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Abstract: This research paper delves into the design and development of a humanoid-legged
locomotion model aimed at understanding human locomotion. This interdisciplinary study integrates
principles from robotics, biomechanics, and control systems to create a model that emulates the
intricate movement of human legs. The investigation encompasses the utilization of a robotic
manipulator with a specific focus on Degrees of Freedom (DoF), incorporating calculations to
simulate biological dimensions. Utilizing DoF in planar and spatial contexts, the manipulator's
design integrates advanced materials, modular components, sensors, wireless connectivity, and
machine learning algorithms. The study also makes use of Arduino Mega 2560, in developing the
model. The designed system is then observed to analyze its performance and reliability. The
contribution of the paper lies in offering insights and a better understanding of this complex area to
facilitate improved and newer applications. The study will be value adding for both researchers and
practitioners in paving the way for future advancements in humanoid robotics.
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1. Introduction

Humanoid robots represent a captivating fusion of
cutting-edge technology and the timeless fascination with
replicating human form and function. Over the past few
decades, advancements in robotics have propelled the
development of increasingly sophisticated humanoid
robots, mainly in service®™ and bio-inspired>?. Apart
from above well-known field it also used in various
commercial applications®*?. Humanoid robotics striving
to bridge the gap between artificial systems and the
intricacies of human capabilities'®4.

Traditional heavy-duty industrial robots, while
stationary and difficult to reconfigure, remain the
backbone of a significant portion of industrial
automation®®,

The researchers highlighted the implications of
Optimus in manufacturing and artificial intelligence,
where collaborative robots (cobots) excel in enabling
flexible, safe, and reconfigurable human-robot
interactions in industrial assembly.

Tesla, known primarily for its electric wvehicles,
revealed its ambitious humanoid robot project named
"Optimus" at the company’s A.l. Day event held in
August 20219, The announcement showcased Tesla's
vision of leveraging its advancements in artificial
intelligence and robotics.

Optimus is Tesla's humanoid robot designed to enhance

manufacturing automation by handling dangerous,
repetitive, and tedious tasks. Aimed at revolutionizing
assembly tasks in automobile production, Tesla envisions
Optimus becoming a larger business than its electric
vehicles. The project has garnered significant attention
since its launch.

Gidey et al.'”) delves into the architectural challenges in
developing cognitive bots capable of complex behaviors
within information systems. While not directly focused on
Tesla's Optimus, the insights from this research are
pertinent to the development of advanced humanoid
robots like Optimus, which require sophisticated
cognitive architectures to operate effectively in dynamic
environments.

Malik et al.*® examine the integration of humanoid
robots, such as Tesla's Optimus, into manufacturing
settings. They propose a framework for incorporating
humanoids to enhance automation and address labour
shortages. The study highlights the need for industrial
safety standards, collaboration protocols, and ROI
assessments in  deploying humanoid robots in
manufacturing.

Building on this, a subsequent study by Malik et al.*¥
investigates the potential benefits and challenges of
humanoid integration, particularly in comparison to
conventional robotic arms. It emphasizes the importance
of effective methods for assessing their return on
investment. Supported by simulation results, the findings
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demonstrate the potential of humanoids to improve
manufacturing efficiency. Additionally, the research
underscores the significance of safety standards in human-
robot collaboration and offers valuable insights for
managers and researchers on the future of industrial
automation.

These studies highlight Tesla's Optimus robot's
potential to transform manufacturing by tackling labor
shortages and skill gaps with advanced automation. They
also address the ethical and practical challenges of
integrating humanoid robots, emphasizing the need for
ongoing research to ensure responsible and effective
deployment.

As the integration of robotic systems into various facets
of society becomes more prevalent, the emulation of
human-like motions remains a paramount challenge. The
research in biped robots and humanoid robotics involves
interdisciplinary collaboration, combining principles from
robotics, artificial intelligence, control systems, and
engineering?-2%. Given its remarkable energy economy,
human-like locomotion has drawn a lot of attention in
scientific study, with the goal of addressing the issue of
excessive energy consumption in bipedal robot walking?
and quadruped walking robot?¥. The intricacies of human
locomotion, with its seamless blend of precision,
adaptability, and energy efficiency, pose a complex puzzle
for engineers and researchers in the realm of robotics®.
The historical evolution of humanoid robotics showcases
a journey from rudimentary designs to sophisticated
systems capable of remarkable tasks. From early attempts
at  mimicking human movements with basic
servomechanisms to the advent of advanced materials and
intricate control algorithms, the pursuit of creating robots
that move and interact like humans has been a driving
force in the robotics community?$2). Notable milestones
include the development of bipedal and quadrupedal
robots, each iteration bringing us closer to the vision of
robots seamlessly navigating human environments?2?),
Despite these strides, replicating human locomotion in
robots remains a formidable challenge. The sheer
complexity of the human musculoskeletal system,
coupled with the continuous adaptation to varying
environments, poses a multifaceted problem33Y,
Achieving the natural, intuitive movements of a human
requires not only a profound understanding of
biomechanics but also advancements in control
algorithms, sensor technology, and materials science

Despite the remarkable progress achieved in humanoid
robot development, numerous technical and ethical
challenges remain®. Achieving human-like dexterity,
mobility, and cognitive capabilities in robots requires
overcoming complex engineering hurdles, such as
designing robust yet lightweight materials, developing
sophisticated control algorithms, and integrating sensory
feedback systems®). Moreover, concerns about job
displacement, privacy, and the ethical implications of
creating machines that resemble humans raise important

questions about the responsible deployment and
regulation of humanoid robots in society.

The current work sets out to contribute to the ongoing
dialogue in humanoid robotics by focusing on the
development of a basic humanoid-legged locomotion
model. The motivation for this endeavor lies in the
recognition that understanding and emulating human
locomotion is a cornerstone for creating robots that can
seamlessly integrate into diverse human-centric
environments. By dissecting the intricate interplay of
mechanics and control in human walking, this research
seeks to unravel the complexities of legged locomotion,
using the knowledge gained to enhance the capabilities of
robotic systems.

The research objectives of present research are: i.) to
explore the intricacies of humanoid legged locomotion
using robotic manipulator focusing degrees of freedom;
ii.) to develop an appropriate model considering
anatomical accuracy by integrating biological dimensions
of the human body into the design process, iii.) to employ
Arduino Mega 2560 with a view to facilitate applications
and as user-friendly control interface for the developed
model.

The ability to create robots that move in ways familiar
to us opens avenues for deployment in healthcare,
assistive technologies, and environments that require
human-robot collaboration. Thus, this research endeavors
to offer insights into the challenges and opportunities
inherent in replicating human locomotion, with
implications reaching far beyond the confines of the
laboratory.

2. Pre-requisites for developing a model

2.1 Robotic Manipulators

The selection and utilization of a robotic manipulator
form a pivotal aspect of this research, as it serves as the
foundational platform upon which the humanoid-legged
locomotion model is constructed. The choice of a specific
robotic manipulator is not arbitrary; rather, it is a
deliberate decision based on careful consideration of the
kinematic structure, degrees of freedom, and overall
compatibility with the research objectives.

2.2 Kinematic Structure

The chosen robotic manipulator, the humanoid legged
manipulator, boasts a kinematic structure designed to
emulate the complexities of human leg movements. Its
articulation and joint configurations are tailored to provide
a versatile range of motions, mirroring the joints and
linkages found in human legs. The kinematic structure is
a critical component in achieving the desired degrees of
freedom necessary for replicating natural human
locomotion.

Practical applications of the humanoid-legged
locomotion model include healthcare, assistive
technologies, and environments requiring human-robot
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collaboration. For example, the model could be used in
rehabilitation robotics to assist patients with mobility
issues or in service robots that need to navigate human
environments autonomously. The model’s ability to
replicate human movements opens up possibilities for
diverse applications in industries that require
sophisticated interaction between humans and robots.

The joints in the manipulator are designed to mimic the
anatomical joints of the human leg, encompassing hip,
knee, and ankle-like articulations. This intentional design
choice aims to capture the essence of human leg
movements, allowing for a more authentic representation
of walking patterns. Understanding and mimicking these
kinematic nuances are crucial for the model to reproduce
the intricate interplay of muscles and joints involved in
human walking.

2.3 Degree of Freedom

The degrees of freedom (DOF) of the robotic
manipulator play a fundamental role in determining its
ability to replicate human-like movements. The DOF
defines the number of independent parameters required to
specify the configuration of the manipulator fully. In the
context of legged locomotion, understanding and
optimizing the DOF are essential for achieving a dynamic
and adaptable gait.

Equation (1) shows the formula for calculating degrees
of freedom (DOF), is a guiding principle in assessing the
manipulator’s flexibility.

DOF =3n—(m+5s) 1)

where, (n) represents the number of links, (m) denotes
the number of joints, and (s) signifies the number of
constraint equations and the formula provides a
quantitative measure that helps determine the
manipulator's range of motion and its ability to reproduce
the intricate movements observed in human walking. A
comprehensive analysis of the degrees of freedom is
crucial for identifying potential limitations and refining
the manipulator's design to align more closely with the
intricacies of human locomotion. It is within this
calculated flexibility that the manipulator gains the
capacity to adapt to varying terrains and exhibit a level of
versatility akin to human walking.

2.4 Rationale for Manipulator Selection

The choice of the humanoid legged robotic manipulator
is rooted in a thoughtful evaluation of various factors.
These factors include the manipulator's cost-effectiveness,
availability, and compatibility with the research goals.

The manipulator's ability to seamlessly integrate with
the control systems, sensors, and actuators essential for
legged locomotion further solidifies its suitability. This
integration is paramount in ensuring a coherent and
synergistic approach to modeling human-like movements.
The humanoid legged manipulator, with its carefully

designed kinematics and degrees of freedom, serves as the
canvas upon which the intricate brushstrokes of
humanoid-legged locomotion are painted.

In essence, the robotic manipulator stands as the
cornerstone of this research, embodying the mechanical
foundation upon which the exploration of human
locomotion through robotics is built. Its kinematic
intricacies and degrees of freedom are not merely
technical details but represent the key determinants of the
model's ability to transcend the realm of machinery and
approach the fluidity and naturalness inherent in human
movement.

2.5 Arduino

Arduino boards typically consist of a microcontroller,
input/output pins, voltage regulators, crystal oscillators,
and USB connectivity. The microcontroller is the brain of
the Arduino, responsible for executing the programmed
instructions. Input/output pins allow communication with
external devices, and voltage regulators ensure a stable
power supply. Crystal oscillators regulate the clock speed,
enabling precise timing of operations, while USB
connectivity facilitates programming and data transfer.

The Arduino Mega 2560 acts as the central control unit
for the humanoid-legged locomotion model. It
coordinates the sensor inputs and actuators responsible for
movement, using real-time data to control and adapt the
robot's walking patterns. This board, chosen for its
versatility and processing power, ensures the model is
capable of handling complex motion algorithms while
maintaining adaptability to environmental changes.

Variations of Arduino boards cater to different
requirements, with models like Arduino Uno, Arduino
Mega, and Arduino Nano offering varying sizes, pin
configurations, and capabilities. The Arduino Mega 2560,
a robust variant of the Arduino family, is chosen for its
expanded capabilities suited to current humanoid-legged
locomotion model. It is powered by the ATmega2560
microcontroller, providing ample memory and processing
power for more complex projects. Arduino Mega 2560
operates on a voltage of 5V and can be powered via USB
or an external power supply (7-12V).

2.6 Coding in Arduino

Arduino programming is facilitated through the
Arduino IDE, a user-friendly platform supporting the C++
programming language. The IDE provides a simplified
environment for code development, compilation, and
uploading to the Arduino board. Further, the serial monitor,
a crucial tool for debugging and monitoring, is facilitated
by the serial library in Arduino. It allows bidirectional
communication between the Arduino board and the
computer, aiding in real-time data exchange and
debugging. For visualizing data trends and system
performance, the Arduino IDE can be extended with third-
party libraries for graph plotting. These libraries facilitate
the creation of real-time graphs, enhancing the debugging
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and analysis capabilities of our system.

3. Model development

The model is designed and developed using
biomechanical principles, incorporating the calculated
degrees of freedom and biological dimensions. The
integration of sensors, actuators, and feedback control
systems ensures the accurate emulation of human
locomotion.

Sensors, such as accelerometers, gyroscopes, and force
sensors, are critical for gathering real-time data on the
model's movements and its environment. These sensors
enable the model to adapt to changes in terrain and posture
by providing feedback to the control system. This allows
for dynamic adjustments to gait, balance, and overall
locomotion, enhancing the model’s ability to navigate
complex environments.

3.1 Mechanical Design

The mechanical design of the model as shown in Fig. 1
is rooted in biomechanics and human anatomy, aiming to
replicate the structure and movement of human legs. The
choice of a suitable robotic manipulator, the 3R humanoid
Legged Model, with its carefully designed kinematic
structure and degrees of freedom, forms the mechanical
foundation for model.

Insights from biomechanical studies, especially those
focused on the musculoskeletal system and joint
movements during locomotion, inform the design.
Emphasis is placed on mimicking natural joint angles,
stride lengths, and proportions to achieve lifelike
movements.

Fig. 1: Mechanical model depicts human anatomy.

3.2 Conceptual model capturing basics
3.2.1 Model Description

The robotic arm consists of four links connected by
revolute joints. Each joint can rotate around its axis,

controlled by three input variables representing the joint
angles (64,6,,05). The conceptual model of joints is

shown in Fig. 2.

Fig. 2: Conceptual model.

The goal is to determine the position and orientation of
the end-effector in cartesian coordinates (x, y, z), with
symbols and notations having their standard meaning.
Before any modelling attempt, it is necessary to clarify
regarding the assumptions used as suggested in published
literature®-3%),  Accordingly, the assumptions for
developing the model are:

3.2.1.1 Rigid Body Assumption

The robotic arm is assumed to consist of rigid links and
joints without any flexibility or compliance. This allows
practitioner to neglect deformations and to focus on the
kinematics of the system.

3.2.1.2 Revolute Joints

The joints connecting the links of the robotic arm are
assumed to be revolute joints, allowing rotation about a
single axis. This assumption simplifies the kinematic
analysis and enables the use of standard transformation
matrices.

3.2.1.3 Fixed Links

One out of the four links of the robotic arm is assumed
to be fixed in position and remaining links can
demonstrate orientation relative to each other. This
simplifies the model by reducing the degrees of freedom
and focusing on the motion of the end-effector.

3.2.1.4 Full Rotational Motion of the Fourth Link

The fourth link of the robotic arm is assumed to have
the capability of full rotational motion around its own axis.
This assumption allows for a wider range of end-effector
orientations and enhances the flexibility of the robotic arm.

3.2.1.5 Kinematic Constraints

The mathematical model does not consider external
factors such as joint limits, singularities, or collision
avoidance. These constraints may need to be addressed in
practical applications but are omitted for simplicity in the
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mathematical model.

3.2.1.6 No External Forces and Torques

The mathematical model assumes that there are no
external forces and torques acting on the robotic arm
during its operation. This assumption simplifies the
dynamics analysis and focuses solely on kinematics.

3.2.1.7 Perfect Actuation and Sensing

The actuators and sensors of the robotic arm are
assumed to be ideal, providing precise control and
accurate measurement of joint angles and end-effector
position. This assumption facilitates the development of
the mathematical model but may not hold true in real-
world scenarios.

3.2.1.8 Homogeneous and Isotropic Materials

The materials used to construct the robotic arm are
assumed to be homogeneous and isotropic, with uniform
mechanical properties throughout.

These assumptions serve to simplify the mathematical
model of the robotic arm while still capturing its essential
kinematic characteristics. They provide a basis for further
analysis and development of control algorithms for
practical applications.

3.2.2 Forward Kinematics

The forward kinematics problem involves computing
the position and orientation of the end-effector given the
joint angles. This can be represented using a
transformation matrix:

Té=T& T2 T} T¢

Each transformation matrix T;*! represents the
transformation from link i to link i + 1. For the position
and rotation analysis of the fourth link (T3'), we consider
both translation and rotation components.

Transformation matrix for the Fourth Link:

Ry Ry R, Dx
o= |Re Ry Re By
R, Ry R, p,+1,

Where R,, R, R, represent the rotation components,
and py, py,p, represent the position components of the
fourth link. 1, is the length of the fourth link.

Inputs and Outputs:

Inputs: (64, 6,, 63) (joint angles)

Outputs: (X, y, z) (end-effector position)

3.2.3 D-H parameter
The Denavit-Hartenberg (D-H) parameters provide a

systematic way to represent the kinematic properties of a
robotic manipulator. Here's the D-H parameter table for
the open-ended robotic arm with four links:

Table 1. D-H parameter table for the four links.

Link i 0; d; a; o;
1 6, 0 0 /2
2 6, 0 I, 0
3 6, 0 Iy 0
4 0 0 I 0
Where:

0, represents the joint angle about the z;_; axis.
d; represents the joint angle about the z;_, axis.
a; represents the link length along the x; axis.
a; represents the twist angle about the x; axis

3.2.4 Transformation Matrices

The individual transformation matrices T/** can be
computed using the D-H parameters:

cos(f;) —sin(6;)cos(a;) sin(B;)sin(a;) ajcos(6;)

TiHL sin(0;) cos(6;)cos(a;) —cos(8;)sin(e;) a;sin(6;)
‘ 0 sin(a;) cos(a;) d;
0 0 0 1
For i = 1,2,3 and for forth link:
1 0 0 O
. o100
=l o014
00 0 1

This mathematical model allows us to compute the
position and orientation of the end-effector given the joint
angles of the robotic arm.

The DH parameters serve as a representation of the
robot's configuration and the kinematic equations may
vary for different manipulator structures. Additionally,
employing the DH convention in kinematics equations
may introduce singularities, rendering the equations
challenging to solve or even unsolvable in certain
scenarios. Furthermore, the DH convention fails to
properly define the common normal when the axes of two
joints are parallel, leading to a singularity in the DH
method. This singularity arises because even a slight
alteration in the spatial coordinates of parallel joint axes
can result in a significant misrepresentation of their
relative position in DH coordinates.

3.2.5 Inverse Kinematics

Inverse kinematics involves determining the joint
angles required to achieve a desired end-effector position
and orientation. This can be represented using a function:

0 = " (Xa, Yar 2a)
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Where, 6 = [0,,0,,605] represents the joint angles,

and (x4, ¥4, z4) represent the desired end-effector position.

The inverse kinematics problem may not have a direct
matrix representation due to its nonlinear nature. It
typically involves numerical methods or optimization
techniques to solve for the joint angles given the desired
end-effector position and orientation.

While the forward kinematics equation can be
represented in matrix form, the inverse kinematics
problem usually requires iterative methods or numerical
optimization algorithms to find the joint angles that satisfy
the desired end-effector position and orientation.
Therefore, it's challenging to represent the inverse
kinematics problem solely in matrix form.

3.3 Biomedical Dimension

The incorporation of biomedical dimensions ensures
anatomical accuracy and enhances the model's ability to
replicate human movements. The biological dimensions,
obtained from reputable biomedical studies, are
incorporated into the design. Leg length, joint angles, and
other relevant parameters are meticulously considered to
align the model with average human dimensions. Further,
the model accommodates variations in posture,
incorporating data from biomedical research on joint
angles and muscle engagement during different activities
such as standing, walking, and crouching. Moreover,
understanding the dynamic nature of human movement,
the model is designed to adapt its dimensions in real-time
during locomotion, capturing the nuances of a changing
gait, even in a suspended configuration.

Biomechanical principles, such as joint angles, leg
lengths, and muscle engagement, inform the design of the
humanoid-legged locomotion model by providing
anatomical accuracy. This ensures that the robot's
movements reflect human physiology. By aligning with
average human dimensions and incorporating dynamic
adaptability during locomotion, the model is designed to
replicate natural human walking with a high degree of
precision.

3.4 Electrical Desing

The electrical design as shown in Fig. 3 focuses on the
integration of electronic components, sensors, actuators,
and the control system. It includes, Arduino Mega 2560,
sensor and actuator implementation which serves as the
central control unit, orchestrating the movements based on
sensory input. The inclusion of sensors, like
accelerometers, gyroscopes, and force sensors, enhances
the model's responsiveness to the environment. These
sensors feed real-time data to the control system, enabling
adaptive and context-aware locomotion even in a
suspended setup. The core of the coding design revolves
around controlling the servo motor SG90 that strategically
placed to mimic human joint movements. The electrical
design ensures the precise coordination of these actuators
for fluid and lifelike mations.

n. penr p ﬁ:a—ig —

ofll iR "
E: :
Actuator BB T £
.............. < = 230 4 =
5
AR | @

m-—o

Battery

Power Input «——
Ground Input / l

Control Signal
Fig. 3: Electrical design arrangement.

3.5 Coding Desing

The coding design is implemented in the Arduino IDE
and involves the development of algorithms and control
logic to drive the model's movements. The primary key
considerations include control algorithms that help to
translate sensor data into coordinate movements. In this
context proportional-integral-derivative (PID) controllers
employed for precise control of joint angles, considering
the dynamic challenges posed by a suspended
configuration. Secondary key element is adaptive gait
patterns that allowed the model to adjust its walking style
based on the terrain, speed and user input. This
adaptability enhances the model's versatility in different
environments, including situations where the links are
suspended. Real-time feedback loops are used to ensure
that the model can adapt dynamically to changes in its
surroundings and take into account the particular
dynamics triggered by the suspended links.

PID controllers are employed to provide precise control
over joint angles, ensuring that the movements of the
model closely resemble human gait patterns. These
controllers allow for real-time adjustments based on
sensor feedback, making it possible to achieve smooth and
controlled movements, even in dynamically changing
environments. This ensures the model’s adaptability and
accuracy in replicating human locomotion.

Furthermore, even when the model is in a non-mobile
suspended state, insights can be gained by using an
intuitive  graphical user interface (GUI) that
communicates with the model and lets users enter
commands, track sensor data, and see the model's
performance in real time3”. This coding aspect bridges the
gap between the mechanical and electronic components,
ensuring a harmonious fusion that brings the project to life
with accuracy and reliability. The complete model detail
is shown in Fig. 4.
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Servo Motors

1.6

Link Support

Servo Motors

(b)
Fig. 4: Model details: (a) Parts of the model and (b)
Complete assembly of the model

4. Discussion

A motion analysis tool Raboanalyzer®® is employed to
capture and analyze the intricate movements of the
humanoid-legged locomotion model. In tandem with
Raboanalyzer, the Arduino Serial Graph is employed to
visualize real-time data from the model's sensors and
control system. The Denavit-Hartenberg (DH) parameters
of legged locomotive robot are shown in Table 2. Sudden
spikes or irregularities in the Arduino serial graph can
indicate anomalies or unexpected behavior.

Table 2. D-H Parameters of legged locomotive robot.

2 Revolute Variable 0 0.75 0 0 -90

3 Revolute Variable 0 0.45 0 90 -90

This real-time observation enables quick identification
and troubleshooting of issues during stimulation. Fig. 5
shows the motion of the model in the standing position.

Fe WMot ailebe W oot Comt
0Nodel | G | o b )

™

CaRM [t UM et Ukl Teekge rae  fréhe Ve Lol ey et iy
He Duide e whiow (N egan W dmoe
[ i S
. |0 [ ] o 0 (]

T ] ( 0 L Y it

) e 0 wee 08 0 " %
G bt Ot bt Ukt ot eghr Moo

¢ H e e s

Fig. 5: Track of motion in standing position.

In standing position, the matric is defined for end
effector as depicted in Table 3. Further, in this condition
the matrices for Link 1 to Link 3 featured in Table 4 to
Table 6 respectively.

Table 3. End effector matrix.
0 0 0.99

o O O -

1 0
0 1
0 0

Table 4. Link configuration matrix for link 1.

-1 0.75
1.44
0

1

o O +» O
o » O O

Table 5. Link configuration matrix for link 2.
0 1.74

0

1 0
0 1
0 0

o O O -

. . . ] Initial ~ Final
. Joint Joint  Link  Twist
Joint _ | Value Value
Joint Type Offset (b) Angle Length Angle
N mo @deg @m @deg O O
€ o) de;
€ € deg deg
1 Revolute Variable 0 0.99 0 0 90

Table 6. Link configuration matrix for link 3.
0 -1 0 1.74
1 0 0 0.45
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In the same manner, the above discussed motion matrix
is defined for the plotted sitting position motion (Fig. 6).

oA
oy

Fig. 6: Track of motion in sitting position.

The assessment of the sitting condition for Link 1 to
Link 3 is systematically conducted, adhering to the same
sequential order established for the standing position
evaluation. This process is delineated and documented in
Tables 7 through Table 10, providing a comprehensive
tabular representation of the criteria and outcomes
associated with each link's seated posture assessment.

Table7. End effector matrix for sitting position.

0 -1 0 0.75
1 0 0 1.44
0 0 1 0
0 0 0 1

Table 8. Link configuration matrix for link 1 (Sitting).

0 -1 0 1.74
1 0 0 0.45
0 0 1 0
0 0 0 1

Table 9. Link configuration matrix for link 2 (Sitting).

0 -1 0 1.74
1 0 0.45
0 1 0
0 0 1

Table 10. Link configuration matrix for link 3 (Sitting).

0 -1 0 0.75
1 0 0 1.44

The combined insights from motion analysis and real-time
sensor feedback, considering the similarities in dimensions and
joint angles, provide a comprehensive understanding of how the
model navigates through different orientations. In order to better
understanding of the motion, individual link motion and
corresponding trajectory is shown in Fig. 7 to Fig. 9.

A

B

(@)

Connector C/X and Connector C/Y
- -y
100

RARARARE

Fig. 7: For link 1: (a) Path of motion and (b) Graph of
motion trajectory

. .

10

T,
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Connector BIY vs. Connector BIX
0

Connector B
.
=

0 1 10 i
Connector BIX
(b)
Fig. 8: For link 2: (a) Path of motion and (b) Graph of motion
trajectory.

(@

Connector A/X and Connector A/Y

-y Y

-0
(b)
Fig. 9: For link 3: (a) Path of Motion and (b) Graph of
Motion Trajectory

4.1 Iterative Refinement

Observational data, taking into account the similarities
in dimensions and joint angles, serves as the foundation
for iterative refinement of the humanoid-legged
locomotion model. The observations guide adjustments in
mechanical design, control algorithms, and overall system
behavior, intending to achieve increasingly natural and

adaptive locomotion in diverse orientations.

In essence, the observation phase, supported by tools
like Raboanalyzer and Arduino Serial Graph, considers
the similarities in dimensions and joint angles of the
human-legged robotic manipulator to both human legs and
typical biped walking mechanisms (shown in Fig. 10).
This holistic approach validates the effectiveness of the
model's design and control strategies and guides the
iterative refinement process, ensuring continual
improvement in performance across various orientations.
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Fig. 10: Graphical Representation of Trajectory Planning on
Roboanalyzer (a) Link 1, (b) Link 2, (c) Link 3

4.2 Biological aspects of Human Body

In the quest to create a humanoid-legged locomotion
model that authentically replicates human movements, a
meticulous examination of the biological dimensions of
the human body becomes paramount.

4.2.1 Medical Research Finding

The foundation of our understanding is rooted in
comprehensive  medical research conducted by
institutions at the forefront of biomechanics and human
movement studies. Institutions have delved into the
intricacies of human locomotion, dissecting movements
across various postures and conditions. The insights
gained from these studies serve as a bedrock for our
endeavor, guiding the incorporation of anatomically
accurate  dimensions into the humanoid-legged
locomotion model.

Medical research has provided invaluable data on joint
angles, muscle activations, and skeletal movements
during diverse activities such as walking, running, and
standing. In the same manner Qin et al.?> depicts the new
human gait prediction and recognition algorithm with the
accuracy near by 99.6% to improve the real time and
stability of the lower extremity exoskeleton system. This
wealth of information aids in crafting a model that not
only mimics the gross movements observed but also
captures the subtle nuances of muscle engagement and
joint coordination.

4.2.2 Posture-specific Considerations

Medical research has elucidated the variations in
muscle activation, joint angles, and overall biomechanics
across postures such as standing, walking, and crouching.
By incorporating posture-specific dimensions into the
model, author aim to create a system that seamlessly
transitions between different modes of movement,

mimicking the dynamic nature of human locomotion.

Research findings from studies on postural stability,
weight distribution, and joint loading in various positions
inform the model's design parameters. For instance, the
alignment of the spine, the distribution of body weight,
and the engagement of supporting muscles are
meticulously considered for each posture. This
comprehensive approach ensures that the model not only
replicates the visual aspects of movement but also
captures the underlying physiological principles
governing human locomotion.

4.2.3 Average ratio of Human leg parts

The proportions of different parts of the human legs are
a key focal point in the design process. Medical
institutions have conducted extensive research to establish
average ratios between segments such as the femur, tibia,
and fibula. These ratios, derived from diverse
demographic samples, provide valuable insights into the
relative lengths and dimensions that contribute to the
harmonious motion of human legs.

The study of leg proportions is not limited to static
measurements but extends to dynamic considerations
during locomotion. Researchers have explored how these
ratios vary during different phases of gait, elucidating the
intricate adjustments that occur in real time. By
integrating these findings, our model aspires to capture the
essence of proportional harmony in leg movements,
contributing to a lifelike and anatomically faithful
representation.

In essence, the incorporation of data from medical
research institutions elevates our understanding of human
locomotion from a mere imitation of movements to a
nuanced replication of the underlying biomechanics. This
holistic approach, rooted in scientific inquiry, ensures that
the humanoid-legged locomotion model is not only
visually accurate but also aligns with the physiological
intricacies observed in the diverse movements of the
human body. The collaborative synergy between robotics
and medical research propels our exploration beyond mere
mimicry, striving for a convergence of art and science in
the realm of humanoid robotics.

The observation phase plays a crucial role in evaluating
the performance of our humanoid-legged locomotion
model as it is stimulated to perform different orientations.
This section details the use of tools like Raboanalyzer and
Arduino Serial Graph for comprehensive data analysis and
visualization.

5. Conclusion and contributions

In line with the research objectives the research
discusses the design and development of a humanoid-
legged locomotion model, meticulously designed with
biomechanical realism and adaptability, stands as a pivotal
foundation for understanding bipedal locomotion. It
integrating the principles from robotics, biomechanics,
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and control systems, with a specific focus on degrees of
freedom, biological dimensions, and the use of Arduino
technology.

The model's real-time sensor feedback, facilitated by
tools like Raboanalyzer and Arduino Serial Graph,
enhances our understanding of how environmental stimuli
influence locomotion. Beyond replicating human
movements, it serves as a guide for optimizing control
algorithms and identifying best practices.

Further, the coding design involves the development of
algorithms and control logic to drive the model's
movements, with a crucial role played by the observation
phase in evaluating the model's performance. Looking
ahead, future directions involve enhanced sensor
integration, machine learning, and collaboration with
neuroscientific studies. This interdisciplinary approach
promises continued advancements in biomimicry, refining
our understanding of humanoid-legged locomotion and
contributing to the evolution of more capable and human-
like machines in the field of robotics. Moreover, it
highlights the transformative potential of the humanoid-
legged locomotion model in education across different
levels. So, it is expected that this research will contribute
to the body of knowledge and will also pave the way for
practical applications of humanoid robotics. Thus, authors
believe that this research will be very useful for
academicians and to facilitate learnings and for
practitioners.

6. Limitations and scope for future work

Like any study, this research also has some limitations.
Authors very humbly accept. For example, the research
value of the study can be enhanced if simulation studies
and scenarios-based analysis as suggested by Manjunatha
et al.’¥ are also incorporated. Similarly, to check the
robustness and responsiveness®®4? of the model,
approaches like sensitivity analysis and critical value
check®?, if incorporated then it will further add value to
this research.

Researchers can further explore these weaknesses and
encompass advanced tools ensuring better responsiveness,
sensitivity and simulation-based scenario analyses to add
value to this work. These extensions will help in refining
the applications and will add more to the body of
knowledge of this subject area.
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