RESEARCH PAPER

Biomimetic Octo-Tentacle Robotic System for Precision Surgical
Applications

Arivumani Ravanan', Sridharshan P!, Adithya V', Abinesh T!, Thilothamma M?
! Department of Mechanical Engineering, KIT-Kalaignarkarunanidhi Institute of Technology, Coimbatore,
Tamil Nadu, India - 641402.
2 Department of Agricultural Engineering, KIT-Kalaignarkarunanidhi Institute of Technology, Coimbatore,
Tamil Nadu, India - 641402.

ABSTRACT

Biomimetic Octo-Tentacle Surgical Robot (O-BOT) represents an advanced technological solution which can
improve precision, flexibility, and safety during minimally invasive surgical operations. The robot was inspired
by the flexibility and adaptability of an octopus tentacle, which is why it has a segmented robotic arm driven by
highly accurate servos that allow for a continuous and flexible motion in all directions within the anatomically
complex region. Thus, the flexible design allows overcoming the shortcomings of the existing surgical rigid robots
and improving access and manipulability in difficult surgical environments. Mirror motion control system is used
in order to replicate surgeons' hand motions in real-time, thus facilitating the process of controlling the tool and
greatly decreasing the period required for mastering its use. In addition to this, the system includes force and flex
sensors for real-time pressure sensing and regulation in order to decrease the risk of damaging tissues. Moreover,
O-BOT has a built-in vision module to provide real-time feedback during the procedure. Finally, artificial
intelligence-based diagnostic module based on convolutional neural networks allows analyzing different medical
imaging datasets (MRI, CT scan, ultrasound) and identifying the presence of fibroids, cysts, and other

abnormalities.
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1. Introduction:

The invention of minimally invasive surgery is
one of the greatest achievements in modern medicine
that have led to decreased trauma, shorter recovery
periods, and lower risk associated with surgery.
Nevertheless, there remain certain drawbacks in the
application of traditional surgical equipment and even
advanced robotic technologies due to their rigidity,
inability to perform smooth movement, and difficult
operation. In order to tackle these problems, the
biomimetics technology is increasingly used in the
field of robotics. The innovative design of the
Biomimetic Octo-Tentacle Surgical Robot (O-BOT)
mimics the flexible and adaptive movements of an
octopus tentacle. Unlike rigid-link robots that operate
through straight movements, O-BOT consists of
several segments that can bend smoothly and move in
different directions, thus allowing for improved
maneuverability and accessibility during surgical
procedures. The robot is controlled using a mirror-

motion control approach that allows replicating the
hand movements of surgeons and provides for better
user experience. Moreover, the application of force and
flex sensors ensures precise control over the force
exerted during surgery, thus minimizing the possibility
of injuring tissues. Besides, the use of a vision system
makes it possible to monitor the procedure, while the
Al-based module analyzes medical images.

2. Limitations of Conventional Surgical Robots:
Despite being efficient in improving accuracy
and precision, there are some limitations associated
with conventional robotic surgical systems, especially
when used in complicated environments. These include
rigidity of the mechanism used, which limits
flexibility, and the degree of freedom is also low
compared to human or natural movement, making it
impossible for them to be effective in maneuvering into
hard-to-reach surgical locations. Also, most of the
conventional surgical robots do not possess haptic
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capabilities, meaning they are unable to detect and feed
back force information to the surgeon, which would
help him to manipulate instruments and surgical sites
effectively.A further disadvantage associated with
conventional robotic surgical systems is the complexity
associated with the interface that makes them difficult
for the surgeons to operate and master their use. The
cost involved with purchasing and maintaining the
system is high, making them unavailable to most
midlevel health centers. In addition, conventional
systems are bulky and non-portable, limiting their
effectiveness in different settings.In view of all these
limitations, there is a need for flexible, intuitive, and
portable robotic surgical tools such as the biomimicry
based one described below. O-BOT.

3. Need for Biomimetic Surgical Systems:

While conventional surgical robots have proven
to be effective in increasing precision and
manipulation, there exist various weaknesses
associated with the devices, thus limiting their
performance in complex surgical situations. Most of
the current surgical robots are designed using the rigid
link system, which reduces the extent of flexibility.
Such systems cannot efficiently move around narrow
surgical areas and anatomically complex sections.Such
limitations in conventional rigid surgical robot
technology have fueled the desire for flexible robots
within surgical situations, where navigation through
confined and delicately shaped anatomy is critical to
the success of surgical procedures. Traditional robots,
with their rigidity, cannot effectively manage such
complicated and challenging situations.Biomimetic
surgical robots offer solutions to some of the problems
posed by traditional robots, as they emulate the natural
design features of animals and plants known for their
flexibility, dexterity, and control. For instance, octopus
tentacles have been known to bend continuously,
change directions easily, and work effectively under
constrained conditions. Biomimicry allows for the
creation of robots that can be easily navigated through
surgical areas.Besides that, biomimicry enhances the
number of degrees of freedom, making surgical
manipulation easier. Traditional surgical robotics have
been successful in improving precision and control but
possess certain intrinsic weaknesses, which make them
less useful for performing surgical operations in a
challenging environment. Most of these systems are
made from rigid joints, which do not provide sufficient
flexibility to maneuver through narrow spaces. In
addition, traditional surgical robots cannot perform
some tasks because of their mechanical nature.

When paired with intuitive controls, such as mirror
motion controllers, robotic surgical assistants allow the

surgeon to operate much closer to the level of skill of
natural humans by providing an accurate representation
of hand motion, thus making operation simpler and
boosting surgeon efficiency.Biomimicry is used in
medical devices to improve the quality of surgical
procedures, including robotic surgeries.

4. Fundamentals of Biomimetic Robotic
Manipulation:
The principles of biomimetic robotic

manipulation involve the duplication of the fluid,
adaptable movement seen in nature, such as the
tentacles of an octopus. Traditional robots employ rigid
segments, but here, continuum or segmented
manipulators are used to achieve flexible bending and
numerous degrees of freedom for efficient
maneuvering in tight spaces. These mechanisms can be
mathematically represented by assuming constant
curvature, and their point positions can be expressed
as:

x(s) = %(1 -

cos(;cs)),

y(s) = - sin(xs)
where « is the curvature and s is the arc length.
Movement is done using servo motors that provide
torque based on the equation T=F-r. To be able to bend
and position the mechanism safely within the tissue,
controlling the force exerted becomes necessary, which
is done using the equation F = k-3, where k is the
stiffness of the system and § is the deformation of the
mechanism. The movement dynamics of the system
can be described using Newton’s second law, which is
F = ma, while the work performed by the actuator can
be calculated using the formula W = F-d.
5. Mirror-Motion Control and Human-Robot
Interaction:
Mirror Motion Control
One important control method used for the purpose of
intuitive control in biomimetic surgical robots is the
mirror motion control method. This is based on the fact
that there is real-time translation of signals received
from the human body, which helps ensure intuitive
control of the robotic surgery system. Input signals, for
instance, may come from potentiometers, motion
sensors, or wearable devices and translate into actuator
commands for the robotic arms. The control
relationship for mirror-motion control may be
represented in equation form as:
Or=k - 6h
In this case, the term on the left represents the angle of
the robotic joint while the term on the right represents
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the input from the human hand, which can either be a

potentiometer or a sensor output.
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IN SERGEAN ARM

Figure:1

The term k refers to the scaling factor needed for
adjusting sensitivity and precision. Mirror motion
control helps reduce the learning process of working
with the robot significantly since natural hand-eye
coordination remains unchanged. Moreover, sensors
such as force and position sensors allow real-time
feedback, enhancing interaction through adaptive
control.

6. Sensor Integration and Surgical Safety:

Sensor integration is extremely important in
guaranteeing precision and safety in the biomimetic
surgical robotic system. In the advanced surgical
environment, continuous monitoring of the applied
forces, positions, and deformations is very crucial in
order to avoid any undesired effects on the fragile
tissues. The incorporation of the force sensors and flex
sensors inside the robot body allows for real-time
sensing of these parameters, which in turn helps in
controlling the applied force and interaction with the
surgery area. Hooke's law describes the connection
between applied force and deformation in the
following form:

F=kx

F=-kx
Spring constant slider modifies the stiffness of the
spring. Pull and release the block in the visualization to
observe spring oscillation at equilibrium, where F
denotes applied force, k denotes the stiffness of the
system, and x denotes displacement or deformation.
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Furthermore, position and movement sensors provide
precise monitoring of the robotic arm's performance,

increasing accuracy in manipulation tasks. The
integration of sensors with control systems allows for
closed-loop control, which increases stability and
reliability. In general, the inclusion of sensors
contributes greatly to improving the safety of surgery
through precise monitoring and control.
7. Vision Systems and AI Integration :
The vision system and artificial intelligence
technology are important in improving the
precision,
abilities of the biomimetic surgery robots. A
camera placed on the effector helps to give real-
time feedback on the surgical site, hence
enhancing precision. Vision is important for the
surgeon to locate the anatomy of the body and
guide the robot through the operation more

awareness, and decision-making

accurately. In addition, artificial intelligence
technology allows for the analysis of imaging
information from MRI, CT, and ultrasounds for
the detection of pathological conditions like
fibroid and cyst using CNNs. Performance of the
model can be determined by classification
accuracy, which is measured as follows:
_ TP+ TN
Aceuracy = o N T FP + FN
where TP (True Positive), TN (True Negative), FP
(False Positive), and FN (False Negative) represent the
prediction outcomes.
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Figure:3
With the combination of real-time vision and Al-
powered analysis, the technology can help in pre-
surgical planning, better diagnostics, and improved
decision-making during surgery. With this integration,
human errors can be reduced, accuracy can be
improved, and an intelligent surgery system can be
created. In general, the application of vision systems
and Al can greatly benefit the development of robotic
surgery.
8. Proposed Approach: Biomimetic Octo-Tentacle
Surgical Robot (O-BOT):

In contrast to rigid robotic systems, the
proposed Bio-mimetic Octo-Tentacle Robotic System
(O-BOT) will use an adaptive technique which is
inspired by biological mechanisms that can help
overcome the limitations associated with rigid surgical
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robotics. The O-BOT design takes advantage of the
natural ability of an octopus tentacle to bend
continuously and move in any direction, making it
more adaptable in surgical situations. The robotic limb
includes several joints that work together due to the
actuation force provided by high-precision servo
motors, thus providing more degrees of freedom for
smooth motion. Mirror motion control method is used
to detect motions made by the surgeon's hand and
simulate similar actions with the robot. Human input to
robotic action mapping can be described as:
0, =k- 0,

where 0_r represents the robotic joint’s position, while
0_h represents the user-inputted position, and k is the
proportional constant used to provide precise
manipulation. To prevent

Z-UP/DOWN

Y-FRONT/BACK

Figure: 4

accidents during surgery, the device has built-in force
and flex sensors for monitoring applied force and
deformation. Force control uses:
F =kx

where F is the external force applied, k is the

stiffness of the probe tip, and x is the deformation

of the probe tip, making it possible to manipulate

delicate tissues precisely..
In addition, the system has a diagnostic module that
employs machine learning techniques such as
convolutional neural networks (CNNs) for the analysis
of medical images in order to detect abnormalities and
plan for surgery.The whole system functions on the
principle of a feedback loop whereby user input,
control processing, actuation, sensing, and visual
feedback come together in an integrated manner.
9. Scope and Future Directions:

O-BOT has a lot of scope for improvements in

terms of being useful in the area of minimally invasive
and robotic-assisted surgeries. As an existing system,

the biomimetic robot is essentially a working model
that shows how such a robot can work and what
features it must have. In time, the robot can prove to be
useful in several surgical procedures requiring
precision and adaptability.

Sensors and haptic feedbacks can be incorporated to
make the surgery more precise by offering surgeons
better tactile Moreover, artificial
intelligence can be incorporated in the robot to offer
assistance and automate decisions made during the
procedure using deep learning  algorithms.
Miniaturization and system integration can be
improved upon to enable the robot to carry out even
more complicated procedures that require greater
dexterity. specialized surgical domains such as
neurosurgery, laparoscopy, and microsurgery. Clinical
validation, regulatory approvals, and long-term
performance evaluation will be essential steps toward
real-world deployment.Overall, the future direction of
O-BOT lies in transforming it from a prototype into a
fully autonomous, intelligent, and clinically viable
surgical system that enhances precision, reduces
human error, and makes advanced robotic surgery
more accessible and efficient.

10.Application:

The Biomimetic Octo-Tentacle Surgical Robot (O-

experiences.

BOT) has diverse applications in medical and robotic
fields due to its flexibility, precision, and adaptability.
It is highly suitable for minimally invasive surgeries
such as laparoscopy and endoscopy, where access to
confined anatomical regions is required with minimal
tissue damage. The system can also be applied in
delicate  procedures like  neurosurgery and
microsurgery, where precise motion and controlled
force are critical. With its mirror-motion control, O-
BOT enables remote and tele-surgical operations,
allowing expert surgeons to perform procedures from
distant locations. Additionally, it can be used as a
training and simulation tool for medical professionals,
providing a safe environment to practice complex
procedures. The integration of Al further supports
medical diagnosis by analyzing imaging data such as
MRI and CT scans. Beyond surgery, the system has
potential applications in rehabilitation robotics and
serves as a valuable platform for research in
biomimetic and soft robotics.

11. Conclusion:

The Biomimetic Octo-Tentacle Surgical Robot
(O-BOT) has proved successful in introducing a
bioinspired mechanism in surgical robotics through the
mimicking of the flexibility and adaptability of an
octopus tentacle. The design features a multi-
segmented structure with servo actuation that allows
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the robot to move freely without any constraints due to
its rigidity. Mirror motion control makes the operation
of the robot easy, and the use of force and flex sensors
ensures safe and precise control. With additional
features like a vision system and an Al-driven
diagnostic tool, navigation and medical imaging

become possible. Cost-effective and highly scalable,
the robot has the capability to enhance surgical
accuracy while minimizing risks associated with

surgeries.
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