robots, and the forward
speed is calculated as V' = (vg + v;)/2, where vg and vy,
represent the speeds of the right and left wheels, respectively.
By substituting the motor speed and the wheel radius of
0.11 m into the equation, the calculated speed is 1.05
m/s. However, the actual measured speed is lower, which
can be attributed to wheel slip and the robot’s inability to
maintain a straight path, both of which reduce the overall
speed. Additionally, since each shell operates as a differential
structure, the robot can execute rapid turns and perform
various maneuvers, with a rotation speed of approximately
1 rev/s when turning in place.

The shell structure with p-CFH attached to the robot not
only contributes to shock absorption but also enhances its
ability to overcome obstacles. To verify the robot’s ability to
overcome obstacles, we conducted experiments on triangular
bumps and stairs, as shown in Fig. 9. As a result, the
Throwbot successfully overcome a 55 mm step obstacle and
a 50 mm high triangular bump.

(a)

Fig. 9: Obstacle overcome performance test (a) Triangular
bump (50 mm) (b) Step (55 mm)

(b) © (d)

Fig. 10: Free fall test of Throwbot (a) Experiment setting (b)
Free fall (c) Before impact (d) After impact

One of the key performance metrics for a throwing robot
is the allowable drop height that does not cause operational
issues. To verify the allowable free fall height, the Throwbot
was equipped with an airbag and dropped from a height
of 6.3 m, as shown in Fig. 10a. Its operational status was
then checked to confirm success. After falling from 6.3 m,
the Throwbot touches the ground, the airbag automatically
detaches from the robot, the shell’s locking structure disen-
gages, and the robot transitions to wheel mode. As a result,
as shown in Fig. 10, the shock absorption structure of the
airbag and p-CFH effectively absorbed the impact, allowing
the robot to operate successfully.

Table II compares the performance of the Throwbot with
that of existing throwing robots from previous studies. The
Throwbot weighs less than 1 kg, making it easy to throw
due to its ball type design, and it also showed the fastest
running speed among the comparison groups. Additionally,
the p-CFH based shock absorption structure and the airbag
structure used in the robot allowed for a higher permissible
drop height compared to other wheel type robots. Therefore,
this confirmed that the proposed robot not only combines the
advantages of a ball type robot, which is easy to throw, and a
wheel type robot, known for its excellent driving speed and
obstacle overcoming performance, but also offers superior
shock absorption performance.

VI. CONCLUSIONS

The Throwbot, which incorporated the proposed p-CFH
and airbag structure to address the limitations of existing
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TABLE II: Performance comparison for the throwing reconnaissance robots

Robot Type Weight [kg] | Velocity [m/s] | Drop height [m] Obs}::gito[\;i i;?me Size(WLH)[mm)]
[13] Wheel 2.05 0.6 N/A 217 x 210 x 85
[20] Hybrid 0.52 0.34 N/A 110 (Spherical, Diameter)
[26] Wheel 0.3 0.45 3 (w/o Camera) N/A N/A
[27] Wheel 10.7 0.33 90 355 x 400 x N/A
Ours Hybrid 0.765 0.8257 55 220 (Spherical, Diameter)

throwing robots, demonstrated significant improvements in
overcoming these shortcomings. Firstly, in terms of over-
coming obstacles, experiments confirmed that the p-CFH
structure can be used to overcome a 55 mm step obstacle.
In addition, the low free fall height caused by the complex
internal structures of the wheel type and hybrid type was
improved by utilizing a simple linkage structure along with
p-CFH and airbags. Notably, p-CFH and airbags were uti-
lized to achieve a free fall height of 6.3 m, a feat difficult to
accomplish with existing hybrid type robots. This is due to
its low weight, achieved by utilizing an efficient yet simple
ball to wheel conversion mechanism and an effective shock
absorption structure using p-CFH and airbags. This structure
was experimentally validated as effective in a 6.3 m free fall
test. This study offers a new direction for the development
of throwing robot with shock-absorbing structures using p-
CFH and airbags. In the future, we plan to miniaturize and
reduce the weight of the shock absorbing structure in the
Throwbot to achieve greater free fall heights and improved
ease of throwing.
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