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Abstract—Testing the aerodynamics of micro-UAVs (mUAVs) and nano-UAVs (nUAVs) without actually flying is highly
challenging. To address this issue, we introduce Open Gimbal, a specially designed 3 degrees of freedom (DoF) platform
that caters to the unique requirements of mUAVs and nUAVs. This platform allows for unrestricted and free rotational
motion, enabling comprehensive experimentation and evaluation of these UAVs. Our approach focuses on simplicity
and accessibility. We developed an open-source, 3-D printable electromechanical design that has minimal size and low
complexity. This design facilitates easy replication and customization, making it widely accessible to researchers and
developers. Addressing the challenges of sensing flight dynamics at a small scale, we have devised an integrated wireless
batteryless sensor subsystem. Our innovative solution eliminates the need for complex wiring and instead uses wireless
power transfer for sensor data reception. To validate the effectiveness of open gimbal, we thoroughly evaluate and test its
communication link and sensing performance using a typical nanoquadrotor. Through comprehensive testing, we verify the
reliability and accuracy of open gimbal in real-world scenarios. These advancements provide valuable tools and insights
for researchers and developers working with mUAVs and nUAVSs, contributing to the progress of this rapidly evolving field.

Index Terms—Physical sensors, wireless sensor, batteryless sensing, gimbal, gyroscopic testbed, nano-UAV (nUAV).

I. INTRODUCTION

Miniaturized unmanned aerial vehicles (UAVs) show great promise
for a wide range of applications, including greenhouse monitoring [1],
disaster management [2], crowd monitoring [3], inventory manage-
ment [4], and environmental monitoring [5]. These UAVs have com-
pact dimensions, enabling them to navigate through narrow spaces,
while their lightweight design ensures safe flight near humans. Typi-
cally, micro-UAVs (mUAVs) have a width of around 25 cm and weigh
up to 500 g, while nano-UAVs (nUAVs) are approximately 10 cm
wide and weigh up to 50 g. These UAVs are powered by motors in the
range of a few Watts and are primarily operated in large indoor spaces.
The popularity of small UAVs has been steadily increasing, driving
ongoing research in sensor payload development, control algorithm
design, and onboard sensor-based stabilization techniques [6], [7],
[8]. Despite their agility and maneuverability, mUAVs and nUAVs face
limitations in terms of sensing and processing capabilities. Their agility
also makes them prone to crashes when not piloted correctly. Since
these platforms are often not built for high endurance or ruggedness,
crashes can resultinirreparable damage. Furthermore, developing state
estimation and control algorithms for multirotor mUAVs and nUAVs
operating in real-world scenarios is a lengthy, iterative, and risky pro-
cess. Therefore, it is essential to have testing and evaluation capabilities
in controlled and safe environments. Research and development on
these UAVs necessitate a test platform that allows for controlled flight
testing, tuning of PID or other control parameters, studying rotor failure
response, and measuring UAV performance under different conditions.
A suitable test gimbal for mUAVs and nUAVs should fulfill several
requirements:
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1) It should enable unrestricted rotational motion [3 degrees of
freedom (DoF)].

2) It should add minimal additional inertia to the UAV’s flight
dynamics to preserve its original characteristics.

3) Itshould be compatible with small, weakly powered motors that
are sensitive to even minor changes in mass.

4) It should sense the attitude and accelerations of the tested plat-
form without interfering with its dynamics or control algorithms.

Although there are some previous works, they have some short-
comings too. Thus, we compare relevant works from the literature in
Section III-C.

In this letter, we introduce open gimbal: a specially designed 3 DoF
platform that caters to the unique requirements of mUAVs and nUAV's,
offering unrestricted rotational freedom to enable their comprehensive
experimentation and evaluation. Our contribution can be summarized
as follows:

1) We have developed an open source [9], 3-D printable electrome-

chanical design that emphasizes minimal size and complexity.

2) We have devised an integrated wireless batteryless sensor sub-
system to nonintrusively measure flight dynamics at a small
scale. Our innovative solution eliminates the need for complex
wiring and enables wireless power transfer from a distance.

3) We thoroughly evaluate and test the open gimbal to validate
its effectiveness, communication link, and sensing performance
using a typical nanoquadrotor.

Through comprehensive testing, we verify the reliability and accu-

racy of the open gimbal in real-world scenarios.

II. SYSTEM DESIGN

The class of UAV's that open gimbal needs to be designed for usually
have small, lightweight, and often core-less dc motors equipped with

2475-1472 © 2023 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 27,2024 at 12:53:22 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-7534-6848
https://orcid.org/0009-0006-0370-0629
https://orcid.org/0000-0001-7443-7641
mailto:Suryansh.Sharma@tudelft.nl
https://www.ieee.org/publications/rights/index.html

|IEEE
VOL. 7, NO. 9, SEPTEMBER 2023 [T Letters]

2502704
Antenna [] wireless Radio [ ] Power Computation [_] Sensors Nano UAV Telemetry Link
Receiver (Demodulator)
MCU -— IMU Sensor
| AL LA ) *" UHF Back scatter
" Power (MSP430) P
MEEITYERTI | g Harvester z Sreeowar Transmitted Carrier
train - A W.
ADC -« fad
Transmitter (Modulator) Gauge i
)‘1— o Reflected Modulation
) ) ) - . — Ethernet UHF RFID .
Fig. 1. Open Gimbal: Sensing and communication block diagram. Desktop PC Transciever || Antenna I Open Gimbal

sub-5 in propellers. For instance, an indoor nano-drone Crazyflie is
equipped with 16 mm dc motors with a maximum rotation speed of
26 000 RPM and a maximum generated thrust of 15.7 g. These motors
were rated for 1 A of current. This imposes additional challenges
regarding how much additional inertial mass the test platform is
allowed us to add to these already small-scale UAVs. Furthermore,
to test algorithms that address issues like rotor failure for quadrotors,
the gimbal must allow for free yaw rotation. For such system when
all four rotors are functioning, the gyroscopic moment generated by
their different rotational speeds is typically neglected. However, in
case of complete single rotor failure, this can be significant and cause
a parasitic yaw spin of the drone due to imbalanced forces. Any sensor
to be placed on such a test platform must be capable of operating
without wires while adding the smallest possible inertial mass. The
entire test platform must be optimized for weight and have all 3 DoF
to emulate the flight dynamics of the test UAV while also providing
sensing information about its attitude and acceleration.

A. Sensor System Design

The system uses radio frequency energy harvesting and wireless
backscatter techniques to power and communicates the sensed data. It
is inspired by the wireless identification and sensing platform (WISP)
introduced and patented by Intel [10], [11]. The system does not
require any batteries to power itself, and is environment and orientation
agnostic in its operation. It includes sensors that can measure attitude
and linear accelerations of the m- and nUAV under test. Fig. 1 shows
the block diagram of the sensing system. The system is powered
by (and communicates with) an UHF radio frequency identification
(RFID) reader with an 8 dBi circularly polarized reader antenna. The
RFID reader acts as an interrogator and uses the EPC Class 1 Gen
2 standard to communicate with our battery-less node. A computer
is connected to the RFID interrogator to send commands to the node
and to receive and process the sensed data. The sensor system uses
the transmitted high-frequency carrier signal to power itself, read
the onboard sensors, and then modulate the same carrier by either
reflecting or absorbing (grounding) the signal to transmit data back
through backscatter. To keep the weight of the sensor low, we do not add
any other energy harvesting mechanisms except RF energy harvesting.
For our application, the high-powered RFID transponder can be placed
close to the sensor PCB, which is mounted on the test gimbal. The
sensor is solely powered by the RF energy harvested from the onboard
antenna. The WISP platform with an identical antenna, has been shown
to have a range of up to 4.5 m [11]. After the high-power RF signal
is absorbed by the antenna, it is fed into two blocks simultaneously.
It is passed through a receiver, which demodulates and decodes the
received signal after rectification. It does so using an Onsemi NCS2200
comparator that forms an average calculator stage and has a quiescent
supply current of only 10 nA. At the same time, the signal is also fed to
an impedance-matching network used to minimize potential reflection
losses and harvest the energy. The matching network is followed by a
power harvesting block that is responsible for rectifying, regulating,

Fig. 2. Open Gimbal test system.

Fig. 3. Fabricated Open Gimbals for (a) Tripod and (b) Tabletop ver-
sion along with the sensing system and sensor PCB.

and storing the harvested energy (in a capacitor). We use a Skyworks
SMS7621 Schottky diode and a 10 pF capacitor for rectification and a
TI BQ25570 harvester IC to collect energy. This energy then triggers
the ultra-low-power microcontroller unit (MCU) and reads the sensor
values. TI MSP430 was chosen since it requires significantly low
power. Once sufficient energy is stored in the capacitor, the MCU is
activated. It uses an 12C bus to read an IMU. We use LSM303AGRTR,
an ultra-low-power high-performance 3-D digital linear acceleration
and 3-D digital magnetic sensor provide 3-D attitude and acceleration
values. It has a 12.6 A normal mode accelerometer current con-
sumption. A sensor data packet containing the ID information (EPC
identifier) based on RFID standards is created. The MCU modulates the
carrier using an analog devices ADG902 RF switch. The backscattered
signal is then read by the RFID interrogator and further processed by
the computer. The entire sensing and communication process is shown
in Fig. 2.

B. Mechanical Design

The test gimbal allows full rotational degrees of freedom for the UAV
under test through gyroscopic mechanism. The mechanical design
consists of 3-D printed parts with low-friction smooth radial bearings.
Our open gimbal has 3 coupled axes: an innermost roll axis, a pitch, and
an outermost yaw axis. The two types of versions, based on mounting
style, are shown in Fig. 3 [9]. The sensor system is attached to the
middle section of our gimbal right below the UAV mount. Mounting
the entire gimbal on standard camera tripods with the screw thread of
sizes 1/4-20 UNC or 3/8-16 UNC is possible. In such a case, the RFID
reader for the sensor is placed laterally within a distance of 1.5 m from
the gimbal center. There is also a tabletop version where the RFID is
mounted below the stand, and the entire setup is placed on a tabletop.

Limitations: The added weight of the sensor is only 2% though it
can affect the dynamics, it is significantly minimal. The variations in
RSSI of the packet transmission vary but for the application, it is more
than sufficient. The sensor cannot be used to dynamically change the
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Fig. 4. Variation of sensor antenna position in (a), (d) roll; (b), (e) pitch;
and (c), (f) yaw axis.

orientation or control the gimbal but the idea is to get the dynamics of
the drone that is possible herein.

[ll. EXPERIMENTAL EVALUATION

We use a popular nUAYV, Crazyflie to investigate the utility of our
proposed open gimbal. Crazyflie is a nano-quadrotor that flies using
four 16 mm coreless dc motors with a KV value of 14 000 RPM/V.
The entire UAV measures 92 mm diagonally and 29 mm high. Its total
weight is 27 g [12]. The Crazyflie was mounted along with the sensor
system on the tripod version of the gimbal. The onboard Crazyflie IMU
readings were recorded using the wireless 2.4 GHz telemetry link. The
experimental maneuver consists of a 360 rotational maneuver which
started with O initial velocity and actuated in the pitch and yaw axes.
We do so by setting the maximum commanded thrust and controller
setpoint for both pitch and yaw. The total maneuver time was 5 s. The
two versions of the test gimbal were 3-D printed, and the completed
open gimbals are shown in Fig. 3. All of the parts are 3-D printed using
0% infill setting with Polylite lightweight PLA has a density of only
0.8 g/cm? [13]. These weigh a total of 41.3 g. The sensor PCB weighs
1.7 g. The design is shared through creative commons, available at [9].

A. Effect of Orientation on Communication Link

There are three independent axes in which the nUAV can freely
rotate. In order to test the performance of the communication link, we
considered two configurations of the sensor PCB with a rectangular an-
tenna for each axis. Fig. 4 shows the possible permutations. The longer
side of the antenna can be perpendicular to the face of the RFID antenna
(perpendicular configuration), or it can be parallel to the face(parallel
configuration). This orientation will have an impact on the sensor
performance on the data rate of the sensor. We characterize this in Fig.
5. Fig. 5(a), (c), and (e) represents the parallel configuration and (b),
(d), and (f) represent the perpendicular configuration. The blue dotted
line indicates the sensing rate of the wireless link from the nUAV.
Communication can be established for all orientations with a much
higher read rate compared to the nUAV baseline. Itis interesting to note
that the read rate significantly drops for the configuration perpendicular
to the Roll. This can be explained by the antenna orientation being
in a narrow field of view from the RFID transponder. If required, an
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Fig. 5. RSSI of the received sensor data packet and read rate for
varying yaw, pitch, and roll angles for both configurations of sensor
antenna position.
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additional RFID antenna placed perpendicularly to the first can provide
a high read rate in all possible orientations of the open gimbal. Since
the packet transfer happens on-demand using energy harvesting, we
consider the RSSI to show the efficacy of open gimbal; maximum
RSSI is 17.56 dbm and minimum is —41.22 dbm, which is sufficient
toreceive packet transfer. Similarly, the minimum datarate is 1 packet/s
and the maximum is 59.4 packet/s.

B. Attitude and Acceleration Sensing Performance

The attitude of the open gimbal was changed for each independent
rotational axis at a time to record the estimated attitude. This was varied
into 15° steps. The results of the attitude estimation are shown in Fig.
6. The absolute estimation error for all three rotational angles is within
2°. The performance of acceleration measurement of the open gimbal
is shown in Fig. 7. 360° controlled rotations were performed, and the
accelerations ay, a,, a, were recorded. The data was postprocessed
using a rolling average uniform kernel. The open gimbal data follows
the same trend as reported by the nUAV with the repeatability error
being 0.5 ms~2 and 2° for acceleration and angle, respectively.
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TABLE 1. Comparison of Open Gimbal With Literature

Work 360° Sensed Sensing Data Suitability
freedom parameters modality acquisition n/m-UAVs
Attitude, IMU, ) Only
(4 No acceleration potentiometer Wired VTOLs
[15] No Aitude, MU, Wired No
acceleration potentiometer
Attitude, IMU,
thrust, load cells, . Only
rel No power current Wired VTOLs
consumption sensor
[17] No Attitude Tri-axal Wireless yes
encoders
[18] Yes Attitude UAV's Wired No
Sensors
[19] Yes Only None Wired No
mechanical
Open Attitude, Wireless
Gimbal Yes acceleration MU backscatter Yes

C. Comparison of Open Gimbal With Existing Work

Many multirotor testbeds have been in use since the beginning of
UAV research, like the OS4 3DoF microvertical take-off and landing
(VTOL) platform [14] or the custom quadrotor test rig built for attitude
stabilization [15]. DronesBench [16] can measure thrust, power con-
sumption, and instantaneous attitude of a light VTOL multirotor, while
another custom mUAV platform uses a tri-axial gimbal with encoders
mounted on every axis [17]. However, these platforms have mechanical
limitations that restrict the complete rotational space of the UAV under
test, which is problematic when evaluating highly agile maneuvering
like 180° flips or rotor failure scenarios. In contrast, 3 DoF gyroscopic
platform allows complete rotational experimentation [18], [19]. The
comparison is detailed in Table 1.

IV. CONCLUSION

Tiny UAVs offer significant potential for various applications due
to their small size and maneuverability. However, they are prone
to crashes, and thus, necessitate a proper testing and development
platform. In this study, we introduced the design and functionality
of our nonrestrictive 3 DoF open gimbal platform, tailored explicitly
for tiny UAVs. We demonstrated using our sensor subsystem design
to measure various flight and attitude parameters. Our evaluation
confirms high sensing accuracy, with attitude measurements exhibiting
an error margin within 2° and linear accelerations within 0.5 ms=2.
In addition, we assess the sensor subsystem’s performance under
diverse orientations and configurations of the open gimbal, achieving
a consistent sensing rate of 10 Hz. Furthermore, the sensor subsystem
can be expanded to accommodate additional sensors as per specific

UAV testing requirements. The open gimbal, with its easily repro-
ducible and customizable nature, will facilitate accelerated research
and development of mUAV and nUAV platforms.
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