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Abstract:

Microelectromechanical systems (MEMS) are critical in
advancing modern robotics by offering compact, low-
power, and high-precision solutions. This paper explores
the frontier applications of MEMS in robotics, focusing
on key areas such as motion control, environmental
sensing, and future technological integration with
artificial intelligence (Al). MEMS sensors and actuators
have significantly improved the precision and efficiency
of robots in various industries, including autonomous
vehicles, industrial automation, and medical robotics. The
combination of MEMS and Al opens new possibilities for
autonomous decision-making and adaptive robotics, while
micro-robots equipped with MEMS hold great potential in
fields like biomedicine. The results of this study show that
MEMS devices significantly enhance robots‘ adaptability
in dynamic environments, and their integration with Al can
lead to greater autonomy. Moreover, the research suggests
that MEMS-based micro-robots could revolutionize
precision surgery and drug delivery applications. This
paper highlights MEMS technology’s current state and
prospects in revolutionizing robotics.
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1. Introduction

The core MEMS applications in robotics are sensors
and actuators that enhance a robot’s ability to interact

MEMS have become an important topic in robotics,
providing powerful sensing and control capabilities,
and have been used in various robotic systems. These
systems range from industrial robots and self-driv-
ing cars to medical robots and micro-robots used in
highly specialized areas such as minimally invasive
surgery and drug delivery [1]. MEMS technology has
come a long way over the past few decades as robot-
ics has demanded more efficient and compact solu-
tions and will continue to be the focus of innovation
in this rapidly evolving field.

with and sense its environment [2]. MEMS inertial
sensors such as accelerometers and gyroscopes en-
able precise motion control and robot navigation.
These sensors provide real-time data about the ro-
bot’s orientation, velocity, and position, which is crit-
ical for tasks requiring high accuracy, such as auton-
omous navigation, drone stabilization, and industrial
automation. Similarly, MEMS-based microactuators
enable robots to perform fine and precise movements,
ideal for micromanipulation tasks in industries such



Dean&Francis

ISSN 2959-6157

as electronics and biotechnology.

One of the most transformative applications of MEMS in
robotics lies in environmental sensing. Robots equipped
with MEMS sensors can detect and react to changes in
temperature, humidity, pressure, and even specific gas
concentrations, which is especially useful in hazardous
environments. For example, in agriculture and environ-
mental monitoring, MEMS sensors enable robots to col-
lect real-time data and make on-the-spot decisions that
improve efficiency and safety in these areas. In industrial
environments, MEMS gas sensors can help robots detect
toxic gases or harmful contaminants, ensuring safer op-
erations in regions that are inaccessible or dangerous to
humans.

Looking ahead, the combination of MEMS technology
and artificial intelligence (Al) will further revolutionize
the field of robotics. Al can process large amounts of data
from MEMS sensors, enabling robots to learn from their
environment and make autonomous decisions [3]. The
combination of MEMS and Al is expected to enhance the
ability of next-generation robots to be more adaptive and
intelligent and to operate in dynamic and unpredictable
environments. In addition, the emergence of micro and
nano robots equipped with MEMS technology opens up
new possibilities for medical applications such as targeted
drug delivery and precision surgery.

In summary, MEMS technology plays a critical role in
the ongoing development of robotics for a wide range of
applications in a variety of industries. From enhancing
motion control and environmental sensing to advancing
artificial intelligence-driven autonomy and micro-robotics,
MEMS devices are driving innovation in the next gen-
eration of robotics. This paper explores the cutting-edge
applications of MEMS technology in robotics, delving
into its current status and future potential in various fields,
with a particular focus on the intersection of MEMS with
artificial intelligence and biotechnology.

2. MEMS Technology Overview

2.1 Basic Principles of MEMS

Micro-electro-mechanical systems (MEMS) combine mi-
cro-mechanical and electronic components based on semi-
conductor manufacturing processes such as photolithogra-
phy, etching, deposition, and so on, which in turn enable
the integration of sensors, actuators, and processing units
on a single chip, thus producing miniaturized systems [4].
As a result, MEMS devices can be mass-produced while
maintaining high accuracy at the nanometer or microme-
ter level, making them highly scalable. Through the func-
tion of sensors and actuators, MEMS can accomplish the
conversion between physical and electrical signals, thus
realizing interaction with the external environment.

2.2 Main Features of MEMS

MEMS are characterized by miniaturization, low power
consumption, high precision, volume manufacturing, and
low cost, which is shown in Table 1, making them widely
used in various fields. First, MEMS devices are small in
size, typically in the micron to nanometer scale, which
allows them to be used in application scenarios with strin-
gent size requirements, such as medical devices, consumer
electronics, and aerospace. Their low power consumption
is also particularly suited to portable devices and Internet
of Things (IoT) applications, enabling them to work ef-
ficiently with low energy consumption. MEMS are also
highly accurate, and capable of detecting and controlling
physical quantities at the micron or even nanometer level,
which makes them ideal for applications that require high
resolution, such as medical diagnostics and industrial au-
tomation [5]. In addition, MEMS can be mass-produced
through semiconductor processes, offering the advantages
of low-cost and volume manufacturing, making them ideal
for large-scale applications such as consumer electronics
and automotive sensors.

Table 1 Data and application scenarios on MEMS characteristics

Feature Data Metrics

Application Scenarios

Size

1-3 mm (accelerometer), sub-micron to nanometer

Smartphones, minimally invasive surgery, navi-
gation

Power Consumption

4 uW to a few mW (accelerometer)

Smartphones, 10T devices

Precision

+0.001 g (accelerometer), £0.1°/s (gyroscope)

Autonomous driving, drones, medical devices

Cost

$1-2 (mass-produced MEMS sensors)

Consumer electronics, industrial control

2.3 Current status of MEMS technology
In the field of consumer electronics, MEMS accelerom-

eters, gyroscopes, microphones, etc. are widely used in
smartphones and wearable devices to realize accurate
gesture sensing and user interaction [6]. In the medical



field, MEMS technology promotes the development of
miniature medical devices, such as implantable sensors,
and miniature drug delivery systems that can help realize
real-time monitoring and precise treatment [7]. In the field
of robotics, MEMS plays an important role in microma-
nipulation, precision control autonomous navigation, etc.
Through MEMS sensors, robots can capture the motion
state more accurately, which improves the precision and
flexibility of robots in the fields of surgery, manufacturing,
and services.

3. Key Applications of MEMS Devices
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in Robotics

As shown in Fig. 1, the application of robots is very prom-
ising, especially driven by artificial intelligence, automa-
tion, and micro-nano technology, future robots in MEMS
3.0 will become more intelligent, flexible autonomous,
and able to adapt to complex and changing environments
[8]. Combined with MEMS technology, robots show great
promise for applications in precision control, environment
sensing, and micromanipulation, especially in the medical,
manufacturing, agricultural, and service sectors. There-
fore, in the following, the key applications of MEMS in
robotics in several areas are presented.

Fig. 1 Evolution of MEMS Sensors [9]

3.1 Motion Control

One important application of MEMS in robotics applica-
tions is motion control. While traditional robots typically
rely on larger motors and sensors to sense and adjust
motion, the emergence of MEMS technology has dra-
matically changed the landscape. MEMS sensors, such
as accelerometers and gyroscopes, help robots sense their
motion in real time and make precise attitude adjustments
and localizations by detecting the acceleration and an-
gular velocity of objects. These inertial sensors can be
used in a robot‘s navigation system to help it sense and
correct orientation deviations. For example, in a drone
or mobile robot, accelerometers detect the robot‘s linear
motion, while gyroscopes are used to measure rotational
angular velocity. Combining these two devices enables
the robot to adjust its path of motion in real time, ensuring

stability and precision. At the same time, MEMS devices
enable closed-loop feedback control. For example, in a
robotic arm, MEMS sensors can detect tiny displacements
or force feedback, allowing the controller to adjust the
robot‘s force or path of motion based on the feedback sig-
nal. This real-time control greatly improves the accuracy
and dexterity of the robot, especially in precision manu-
facturing or assembly tasks.

3.2 Environment Sensing

Environment sensing is fundamental for robots to per-
form complex tasks, and MEMS sensors play a key role
in environment sensing. Traditional sensors are large and
difficult to integrate into miniaturized devices, while the
miniaturization and low-power characteristics of MEMS
sensors enable them to be embedded in various robotic
systems, providing high-precision, real-time environmen-
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tal sensing capabilities. Next, three of the widely used
MEMS sensors are presented. The first is optical sensors,
which provide high-resolution visual sensing to help ro-
bots achieve more accurate environmental recognition.
With a miniature camera, robots can perform tasks such
as object recognition and path planning through vision
algorithms. This is especially important for autonomous
navigation robots, which can enhance their perception in
complex environments. Besides, MEMS pressure sensors
and force sensors are also widely used, which can sense
pressure changes in the external physical environment.
Robots can use these sensors to adjust their interactions
with external objects, for example, when industrial robots
are grasping an object, they can sense the weight and size
of the object in real time, so that they can adjust their grip
to prevent damage to the object. In special environments,
temperature and humidity sensors are more widely used.
For example, medical robots need precise temperature
control during surgery to ensure a safe operating environ-
ment, while humidity sensors can help agricultural robots
monitor air humidity to optimize growing conditions for
crops.

3.3 Frontier Research and Technology Outlook

With the continuous progress and iteration of robotics, the
application of MEMS devices in this field is also expand-
ing, especially in Al, and micro-nano robotics research has
achieved significant results. In the future, the combination
of MEMS technology with these cutting-edge technolo-
gies will bring more innovative applications to the field of
robotics.

3.3.1 Combination of MEMS and Artificial Intelligence

The combination of MEMS and Al is an important trend
in the development of robotics. MEMS sensors can pro-
vide real-time data on a wide range of physical quantities,
such as temperature, pressure, acceleration, etc. Al algo-
rithms can fuse these multi-dimensional data to generate
a more accurate model of the environment, which can
then guide the robot‘s decision-making. For example, in
an autonomous driving system, data from inertial sen-
sors, LIDAR, and cameras can be fused by Al to help the
car more accurately determine road conditions and the
surrounding environment. Conversely, Al can optimize
the robot control system by learning and adapting to
changes in the environment. In this process, the feedback
data provided by MEMS sensors can help Al algorithms
adaptively adjust the robot‘s control strategy to achieve
more efficient and flexible movements. For example, in
complex environments, the robot can sense the location of
obstacles through MEMS sensors and optimize the path
planning algorithm through Al learning to quickly avoid

obstacles.

3.3.2 Prospects of Micro-Nano Robotics in Medical
and Bioengineering Fields

Micro-nano robots show great potential for medical ap-
plications, especially in minimally invasive surgery, pre-
cision drug delivery, and tissue repair [10]. Due to their
extremely small size, nanorobots can enter the human
body to perform precision operations, such as removing
blood clots from blood vessels, delivering drugs to spe-
cific lesions in a targeted manner, and repairing damaged
tissues in precision surgeries. Compared to traditional sur-
gery, micro-nano robots can perform operations without
damaging the surrounding healthy tissue, thus reducing
postoperative complications and shortening recovery
time, and MEMS technology is key to realizing this goal.
By integrating MEMS sensors and actuators, micro-nano
robots can perform extremely delicate operations at the
microscopic scale, especially in the fields of surgery, drug
delivery, cell manipulation, etc. MEMS devices enable
micro-nano robots to perform high-precision operations
that are not possible with traditional surgical tools. By in-
tegrating MEMS microactuators and sensors, micro-nano
robots can perform complex operations such as precise
cutting, suturing, and tissue repair in a very small space.
For example, in ophthalmic or brain surgeries, micro-nano
robots can perform treatments in a minimally invasive
manner, reducing damage to surrounding tissues and in-
creasing the speed of patient recovery. Meanwhile, MEMS
can also be applied in micro-nano robot drug delivery
systems. The micro-robot monitors the physiological envi-
ronment of the patients body in real time through MEMS
sensors to ensure that the drug is delivered precisely to
the diseased area. This technology not only improves the
efficacy of drugs but also reduces the side effects of drugs
on healthy tissues. In cancer treatment, micro-nano robots
can release chemotherapy drugs in a targeted manner, thus
reducing the harm done to patients by systemic chemo-
therapy.

4. Conclusion

With their miniaturization, low power consumption, and
high degree of integration, MEMS play an important role
in applications such as motion control, environmental
sensing, and micromanipulation. By integrating MEMS
sensors and actuators, robots can perform complex tasks
in a wide range of fields, including industrial automation,
automated navigation, medical robotics, and environmen-
tal monitoring.

This paper investigates several cutting-edge applications
of MEMS technology in robotics, including motion con-



trol, environment sensing, and the combination of MEMS
and artificial intelligence. It is shown that MEMS devices
can significantly enhance the adaptability of robots in
dynamic environments, especially excelling in precise lo-
calization and environmental monitoring. In addition, the
prospect of combining MEMS with Al shows potential
in autonomous robot decision-making, further advancing
the development of robot intelligence. MEMS-based mi-
cro-robots in biomedical applications also demonstrate
their revolutionary potential for precision surgery and
drug delivery.

Looking ahead, the convergence of MEMS technology
with Al is promising, and this combination is expected to
usher in a new era of intelligent and autonomous robotic
systems that enable robots to learn from their environment
and make real-time decisions. In addition, micro and nano
robots equipped with MEMS technology will revolution-
ize the biomedical field, opening up new possibilities for
minimally invasive surgery and precision drug delivery.
In short, MEMS technology will continue to drive the
development of robotics, expanding the boundaries of
its applications by giving robots new functionalities and
enhancing the capabilities and applications of robotic sys-
tems in various industries.

References

[1] Shaeffer, D. K. MEMS inertial sensors: A tutorial overview,
IEEE Communications Magazine, 2013, 51, 4, 100-109.

Dean&Francis

HAORAN JIN

[2] Lee, Y.-C. Hsieh, M.-L. Lin, P.-S. Yang, C.-H. Yeh, S.-
K. Do, T. T. and Fang, W. CMOS-MEMS technologies for the
applications of environment sensors and environment sensing
hubs, J. Micromech. Microeng., 2001, 31(7), 074004.

[3] Podder I, Fischl T, Bub U. Artificial Intelligence Applications
for MEMS-Based Sensors and Manufacturing Process
Optimization. Telecom. 2023, 4(1), 165-197.

[4] Judy, J. W. Microelectromechanical systems (MEMS):
Fabrication, design, and applications. Smart Materials and
Structures, 2001, 10(6), 1115.

[5] Chircov, C. Grumezescu, A. M. Microelectromechanical
Systems (MEMS) for Biomedical Applications. Micromachines
2022, 13,164.

[6] Shinde, P. B., & Shiurkar, U. D. MEMS for detection of
environmental pollutants: A review pertains to sensors over
a couple of decades in the 21st century. Materials Today:
Proceedings, 2021, 44, 615-624.

[7] Zamanzadeh, M., Meijer, H. G. E., & Ouakad, H. M. Internal
resonance in a MEMS levitation force resonator. Nonlinear
Dynamics, 2022, 110, 1151-1174.

[8] Torresen, J. A review of future and ethical perspectives of
robotics and Al, Frontiers in Robotics and Al, 2018, 4, 75.

[9] Yole Développement, Status of the MEMS Industry 2021,
Yole Développement, 2021. Last Accessed 2024/10/04, https://
www.yole.fr/

[10] Pengwang E, Rabenorosoa K, Rakotondrabe M, Andreff N.
Scanning micromirror platform based on MEMS technology for
medical application. Micromachines. 2016, 7(2), 24.


https://www.yole.fr/
https://www.yole.fr/



