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The Technological Advancements of
Robotic Arms in the Field of Unmanned
Aircraft

Abstract:

Xiang Li As technological progress is made in electronic
manufacturing, navigation, and control, the utilization
of unmanned aerial vehicles (UAVs) has grown more
widespread. This research paper conducts a comprehensive
investigation into the technological advancements of
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structural configuration, control mechanisms, materials,
and longevity, and usage scenarios - it delves into the
strengths and weaknesses of both conventional and novel
technologies, along with their prospective development
paths. The research indicates that piezoelectric drive
technology is capable of realizing lightweight robotic
arms. For instance, there is a micro-aircraft whose total
weight is merely 259 milligrams. Bionic flexible structures
notably boost the adaptability to intricate environments.
As an example, octopus tentacles can grasp an object with
a diameter of 200 mm. The utilization of Al autonomous
control and self-mending materials tackles the problems
of poor precision in conventional remote control and
restricted material longevity, respectively. Despite the fact
that emerging technologies continue to face difficulties
in terms of load-bearing capacity, cost, and the ability to
adapt to extreme environments, their potential in new-age
scenarios like healthcare services, forest surveillance, and
deep-sea investigations has been verified. In the future,
research efforts ought to combine multi-sensory perception,
materials with variable stiffness, and standardized testing
frameworks. This integration will propel the advancement
of UAV robotic arms towards achieving greater intelligence
and seamless integration across multiple scenarios.
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1. Introduction

Robotic manipulators find diverse applications in every-
day life. In industrial fabrication, they are employed for
the production of various goods, encompassing the man-
ufacturing of automobiles and electronic devices. Beyond
that, they can offer support in intricate real-life situations,
for example, in warehouse logistics and the service sector.
Furthermore, they possess considerable application pros-
pects in vital domains such as resource prospecting and
engineering building.

In the realm of human society, the adaptable utilization of
robotic arms has substantially diminished both labor and
material expenses. Concurrently, it has generated a multi-
tude of novel employment prospects in technical domains.
As the range of applications for robotic arms across di-
verse sectors keeps growing, the technological innovation
associated with them has become progressively crucial
and conspicuous. The persistent progress of robotic arm
technology might gradually close the technological dis-
parities demanded by the modern era, fulfill the appli-
cation requirements of present-day mainstream robotic
technology, and also uncover more potential for the future
evolution of related technologies.

In the contemporary landscape, drones represent a widely
debated application technology. Concurrently, a wide ar-
ray of technologies that can be used in drones has attract-
ed growing interest. The incorporation of robotic arms
into the drone domain has become an essential element,
and the technological advancements of these employed
robotic arms have emerged as a crucial impetus for the
advancement of future novel technologies. When it comes
to innovation in drone technology, specific technical areas
that merit attention encompass propulsion methods, archi-
tectural design, control mechanisms, and materials.
Determining how to evaluate the technological advance-
ments of robotic arms within the drone industry, uncover-
ing further latent possibilities, accurately examining the
merits and demerits of such innovation, and integrating
these positive and negative aspects with the actual re-
quirements of background applications for reciprocal en-
hancement are all significant subjects that merit discussion
and investigation. The purpose of this article is to conduct
a study and draw conclusions regarding the technological
innovations of robotic arms in crucial sectors, particularly
in the realm of drones.
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2. Comparison of Five Aspects of UAV
Mechanical Arms

2.1 Comparison of Motor Drive and Piezoelec-
tric Drive

The conventional driving approach for the robotic arm
mounted on the unmanned aerial vehicle (UAV) is
motor-powered operation. A prime example is the mo-
tor-driven compartment of the DJI FlyCart30. Based on
the specifications from the official website, the main unit
can weigh as much as 2.5 kilograms (not including the
counterweight and hook). The substantial weight, which
is a shortcoming of the traditional motor-driven system,
restricts its ease of use.

Piezoelectric drive technology relies on the reverse
piezoelectric effect of piezoelectric substances. When
an electric field is applied, these substances can undergo
mechanical deformation, thereby enabling motion output.
Traditional drives are plagued by unfavorable scaling
rules, such as the deterioration of electromagnetic motor
performance and the rise in friction losses of convention-
al bearings. Piezoelectric substances can act as a driving
force and present an ideal solution to these corresponding
issues.

In the United States, a research team has developed a nov-
el type of micro-aircraft powered by piezoelectric tech-
nology. The wings of this aircraft can be seen as a unique
form of robotic arm, facilitating cable-free flight. Adopt-
ing this driving approach makes the entire product light-
weight. The aircraft has a mass of 90 milligrams, and the
overall system weighs 259 milligrams [1]. Additionally, it
can fly using only 110 - 120 milliwatts of power, suggest-
ing that its thrust efficiency is on par with that of similarly
sized insects (like bees). Under specific conditions (193 V),
this device achieved a lift - to - power ratio of around 2.4,
whereas the lift - to - power ratio of the smallest quadcop-
ter (such as the Aerix quadrotor) is 2.3. The device’s mass
and power consumption are approximately 1/25 of that [1].
The more lightweight design brings numerous benefits.
For instance, in future experiments, it can obtain energy
from photovoltaic cells and land on delicate surfaces [1].
At the same time, the lower mass implies less kinetic
energy and reduced safety requirements for application
settings. This improvement in size, weight, and power
density is highly significant for enhancing the operational
efficiency of unmanned aerial vehicles (UAVs) and broad-
ening their application areas [1].

It is important to note that because of its low kinetic ener-
gy and associated size constraints, it may not be actively
utilized in some industrial situations that demand suffi-
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cient equipment kinetic energy. Nevertheless, in a wider
range of application scenarios, it definitely opens up more
opportunities. Based on piezoelectric drive technology, it
might be suitable for more outdoor working environments.

2.2 Comparison of Traditional Rigid and Bionic
Flexible Mechanical Arms

Conventional rigid robotic arms hold fundamental bene-
fits, specifically substantial load - carrying capabilities and
accurate motion regulation. Take the ABB industrial robot
as a prominent instance. It has a carbon - fiber or metallic
framework that can support loads reaching up to several
tens of kilograms. This type of robot is commonly utilized
in well - organized environments such as automobile as-
sembly lines.

Nonetheless, rigid robotic arms depend on accurate en-
vironmental mapping. In unstructured surroundings, for
example, rescue missions in debris or underwater investi-
gations, they are likely to encounter malfunctions. This is
because of the irregular forms of objects or the complex
topographies in these areas. Additionally, rigid impacts
can present safety hazards to both workers and machinery.
To address these constraints, novel structural designs have
been successfully put into practice. Bionic flexible robotic
arms attain environmental adaptability by emulating bi-
ological forms, such as octopus tentacles and parrot feet.
For example, the bionic soft water-based gripper intended
for underwater operations consists of six hydraulically ac-
tuated soft tentacles. Each tentacle incorporates a suction
cup and a gradually narrowing cavity structure. This en-
ables it to grip a cylinder with a diameter of 200 mm and
execute all-around crawling and three-dimensional swim-
ming. Its pliable design allows for automatic adjustment
to the shapes of objects, greatly improving operational
proficiency in confined spaces or intricate terrains [2].
Moreover, the bionic habitat robotic arm adopts the in-
ter-toe grasping technique of peacocks, making use of a
modular rope-driven system. Weighing only 275 g in to-
tal, it enables an unmanned aerial vehicle (UAV) to firmly
grasp a branch, thereby overcoming the endurance hurdle
in forestry monitoring [3].

The soft materials employed in the adaptable robotic arm
minimize the likelihood of collisions. This characteristic
renders it well-suited for medical collaborative settings
or human-machine integration situations. However, as
indicated in reference [3], the load-carrying ability of this
robotic arm is constrained by the strength of its materials.
Consequently, it becomes arduous for the arm to substitute
for heavy-duty industrial operations.

In order to delve deeper into the potential applications of
flexible robotic arms, it is essential to integrate nonlinear

mechanical models with control logic optimized by Al
algorithms. Take the bionic habitat robotic arm as an il-
lustration. It employs the D-H parameter approach to for-
mulate the kinematic equation of the claw. Subsequently,
it validates the grasping trajectory via MATLAB random
sampling simulation, and finally maintains stability at a
30° inclination [3].

Looking ahead, future research avenues involve the incor-
poration of variable-stiffness materials, like magnetorheo-
logical elastomers, to strike a balance between flexibility
and load-bearing ability. Another direction is the integra-
tion of tactile sensors to improve the accuracy of environ-
mental perception.

2.3 AI Autonomous and Manual Remote Con-
trol

Robotic arms that are manually operated via remote con-
trol rely on the operator’s expertise and real-time input
of commands. These robotic systems are particularly
well-adapted for tasks with a high degree of uncertainty,
like bomb defusing and emergency relief operations. Take
bomb disposal drones as an example; they are remotely
steered using a controller or a virtual reality device to re-
locate hazardous items.

Nonetheless, the precision of these remotely-controlled
robotic arms can be affected by the operator’s weariness
and communication lags. This is especially true when sat-
ellite links are used for long-distance control. Moreover,
their capacity to dynamically avoid obstacles is restricted.
When confronted with the constraints of manually remote-
ly - operated robotic arms, Al - autonomously - controlled
robotic arms can potentially surmount these hurdles via
their fundamental technologies. These Al - enabled ro-
botic arms construct a “perception - decision - execution”
feedback loop by utilizing algorithms.

Take an Industrial 4.0 warechouse as an illustration.
Drones equipped with blockchain and RFID technology
independently scan inventory tags along pre - determined
routes. They are capable of completing item tracking for
13 items within 26 seconds and guarantee data integrity
through Ethereum smart contracts [4]. The Al visual servo
system is able to adjust the position of the robotic arm in
real - time. It boasts a repetitive positioning precision at
the micrometer scale, which substantially boosts the effi-
ciency of precision manufacturing.

Edge computing technology decentralizes data processing.
It minimizes communication latency to the millisecond
range and enhances the robotic arm’s capabilities in dy-
namic obstacle avoidance and real - time response [4].
However, Al models are dependent on a vast amount of
pre-trained data. They have restricted generalization ca-



pacity in unfamiliar situations. To overcome the data-de-
pendency bottleneck, small-sample learning needs to be
incorporated [4].

Owing to this unpredictability, in certain conventional set-
tings, Al-autonomously-controlled robotic arms may not
be able to supplant the suitability of traditional remote-
ly-operated robotic arms.

Numerous fundamental Al technologies within Al auton-
omous control enable the intelligent handling of robotic
arms in industrial uses, and they play a role in enhancing
precision and efficiency in industrial engineering. Sophis-
ticated models such as GPT-4 streamline the programming
of human-machine interaction directives. Operators are
able to convey task objectives using everyday language,
and Al then automatically creates control codes.

Looking ahead, the future direction of Al - autonomously
- controlled robotic arms might focus more on the devel-
opment of comprehensive intelligent systems. Construct-
ing a multi-modal integrated control system that combines
vision, force sensing, and voice interaction can result in
“human-like” decision-making abilities.

2.4 Self-healing Materials Compared with Tra-
ditional Metal/Plastic

Conventionally, metallic and polymeric materials are
widely employed due to their affordability and well-devel-
oped fabrication procedures. Take, for instance, the me-
chanical arm of the DJI Matrice 300, crafted from an alu-
minum alloy, which falls into this category of materials.
However, these materials are comparatively hefty, with
a weight exceeding 2 kg. This extra mass has an adverse
effect on the drone’s flight endurance. Additionally, metals
are liable to corrode, and plastics are prone to deteriora-
tion over time. As a result, their long-term application in
marine or chemical settings is limited.

In response to more exacting environmental utilization
requirements, the implementation of self-repairing materi-
als in robotic arms has received greater attention. Self-re-
pairing materials are capable of independently mending
damage via molecular structure design. The SHUG grip-
per, developed by Delft University of Technology in the
Netherlands, makes use of Diels-Alder reversible covalent
bond polymers. At 70°C, it can seal scratches within 9
minutes, and macroscopic puncture damage can regain
90% of its mechanical properties after 4 hours of tem-
perature-regulated sealing [5]. Its lightweight composite
materials boost the drone’s payload efficiency. Moreover,
the material’s resistance to acids, alkalis, and ultravio-
let rays expands its usability in nuclear power plants or
deep-sea exploration settings. Nevertheless, the develop-
ment expense of self-repairing materials is substantial,
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around three times that of conventional materials, and the
high-temperature activation mechanism malfunctions in
extremely cold conditions, which impedes the commer-
cialization progress [5].

The SHUG gripper incorporates the design of filling with
steel balls and optimizing the membrane thickness. By
means of finite element analysis (FEA), it achieves a bal-
ance between thermal conductivity (50.2 W/(m-K)) and
grasping force, with a peak grasping force reaching 11.5
N [5]

Looking ahead, it is crucial to devise self-healing mecha-
nisms activated by light or chemicals to cut down on en-
ergy usage. Alternatively, it is worth exploring biodegrad-
able materials for the purpose of environmental recycling.

2.5 Comparison between Emerging Fields and
Traditional Industries

In conventional industrial settings, the primary requisites
revolve around a high degree of precision and a high level
of repeatability. Take, for instance, the KUKA industrial
robotic arm, which is capable of achieving positioning ac-
curacy at the millimeter scale during automotive welding
processes. Nevertheless, this robotic arm is reliant on a
well - structured environment and safety barriers. As a re-
sult, it faces challenges in adapting to tasks with dynamic
requirements.

Within the realm of medicine, the Da Vinci surgical robot,
when combined with a drone delivery system, is capable
of conducting highly accurate micro - scale surgical pro-
cedures within a germ - free setting. This innovation not
only marks a substantial boost in the efficiency and secu-
rity of instrument transfer during surgical operations but
also expands the possibilities for remote surgical interven-
tions.

For intricate surgical procedures like multi - organ com-
bined transplants, it furnishes unparalleled logistical as-
sistance. Moreover, it holds the promise of enabling areas
with limited medical resources to avail themselves of high
- quality minimally invasive surgical services [6].

Within the realm of forestry surveillance, the biomimetic
habitat robotic arm empowers drones to seize branches in
a more productive manner. Owing to its lightweight con-
struction and two - stage gripping system, it can stretch
the operational period up to 4 hours. Its reliable perfor-
mance on a 30° incline significantly boosts the long - term
efficacy and the ability to adapt to intricate terrains for
forestry resource assessments, pest and disease surveil-
lance, and wildfire detection. This offers a low - energy,
stable approach for forest ecological studies [3].

During marine exploration endeavors, soft grippers serve
a dual purpose: they are capable of clearing underwater
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waste and carefully holding archacological relics. This
functionality addresses the practical constraints of con-
ventional rigid robotic arms. As a result, it substantially
broadens the extent and range of human activities in three
key areas in the deep - sea environment. These areas in-
clude environmental management, scientific research, and
the safeguarding of cultural heritage.

In the realm of power maintenance, the AERTAL - CORE
aerial operation robot system has the ability to inde-
pendently install bird protection equipment and electrical
insulators on high - voltage transmission lines. It achieves
this via two distinct methods. The first is direct operation
during flight, for example, it can perform a high - pres-
sure push of bird spikes within 20 seconds. The second is
human - machine collaborative operation, where a dual
robotic arm platform mimics human dexterity to install
spiral bird deterrents. This technological advancement
eradicates the significant risks related to manual climbing.
It also boosts the installation efficiency by a factor of three
and saves more than $10,000 per operation. Moreover, it
presents the initial all - stack autonomous operation model
that combines insulation protection, precise operation,
and energy management for high - altitude and high - risk
situations such as those found in power grids and bridges.
This represents a substantial breakthrough in the intelli-
gent maintenance of infrastructure [7].

When it comes to disaster response, the fully-driven hex-
acopter aerial mechanical hand system conducts infra-
structure detection based on contact through the combined
use of multiple technologies. The fully-driven hexacopter
platform can autonomously regulate its attitude and po-
sition. It can precisely hover in restricted spaces such as
under bridges or inside tunnels while exerting horizontal
forces. At the same time, the spring-electrode force sensor
at the end of the lightweight 3 - degree - of - freedom me-
chanical arm provides real-time feedback on the contact
pressure. This enables closed-loop force control for ultra-
sonic detection or sensor installation. For instance, it can
simulate the need to maintain a 10N pressure when using
adhesive sensors. This system replaces high-risk human
operations and realizes automated contact-based detec-
tion. It overcomes the drawback of traditional unmanned
aircraft, which can only observe but not make contact.
This indicates the evolution of infrastructure maintenance
towards “precision operation-level” unmanned aircraft
technology [8].

Within the domain of wind turbine visual assessment, the
self-operating unmanned aerial vehicle system conducts
visual examinations of wind turbines via the coordinated
operation of three fundamental technologies. For the very
first time, it has proven the viability of fully self-directed

and multi-unmanned aircraft cooperative detection within
an actual wind power plant. The modular configuration
surmounts the positioning and perception limitations
encountered in the inspection of large-scale, featureless
infrastructure. As a result, it offers a reusable technologi-
cal blueprint for automated inspections in the energy and
infrastructure industries [9].

Furthermore, during space exploration endeavors, robotic
arms must endure high-intensity radiation and the harsh
conditions of a vacuum. In this context, self-healing ma-
terials and smart driving technologies are likely to emerge
as crucial enabling technologies.

The application prerequisites of cutting-edge fields offer
an epochal chance for advancements and breakthroughs
across multiple facets of novel robotic arms. Simulta-
neously, they bring about more creative challenges. To
illustrate, innovations in materials, such as the corro-
sion-resistant coating with a bionic shell configuration,
and multi-modal sensing technologies, like the fusion of
LiDAR and infrared, are propelling robotic arms towards
integration across diverse scenarios. Looking ahead, it is
essential to set up a standardized testing framework to val-
idate the reliability of these robotic arms in harsh condi-
tions. Additionally, exploring modular design approaches
can enable rapid adaptation to different task specifications.
Despite the remarkable achievements in robotic arm tech-
nology within the research realm, numerous obstacles
remain on the journey from the laboratory to the com-
mercial market. As per insights from relevant authorities,
the principal technological hurdles in the current Chinese
context encompass high-accuracy modeling, real-time
regulation, and the refinement of intelligent algorithms.
Moreover, during the industrialization phase, concerns
such as manufacturing expenses, market compatibility,
and supply-chain backing must be tackled [10].

In a broader spectrum of domains, there is an imper-
ative for innovative advancements. Integrating more
cutting-edge technologies into the mechanical arms of
unmanned aerial vehicles can broaden their prospective
application scenarios in the future.

3. Conclusion

The technological breakthroughs of robotic arms with-
in the domain of unmanned aerial vehicles (UAVs) are
steadily surpassing the limits of conventional industrial
uses. These primary developments are manifested in five
different areas.

When it comes to the driving approach, piezoelectric drive
technology presents novel ways to boost the endurance
and broaden the usage scenarios of unmanned aerial vehi-



cles (UAVs) due to its lightweight construction and high
energy utilization. Nevertheless, it has to overcome the
drawback of inadequate kinetic energy for heavy - indus-
trial use cases.

Regarding the structural layout, bionic flexible robotic
arms display notable benefits in unstructured settings.
However, their load - carrying capacity needs to be further
refined by employing variable - stiffness materials.

In the control scheme, the integration of artificial intelli-
gence (Al) autonomous control with edge computing tech-
nology and natural language programming considerably
enhances task effectiveness. Still, in unfamiliar situations,
incorporating small - sample learning is essential to im-
prove the generalization capacity.

In relation to materials and longevity, self - healing mate-
rials increase the usability in extreme conditions through
self - repair of damages. Yet, high expenses and triggering
mechanisms slow down their commercialization progress.
In application areas, emerging sectors require robotic arms
to have better lightweight design, corrosion resistance,
and multi - modal perception capabilities. As a result,
there is an urgent need for modular design and standard-
ized testing systems.

Subsequent research ought to center on the amalgamation
of cross - disciplinary technologies. Take, for instance, the
combination of biomimicry and artificial intelligence al-
gorithms, which can refine control logic. Alternatively, the
creation of light or chemical - triggered self - repair mech-
anisms can cut down on energy usage. At the same time,
it is of great significance to expedite technology dissem-
ination through cooperation among industries, universi-
ties, and research institutions. This will help facilitate the
widespread implementation of unmanned aerial vehicle
(UAV) robotic arms in sectors like Industry 4.0 and smart
cities. Ultimately, this will lead to the attainment of the
comprehensive technical objective of “efficiency - safety -
sustainability”.
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