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Abstract— Drone audition which is an audio-based searching
technology is expected to be utilized for search and rescue op-
erations in disaster areas. In this technology, the measurement
equipment is required to be mounted on drones. The previous
structure for mounting this equipment was designed for each
drone and is costly to implement. In this paper, we propose
a structure that can be universally installed on drones with
a general shape. The structure was actually fabricated and
confirmed its versatility by installing it on drones. Additionally
the weight of the structure and measurement equipment was
measured and verified its applicability by comparing the
payload of a drone. We performed static load analysis and
eigenvalue analysis of the structure using mechanical properties
of 3D printed parts measured by three-point bending test. As a
result, it was confirmed that the proposed structure has enough
strength and suitable vibration characteristics to replace the
previous structure.

I. INTRODUCTION

Drones, which can move quickly regardless of ground
conditions, are expected to be used for search and rescue op-
erations in disaster areas. Many vision-based search methods
using drone-embedded cameras have been studied[1], [2].
Howeyver, these methods are difficult to search for victims
under poor lightning conditions or when victims are buried
in rubble. To solve this problem, search methods using
auditory information have been researched[3], [4], [5], [6],
[71, [8], [9]. Such an audio-based technique, which localizes
human-related sound sources using auditory signals recorded
by a drone-embedded microphone array, is called ”Drone
Audition”. In drone audition, it is necessary to mount the
measurement equipment for sound source localization, such
as sensors including microphone array, small computer and
communication modules, so as not to exceed the limited
payload of the drone. In addition, the microphone array
needs to be designed with consideration for noises of drone’s
rotors and wind, and placed far from them[5], [7]. Previously,
many studies have been conducted to utilize measurement
equipments mounted on drones[10], [11]. However, there are
few studies using measurement equipments placed far from
the drone’s body, as is required for drone audition.

In previous studies on drone audition, the dedicated struc-
ture for mounting these equipments on the specific drone
was designed and installed directly on the drone’s body[5],
[6], [7], [9]. Therefore, it requires the design of a structure
with the shape and dimensions corresponding to each drone,
which is costly to implement.
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In this paper, we propose a structure for mounting mea-
surement equipment that can be universally installed on
medium or large-sized drones with a landing gear. Since
many of medium or large-sized industrial drones have an
inverted T-shaped landing gear[12], [13] or O-shaped landing
gear[14], we designed a structure that can be installed on
the landing gear of the drone instead of the main body,
and can also be installed on drones of different sizes and
models with only simple adjustments. This structure was
designed based on the following criteria: mass limitation
due to the limited payload of a drone, load limitation
by the weight of the equipment to be mounted, vibration
characteristics against drone’s vibrations during flight, and
ease of adjustment for mounting equipment. This structure
achieves weight reduction by combining CFRP (Carbon
Fiber Reinforced Plastics) pipes and 3D printed parts, then
the characteristics of the structure are dominated by these
materials. Therefore, we focused on 3D printed parts, and
measured the flexural modulus of two materials for FFF
(Fused Filament Fabrication) and SLA (Stereo Lithography
Apparatus) 3D printing by three-point bending test. Using
these properties, static load analysis and eigenvalue analysis
of the designed structure were performed, assuming that a
microphone array and a processing unit containing small
computer and other devices were mounted, to evaluate the
validity of the design. In addition, the structure was actually
fabricated, and its versatility was verified by installing it on
two types of drones.

II. PROPOSED STRUCTURE

Many industrial drones have inverted T-shaped landing
gears as shown in Fig. 1(a). By designing a structure to
install on the landing gear, it can be adapted to drones with
a similar shape. Therefore, we designed a structure with the
shape as shown in Fig. 1(b). The landing gear and long
pipe are connected in a truss shape by using short pipes and
parts. A microphone array and a processing unit containing
a small computer, sensors and communication modules are
installed at both ends of the long pipe. The components of the
structure are shown in Fig. 1(c). By adjusting the mounting
angle of the central component and replacing short pipes, the
structure can be installed on various drones with the shape
shown in Figl(a).

A. Design Specification for the Structure

The design specification for the structure consists of
four requirements: mass limitation, load limitation, vibration
characteristics, and ease of adjustment.
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Fig. 1. (a) Standard shape of an industrial drone, (b) proposed structure for
installing a microphone array and a processing unit on a drone, (c) detailed
view of the area marked in red in (b).

1) Mass limitation
Due to the limited payload of drones, the struc-
ture needs to be lightweight for mounting equipment.
Therefore, the structure was designed to reduce the
number of components.

2) Load limitation
The structure must be strong enough to support the
load generated by the weight of the equipment. There-
fore, the structure was designed so that the stress
caused by the weight of the equipment was less than
the strength of the material.

3) Vibration characteristics
During drone flight, vibrations caused by the rotor (40
- 70 Hz and 165 - 182 Hz) and disturbances (0 -
10 Hz) are generated in the drone[15]. The structure
must be designed to have appropriate tolerance for
vibrations that may cause fatigue failure or component
interference due to resonance. Therefore, the structure
was designed to avoid a natural frequency of below 10
Hz, 40 - 70 Hz and 165 - 182 Hz.

4) Ease of adjustment
The mounting position of the microphone array needs
to be adjusted to reduce the effect of drone’s ego-noise.
In addition, the mounting position of the processing
unit also needs to be adjusted to compensate for the

Fig. 2. Proposed structure installed on (a) DJI Matrice 210 RTK V2, (b)
DIJI Matrice 600 Pro.

unbalanced center of gravity caused by the weight of
the microphone array and processing unit. Therefore,
the structure was designed so that the mounting posi-
tion of the equipment can be easily adjusted.

B. Fabrication Conditions for Structure

The proposed structure has a complex shape to achieve
applicability to various drones. Then, CFRP pipes were used
as the main structural parts, and the parts that connecting
these pipes were fabricated using a 3D printer (Onyx One,
Markforged) with a filament of short carbon fiber reinforced
nylon plastics (Onyx, Markforged).

The fabricated structure was installed on two drones, DJI
Matrice 210 RTK V2[12] and DJI Matrice 600 Pro[13],
as shown in Fig. 2. In this structure, each CFRP pipe is
clamped between 3D printed parts and fixed using screws.
The mounting angle of the short CFRP pipe connected to
the landing gear is adjustable and short pipes are replaceable.
Therefore, the structure can be installed on any drones with a
landing gear by adjusting the mounting angle and the length
of short pipes. The mounting position of the long CFRP pipe
in the center and the processing unit is also axially adjustable,
so that the positional relationship between the microphone
array, the processing unit and the drone can be adjusted.
The versatility of the proposed structure was confirmed by
the fact that it could be installed on drones with different
sizes. In addition, the mass of the fabricated structure and
equipment, and the payload of the DJI Matrice 210 RTK V2
are shown in Table. I. Even though the payload of the DJI
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TABLE I
MASS OF THE STRUCTURE AND EQUIPMENT AND AN EXAMPLE OF
PAYLOAD OF DRONE.

Mass [kg]
(a) Proposed structure 0.32
(b) Microphone array 0.19
(c) Processing unit 0.57
(a)+(b)+(c) 1.08
(d) Payload of drone 1.23

TABLE II
MECHANICAL PROPERTIES OF CFRP PIPE.

CFRP pipe
Density [kg/m3] 1550
Young’s modulus [GPa] 113.6
Tensile strength [MPa] 1860
Poisson’s ratio 0.3

Matrice 210 RTK V2 is lighter than that of the DJI Matrice
600 Pro, it has sufficient margin and it is confirmed that the
mass of the structure is appropriate.

III. MECHANICAL PROPERTIES FOR NUMERICAL
ANALYSIS

To evaluate the stress and vibration characteristics of the
proposed structure, numerical analyses were performed. In
the numerical analysis, it is necessary to define the mechan-
ical properties of CFRP pipes and 3D printed parts. The
CFRP pipes were assumed to be isotropic, and the nominal
values[18] shown in Table. II were used as the mechanical
properties. As for materials of 3D printed parts, grass fiber
reinforced resin (Rigid 10K, formlabs) for the SLA 3D
printing was considered in addition to Onyx. The Young’s
moduli of these materials were measured by three-point
bending test on two types of specimens. The Poisson’s ratios
were determined from the literature values of general plastic
materials[16], and the transverse moduli were calculated
by formula using two orthogonal Young’s moduli and the
Young’s moduli in the 45 degree direction[17].

A. Three-point bending test

Three point bending test using an autograph (AGX-
20kNVD, Shimadzu) as shown in Fig. 3 was performed. The
dimensions of the specimen were 10 mm in width, 10 mm in
thickness, and 80 mm in length. As for test conditions, the
distance between supports was set to 64 mm, the tip radius
of an indenter and the support was set to 5 mm, and the test
speed was set to 2 mm/min.

The specimens were prepared in four different molding
directions as shown in Fig. 4, orthogonal (X-axis) and
parallel (Y-axis and Z-axis) to the longitudinal direction of
the specimen, 45 degree direction in XY and XZ coordinates,
and 45 degree direction in YZ coordinates. The specimen of
Onyx were printed using Onyx One. The in-fill rate and the
wall number were set to 100% and 15, respectively. On the
other hand, the specimen of Rigid 10K was printed using

Fig. 3. Three point bending test.

(a) (b)

Molding direction

Molding direction

(d)

Molding direction

Fig. 4.  Fabrication conditions of specimens. Molding direction is (a)
orthogonal (X-axis), (b) parallel (Y-axis and Z-axis) to the longitudinal
direction of the specimen, (c) 45 degree direction in XY and XZ coordinates,
(d) 45 degree direction in YZ coordinates.

Form3. The in-fill rate was set to 100%. After printing, Rigid
10K printed parts were cleaned using a cleaning and curing
machine (Mercury Plus 2.0, ELEGOO), and secondary-cured
using a secondary curing machine (Form Cure, formlabs) at
a curing time of 60 minutes and an internal temperature of
70 degrees of Celsius. Three specimens were evaluated for
each molding condition and material.

The stress-strain curves calculated from the load and
displacement obtained in the test are shown in Fig. 5. The
test was terminated for Onyx when the strain reached 0.04.
The bending elastic moduli, E;, E, and E,, calculated using
Fig. 5 are also shown in Tab. III. The bending elastic modulus
of Onyx is smaller than the nominal value of 3.0 GPa[19],
and is highly dependent on the molding direction. On the
other hand, the bending elastic modulus of Rigid 10K is
independent of the molding direction and the value is smaller
than the nominal value of 9 GPa[20]. These results suggest
that FFF 3D printed parts have orthotropic properties while
SLA 3D printed parts have nearly isotropic properties.
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Fig. 5. Stress-strain curves. (a) Onyx, (b) Rigid 10K. Molding direction

is (i) X-axis, (ii) Y-axis and Z-axis, (iii) 45 degree direction in XY and XZ
coordinates, (iv) 45 degree direction in YZ coordinates.

TABLE III
MECHANICAL PROPERTIES OF 3D PRINTED PARTS USED FOR
NUMERICAL ANALYSIS.

Onyx  Rigid 10K
Density [kg/m>] 1139 1709
Young’s modulus (E;) [GPa] 0.52 7.96
Young’s modulus (Ey, E.) [GPa] 1.20 7.99
Poisson’s ratio (Vgy, Vyz, Vzz) 0.35 0.35
Transverse modulus (G ) [GPa] 0.18 2.60
Transverse modulus (G ) [GPa] 0.25 2.49
Transverse modulus (G, ) [GPa] 0.21 2.60

B. Mechanical properties of each material

As for the mechanical properties of each material, Young’s
moduli were determined as the bending elastic moduli ob-
tained from the three-point bending test. Poisson’s ratios,
Vgy, Vy. and v,,, were set to 0.35 based on the literature
value for general plastics[16]. The transverse moduli, Gg;,
were calculated by a formula as follows.

1 4 1 1 2045
= =+t 5 O]
Gi;  Eijase E;  E; E

All mechanical properties of each material used for numer-
ical analysis are shown in Table. III.

F2 §2.78 F2 2.78
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Fig. 6. Results of static load analysis. Fabricated with (a) Onyx, (b) Rigid
10K. (i) Shell elements (CFRP pipes), (ii) solid elements (3D printed parts).
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Fig. 7. Models used for eigenvalue analysis. (a) Previous structure, (b)
proposed structure.

IV. NUMERICAL ANALYSIS

The stress and vibration characteristics of the proposed
structure were evaluated by FEM (Finite Element Method)
using Inventor Nastran, Autodesk. Mesh was generated for
each part of the structure, assuming that CFRP pipes were
shell elements and the 3D printed parts were solid elements.
The mechanical properties of CFRP pipes and 3D printed
parts obtained in Section III are used in the analysis. Under
these conditions, the static load analysis considering the
weight of the equipment and eigenvalue analysis for the
structure only were performed. In the eigenvalue analysis, the
validity of the proposed structure was verified by comparing
it with the structure used in previous research.

A. Static load analysis

The following two load conditions were set, and the
restraint condition was fixation at the position where the
structure contact to the landing gear.

o F1 (1.3 N) generated by a microphone array mounted
on the end of the long CFRP pipe.

e F2 (5.3 N) generated by a processing unit mounted on
the opposite end of the long CFRP pipe.

The results of static load analysis are shown in Fig. 6.
The maximum stress of shell elements was approximately
2.8 MPa while the tensile strength of CFRP pipes of 1860
MPa. The maximum stresses of solid elements were less than
0.6 MPa while the filament strengths of the 3D printed parts
were over 20 MPa for Onyx and over 70 MPa for Rigid
10K as shown in Fig. 5. Therefore, it was confirmed that
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Fig. 8. Mode shapes obtained by eigenvalue analysis.

the strength of the structure was appropriate for considered
loads.

B. Eigenvalue analysis

The models of previous and proposed structures including
a microphone array and a processing unit used in the eigen-
value analysis are shown in Fig. 7. For the previous structure,
the analysis was performed under the restraint condition that
the structure is fixed at the position where the structure is
attached under the main body of the drone. The analysis
of the proposed structure was performed under the same
restraint condition as the static load analysis.

Obtained vibration mode shapes of previous and proposed
structures are shown in Fig. 8, and obtained natural fre-
quencies are shown in Fig. 9. The analysis of the previous
structure was performed using experimental properties of
Onyx. The analysis result of the proposed structure using

the literature properties of Onyx is added to Fig. 9 (Proposed
(theoretical)).

For both structures, the first to sixth modes except for
the third mode are avoided frequency bands of below 10
Hz, 40 - 70 Hz, and 165 - 182 Hz which generated in the
drone. However, for the proposed structure fabricated with
Onyx, the natural frequency of the third mode is close to
the frequency range of 40 - 70 Hz. This could be avoided
by changing the material to Rigid 10K, so it was found that
fabricating with the optimum material is needed.

The difference in natural frequencies between the results
of analysis using literature values and experimental values
of Onyx is significant. Therefore, it is found that the effect
of anisotropy is strong in 3D printing using the FFF 3D
printing, even when the in-fill rate is 100%. The structure
using Rigid 10K is more suitable than the structure using
Onyx because its natural frequency of the fifth mode is above
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Fig. 9. Natural frequencies obtained by eigenvalue analysis. Frequency
bands of vibrations that occur during drone flight are also marked in cyan.

250 Hz and all natural frequencies are avoided the frequency
bands occurs in the drone. For the first and second modes,
the difference in the natural frequencies due to structural
and material differences is small, and the deformation of
the long CFRP pipe is large, indicating that the vibration
characteristics of the structure are affected by the stiffness of
the long pipe. On the other hand, for the third to fifth modes,
there is a difference in the natural frequencies of the previous
and proposed structures. Especially for the fifth mode of
the proposed structure, the entire structure is deformed,
indicating that the vibration characteristics of the structure
are more affected by 3D printed parts than CFRP pipes. To
prevent such deformations, it was found that improvement
of the stiffness of the structure by considering the shape and
material is necessary.

The above results show that the structure has enough
strength to withstand the loads generated by the equipment.
In addition, the natural frequencies of the proposed structure,
except for the third mode, avoid frequency bands of vibra-
tions that occur during drone flight. The natural frequency
of the proposed structure is similar to that of the previous
structure, and the design of the proposed structure is suitable
for replacing the previous structure.

V. CONCLUSION

In this paper, we proposed a structure for mounting
measurement equipment that can be universally installed
on medium or large-sized drones with a general shape to
achieve the cost reduction in implementation. The structure
was actually fabricated using CFRP pipes and 3D printed
parts and confirmed its versatility by installing it on two
types of drones. Additionally the weight of the structure
and measurement equipment was measured and verified its
applicability by comparing the payload of a drone. We
performed static load analysis and eigenvalue analysis of the
structure using mechanical properties of 3D printed parts
measured by three-point bending test and nominal values.
As a result, it was confirmed that the proposed structure
has enough strength and suitable vibration characteristics to
replace the previous structure. In this research, we focused
on the structure alone during flight. However, we need to

consider the assembly of a drone and the structure during
flight, takeoff and landing as future works.
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