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Abstract
Objectives: Bipedal robots are robotic systems designed to mimic the walking
and balancing abilities on different terrain of humans. This paper represents
detailed kinematic analysis and reference model-based control design for 12
Degrees of Freedom (DOF) bipedal manipulator. This study also evaluates the
robot’s stability and gait generation capabilities through dynamic simulations.
Methods: A CAD model is developed and simulated in MATLAB/ Simulink/
Simscape multibody by considering the inverse kinematics, cubic polynomial
trajectory, foot contact forces, step size and Center of Mass (COM). The Zero
Moment Point (ZMP) is utilized to guarantee the static stability of the envisioned
bipedal robot. Findings: The result of this analysis provides valuable insights
into the design and control of bipedal robots with a high degree of freedom,
paving the way for more advanced applications in the field of robotics. The
robot replicates the walking pattern of the human on flat terrain by keeping
COM at constant height of 0.904 m. Novelty: The proposed lower limb model
is developed using anthropomorphic data and a comprehensive investigation
of the development phases of bipedal robot has been evaluated. Moreover,
descriptive analysis has been carried out for the movement of each joint angle
which is derived from dynamic simulation.
Keywords: Bipedal Robot; Lower Limb; Kinematic Analysis; Gait Pattern;
Simulation

1 Introduction
Forging the future of autonomy: Mobilizing robots to lead the charge in transformative
advancements across manufacturing, agriculture, defense and space exploration.
Mobile robots employ diverse locomotion mechanisms including wheeled, legged,
tracked or articulated systems tailored to specific applications. Each type of locomotion
system has its own set of advantages and disadvantages, making them suitable for
different applications depending on specific requirements of task and environment.The
Table 1 depicts comparison of different locomotion used in robotics.
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Hence, the planning and management of mobile robots need a lot of attention.These robots grouped as legged robots, wheeled
robots and tracks. The wheeled robots and tracks have disadvantages when compared to legged robots, which are workable on
regular or irregular complex terrains, less energy consumption due to small contact area and the adaptability (1,2). The legged
robots are further sub divided into bipedal and multi-legged robots.

Table 1. Comparison of different locomotion used in robotics
Wheeled Legged Tracked Articulated

Type of surfaces Smooth and flat Highly adaptable to various
terrains

Soft or uneven surface Smooth, rough, and
uneven terrains

Complexity of
design

Simpler designs Most complex Complex varying levels of com-
plexity depending on
the number of joints
and DOF

Traction Low Average Good Excellent
Manoeuvrability Good in structured ter-

rains
Highest across various ter-
rains and obstacles

Highest across various
terrains and obstacles

Limited

Ability of orient Limited Highest Good in tight spaces Optimized
Speed Fastest Average Good Lowest
Stability Low Good Superior Moderate
Balancing Straightforward balancing

mechanisms
Advanced balancing mecha-
nisms

Good at maintaining
balance

Vary

Types of Obstacles
can be traced

Small debris like pebbles
or litter. Low curbs or
small steps. Gaps or tran-
sitions between different
floor surfaces (e.g., tile to
carpet).

Stairs or steps. Uneven terrain
with irregular surfaces. Gaps
or narrow passages.

Large rocks or boul-
ders. Steep inclines or
declines. Mud, snow, or
sand.

Adjusting their articula-
tion to navigate through
confined spaces. Trac-
ing complex paths for
assembly or inspection
tasks.

Power require-
ment

Lower Moderate to higher due to the
number of legs, the weight of
the robot, terrain roughness

Moderate to higher due
to Continuous track
motion and need for
increased torque

Increases with the com-
plexity of movements

Application
examples

• Autonomous vehicles
like cars and wheelchairs.
• Domestic tasks, such
as the Roomba vacuum
cleaning robot.
• Exploration, Trans-
portation and production
workshop.
• Agriculture and envi-
ronmental monitoring.
• Defense and military
operation.

• Reconnaissance and detec-
tion
•Disaster prevention and res-
cue
• Industrial patrol and inspec-
tion
• Entertainment and sports

• Military
• Search and Rescue
• Agriculture
• Space Exploration
• Construction

•Manufacturing •Agri-
culture • Military and
Defense • Education

The bipedal robot is meant to imitate human-like locomotion and perform bound tasks cherish activities in peril
environments, assistances to the old, aged people and entertainment. The biped mechanism contains a trunk and legs
with/without feet or perhaps entire human-like mechanism betting on specific applications. The biped robots have some
advantages over multi-legged robots. It has significantly higher adaptability sanctionative them to simply surpass obstacles
like narrow ways or stairs (3). This adaptability is especially necessary once the robot is has to perform human-centred tasks.
Thanks to the smaller ground contact space and fewer actuators used, their energy consumption may be less than multi-legged
robots. This is often observed that two-legged animals have higher potency and flexibility than multi-legged animals.

A terrestrial locomotion system having two limbs is known as bipedal system (4). The bipedal movement includes walking,
running and hopping. The study of artificial arms and hands began in 1967 with the first aimed only to develop machines to
perform manual labour in lieu of persons and emphasized development of artificial hand mechanisms. Recently the aim has
been to develop robots which can perform intelligent work as well as manual labour.
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There are several key challenges and limitations that still exist in the development of bipedal robots like energy efficiency,
dynamic and adaptive gait planning, balance and stability control in dynamic environments, reducing production costs through
simpler mechanical designs and standardized components. The present study addresses the overall development phases of
the bipedal robots along with modelling and simulation of the full-scale robot to simplify the mechanical design and use
of standardized components. The proposed design excels in dynamic, unstructured environments, enabling applications like
search and rescue in disaster zones, hazardous industrialmaintenance, complexmanufacturing tasks, telerobotics for industries,
defense and space exploration. Advancements in energy efficiency, AI, and durability will unlock their full potential across the
above applications. This paper mainly focuses on the comprehensive study of the movement of each joint under the dynamic
environment to achieve dynamic balance and stability. The next section presents the proposed bipedal robot model. This is
followed by the kinematic modeling obtained using the Denavit - Hartenberg (DH) notations and inverse kinematics. Then,
the biped leg position for different angles is verified using Peter-Corke robotics toolbox inMatlab® to see the possiblemovement
and determine that it can be used for further analysis in the next phases i.e. dynamics and control each joint to get the desired
motion.

2 Methodology
Development phases of Bipedal Robots

The development phases of bipedal robots include modelling of various manipulators and their configurations. It also
includes various stability criteria, different control strategies, walking pattern generation. The analysis of these manipulators
can be done by simulation as well as experiments. The first step in the development process is modelling and design.

2.1 Modelling and Design

It includes no. of degrees of freedom, no. of links, gait patterns, types of foot, type and location of joints and assembly of
bipedal robot. An average human utilizes only about 20 DOF during motion, although there are more than 300 DOF available
in the human musculoskeletal system.This fact enables humans to utilize various DOF that can be either locked or released, to
adjust their motion patterns according to the environment and tasks at hand. Most researchers have sought to understand the
principles of human walking by using various simplified models. The potential options available in literature for the lower limb
robots: 2 – Links: 1 leg consisting flexible links for thigh, knee and shin without foot having 2 DOF (5). 4 – Link: passive walking
model having 3 DOF with shank and thigh in each leg with knee joint and without feet (6). 5 – Links: Sagittal plane model have
4 DOF consists of a trunk and two legs with knees, but without feet (7). 7 – Links :The robot consists of trunk, thigh, shin and
metatarsal.The links are attached together by 6 revolute joints: two hip joints, two knee joints and two ankle joints (8). 9 – Links:
Manipulator with a trunk consists of thigh, shin, and foot for each leg and has 3 DOF in the hip joint, one in the knee joint, and
two in the ankle joint (9).

Modelling of the lower limb critically affects the robot’s ability to move efficiently and maintain balance. The lower limb
typically consists of foot, ankle joint, lower leg (calf), knee joint, upper leg (thigh), hip joint and torso which work together to
enable the robot to walk and perform othermovements. All these links are connected through revolute joint between them.The
mechanical structure of the bipedal robot is developed using CAD software as shown in Figure 1 consists of 7 links and 12 DOF.
Themodel consists of 3 revolute joints between torso and thigh for rolling, pitching and yawing motion.The joint between calf
and thigh has 1 DOF to replicate the knee joint.The ankle joint between the calf and foot allows 2 DOF for rolling and pitching
motion. One of the objectives here is to replicate the human walking pattern through the bipedal robot.Thus, the parameters in
terms of ratios, range of motion, and physical length of the lower limb segments have been selected based on anthroponomics
data available fromMuscolo, 2017 (10) as shown in Table 2.

Table 2. D-H parameters for the Right Leg
Joint Link Name a (Link Length) 𝛼 (Twist Angle) d (Link Offset) 𝜃 (Joint Angle)
1 Waist 0 900 0 𝜃1
2 Waist-lateral 0 -900 0 -900

3 Waist-thigh L3 0 0 𝜃3
4 Knee L4 0 0 𝜃4
5 Ankle-lateral 0 900 0 𝜃5
6 Ankle L5 0 0 𝜃6
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Fig 1. CADmodel of the lower limb of the bipedal robot

The design of the lower limb is a complex process that requires careful consideration of factors such as range of motion,
materials, and balance. As technology continues to evolve, one can expect to see increasingly sophisticated lower limb designs
that enable bipedal robots to move with greater efficiency and agility.

2.1.1 Forward Kinematic Analysis
It is an important tool used in the design and control of bipedal robots. It involves analyzing themotion andmovement of joints
and limbs under the application of forces and torques acting on the robot’s body. It can provide valuable insights into the robot’s
ability to maintain balance, walk efficiently, and perform other tasks. To perform this, the robot’s joint angles and positions
are measured and tracked over time. This data can be used to calculate the robot’s velocity, acceleration, and other kinematic
parameters. It can also be used to optimize the robot’s gait and posture.

Table 3. Length and masses of various segments
The standard Indian Man (Age: 30; Height: 1720mm)

Link No. Segment Segment length (mm) Segment mass (kg)
1,7 Ankle to bottom of foot 69

0.491,7 Foot breadth 97
1,7 Foot length 269
2,6 Lower leg (calf) 435 0.87
3,5 Upper leg (thigh) 433 0.87
4 Hip width / leg separation (Trunk/ Torso) 338 1.9

Table 3 shows D-H parameters to perform direct kinematic analysis. 𝑥0, 𝑦0, 𝑧0 at the center of the waist as the global
reference frame and 𝑙3, 𝑙4 𝑎𝑛𝑑 𝑙5 denotes the length of different segments. The local frames as x𝑖, y𝑖, z𝑖 have been attached to
each links according to the D-H convention as described below.
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1. Rotate the frame x𝑖−1, y𝑖−1, z𝑖−1 about the z𝑖−1 axis through an angle 𝜃𝑖 .
2. Translate the current frame x𝑖−1, y𝑖−1, z𝑖−1along the current z𝑖−1 axis by d𝑖 units.
3. Translate the current frame x𝑖−1, y𝑖−1, z𝑖−1 along the current x𝑖 axis by a𝑖 units.
4. Rotate the current frame x𝑖−1, y𝑖−1, z𝑖−1 about the x𝑖 axis through an angle 𝛼𝑖 .

Where 𝑎𝑖 and 𝑑𝑖 are the displacement along x and z axis respectively, 𝛼𝑖 and 𝜃𝑖 are the angle of rotation about x and 𝑧 axis
respectively. As convention, the positions of each joint, shown in Figure 1 mean 0∘ angle. The angles are assumed positive,
counterclockwise about the rotation axis. Note that the only parameters that vary are 𝜃𝑖 (joint angles of each leg). Since the
kinematic structure of both the legs are same, for the convenience, right leg D-H parameters and matrix have been evaluated.
When the robot is standing, the angle of each joint is the same for both the legs but as the robot starts walking, the angles may
not remain same. To represent the coordinate system 𝑥𝑖 in 𝑥𝑖−1, the previously obtained values can be used to compute the
transformation. This involves applying two translations and two rotations.

The transforms matrix from 𝑥𝑖−1 to 𝑥𝑖 is given below. The link-to-link transformations are equal for both legs because two
legs are identical:

𝐴 = 𝑅𝑜𝑡(𝑧,𝜃𝑖+1) ∗ 𝑇 𝑟𝑎𝑛𝑠 ( 0, 0,𝑑𝑖+1) ∗𝑇 𝑟𝑎𝑛𝑠 (𝑎𝑖+1, 0, 0) ∗𝑅𝑜𝑡 (𝑥, 𝛼𝑖+1)

𝐴 =
⎡
⎢⎢
⎣

𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝛼 𝑎𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝜃 𝑑𝑠𝑖𝑛𝜃

0 𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼 𝑑
0 0 0 1

⎤
⎥⎥
⎦

The transformation matrix of one leg and six degrees of freedom is given by,

[0
6𝐴] = [0

1𝐴]∗ [1
2𝐴]∗ [2

3𝐴]∗ [3
4𝐴]∗ [4

5𝐴]∗ [5
6𝐴] =

⎡
⎢⎢
⎣

𝑛𝑥 𝑠𝑥 𝑎𝑥 𝑃𝑥
𝑛𝑦 𝑠𝑦 𝑎𝑦 𝑃𝑦
𝑛𝑧 𝑠𝑧 𝑎𝑧 𝑃𝑧
0 0 0 1

⎤
⎥⎥
⎦

(1)

[0
1𝐴] =

⎡
⎢⎢
⎣

𝐶1 0 −𝑆1 0
𝑆1 0 𝐶1 0
0 −1 0 0
0 0 0 1

⎤
⎥⎥
⎦

; [1
2𝐴] =

⎡
⎢⎢
⎣

𝐶2 0 −𝑆2 0
𝑆2 0 𝐶2 0
0 −1 0 0
0 0 0 1

⎤
⎥⎥
⎦

; [2
3𝐴] =

⎡
⎢⎢
⎣

𝐶3 −𝑆3 0 𝐿3𝐶3
𝑆3 𝐶3 0 𝐿3𝑆3
0 0 1 𝑝𝑧
0 0 0 1

⎤
⎥⎥
⎦

;

[3
4𝐴] =

⎡
⎢⎢
⎣

𝐶4 −𝑆4 0 𝐿4𝐶4
𝑆4 𝐶4 0 𝐿4𝑆4
0 0 1 0
0 0 0 1

⎤
⎥⎥
⎦

; [4
5𝐴] =

⎡
⎢⎢
⎣

𝐶5 0 𝑆5 0
𝑆5 0 −𝐶5 0
0 1 0 0
0 0 0 1

⎤
⎥⎥
⎦

; [5
6𝐴] =

⎡
⎢⎢
⎣

𝐶6 −𝑆6 0 𝐿5𝐶6
𝑆6 𝐶6 0 𝐿5𝑆6
0 0 1 0
0 0 0 1

⎤
⎥⎥
⎦

Where, 𝑛𝑥 = 𝐶6 ∗ (𝑆1 ∗ (𝐶5 ∗𝐶4 ∗𝑆3 +𝐶5 ∗𝑆4 ∗𝐶3 +𝑆5 ∗𝐶4 ∗𝐶3)
+𝐶1 ∗𝐶2 ∗ (𝐶5 ∗𝐶4 ∗𝐶3 −𝐶5 ∗𝑆4 ∗𝑆3 −𝑆5 ∗𝐶4 ∗𝑆3 ∗−𝑆5 ∗𝑆4 ∗𝐶3))−𝐶1 ∗𝑆2 ∗𝑆6

𝑠𝑥 = −𝑆6 ∗ (𝑆1 ∗ (𝐶5 ∗𝐶4 ∗𝑆3 +𝐶5 ∗𝑆4 ∗𝐶3 +𝑆5 ∗𝐶4 ∗𝐶3)
+𝐶1 ∗𝐶2 ∗ (𝐶5 ∗𝐶4 ∗𝐶3 −𝐶5 ∗𝑆4 ∗𝑆3 −𝑆5 ∗𝐶4 ∗𝑆3 −𝑆5 ∗𝑆4 ∗𝐶3))−𝐶1 ∗𝐶6 ∗𝑆2

𝑎𝑥 = 𝑆1 ∗(𝑆5 ∗(𝐶4 ∗𝑆3 +𝑆4 ∗𝐶3)−𝐶5 ∗(𝐶4 ∗𝐶3 −𝑆4 ∗𝑆3))+𝐶1 ∗𝐶2 ∗(𝑆5 ∗(𝐶4 ∗𝐶3 −𝑆4 ∗𝑆3)−𝐶5 ∗(𝐶4 ∗𝑆3 +
𝑆4 ∗𝐶3))

𝑃𝑥 = 𝐿4 ∗𝑆4 ∗𝐶3 ∗𝑆1 −𝐿4 ∗𝑆4 ∗𝐶1 ∗𝐶2 ∗𝑆3 +𝐿3 ∗𝑆1 ∗𝑆3 +𝐿5 ∗𝐶6 ∗ (𝑆1 ∗𝑆3 ∗𝐶4 ∗𝐶5 +𝐶1 ∗𝐶2 ∗𝐶3 ∗𝐶4 ∗𝐶5
+𝐶3 ∗𝑆1 ∗𝑆4 ∗𝐶5 −𝐶1 ∗𝐶2 ∗𝑆3 ∗𝑆4 ∗𝐶5 −𝑆1 ∗𝑆3 ∗𝑆4 ∗𝑆5 −𝐶1 ∗𝐶2 ∗𝐶3 ∗𝑆4 ∗𝑆5 +𝐶3 ∗𝑆1 ∗𝐶4 ∗𝑆5
−𝐶1 ∗𝐶2 ∗𝑆3 ∗𝐶4 ∗𝑆5)+𝐿4 ∗𝐶4 ∗𝑆1 ∗𝑆3 +𝐿4 ∗𝐶4 ∗𝐶1 ∗𝐶2 ∗𝐶3 +𝐿3 ∗𝐶1 ∗𝐶2 ∗𝐶3 −𝐿5 ∗𝐶1 ∗𝑆2 ∗𝑆6𝑃𝑥
= 𝐿4 ∗𝑆4 ∗𝐶3 ∗𝑆1 −𝐿4 ∗𝑆4 ∗𝐶1 ∗𝐶2 ∗𝑆3 +𝐿3 ∗𝑆1 ∗𝑆3 +𝐿5 ∗𝐶6 ∗ (𝑆1 ∗𝑆3 ∗𝐶4 ∗𝐶5 +𝐶1 ∗𝐶2 ∗𝐶3 ∗𝐶4 ∗𝐶5
+𝐶3 ∗𝑆1 ∗𝑆4 ∗𝐶5 −𝐶1 ∗𝐶2 ∗𝑆3 ∗𝑆4 ∗𝐶5 −𝑆1 ∗𝑆3 ∗𝑆4 ∗𝑆5 −𝐶1 ∗𝐶2 ∗𝐶3 ∗𝑆4 ∗𝑆5 +𝐶3 ∗𝑆1 ∗𝐶4 ∗𝑆5

−𝐶1 ∗𝐶2 ∗𝑆3 ∗𝐶4 ∗𝑆5)+𝐿4 ∗𝐶4 ∗𝑆1 ∗𝑆3 +𝐿4 ∗𝐶4 ∗𝐶1 ∗𝐶2 ∗𝐶3 +𝐿3 ∗𝐶1 ∗𝐶2 ∗𝐶3 −𝐿5 ∗𝐶1 ∗𝑆2 ∗𝑆6
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𝑛𝑦 = −𝐶6 ∗ (𝐶4 ∗𝐶5 ∗𝐶2 ∗𝑆3 −𝑆4 ∗𝑆5 ∗𝐶1 ∗𝑆3 +𝑆4 ∗𝐶5 ∗𝐶1 ∗𝐶3 +𝐶4 ∗𝑆5 ∗𝐶1 ∗𝐶3 −𝐶4 ∗𝐶5 ∗𝐶2 ∗𝐶3 ∗𝑆1
+𝑆4 ∗𝑆5 ∗𝐶2 ∗𝐶3 ∗𝑆1 +𝑆4 ∗𝐶5 ∗𝐶2 ∗𝑆1 ∗𝑆3 +𝐶4 ∗𝑆5 ∗𝐶2 ∗𝑆1 ∗𝑆3)−𝑆1 ∗𝑆2 ∗𝑆6
𝑠𝑦 = 𝑆6 ∗ (𝐶4 ∗𝐶5 ∗𝐶1 ∗𝑆3 −𝑆4 ∗𝑆5 ∗𝐶1 ∗𝑆3 +𝑆4 ∗𝐶5 ∗𝐶1 ∗𝐶3 +𝐶4 ∗𝑆5 ∗𝐶1 ∗𝐶3
−𝐶4 ∗𝐶5 ∗𝐶2 ∗𝐶3 ∗𝑆1 +𝑆4 ∗𝑆5 ∗𝐶2 ∗𝐶3 ∗𝑆1 +𝑆4 ∗𝐶5 ∗𝐶2 ∗𝑆1 ∗𝑆3 +𝐶4 ∗𝑆5 ∗𝐶2 ∗𝑆1 ∗𝑆3)−𝐶6 ∗𝑆1 ∗𝑆2
𝑎𝑦 = 𝐶1 ∗𝐶3 ∗𝐶4 ∗𝐶5 −𝐶1 ∗𝐶3 ∗𝑆4 ∗𝑆5 +𝐶2 ∗𝑆1 ∗𝑆3 ∗𝐶4 ∗𝐶5 −𝐶2 ∗𝑆1 ∗𝑆3 ∗𝑆4 ∗𝑆5
+𝐶2 ∗𝐶3 ∗𝑆1 ∗𝑆4 ∗𝐶5 +𝐶2 ∗𝐶3 ∗𝑆1 ∗𝐶4 ∗𝑆5 −𝐶1 ∗𝑆3 ∗𝑆4 ∗𝐶5 −𝐶1 ∗𝑆3 ∗𝐶4 ∗𝑆5
𝑃𝑦 = 𝐿3 ∗𝐶2 ∗𝐶3 ∗𝑆1 −𝐿3 ∗𝐶1 ∗𝑆3 −𝐿5 ∗𝐶6 ∗ (𝐶4 ∗𝐶5 ∗𝐶1 ∗𝑆3 −𝐶4 ∗𝐶5 ∗𝐶2 ∗𝐶3 ∗𝑆1
−𝑆4 ∗𝑆5 ∗𝐶1 ∗𝑆3 +𝑆4 ∗𝑆5 ∗𝐶2 ∗𝐶3 ∗𝑆1)−𝐿5 ∗𝐶6 ∗ (𝑆4 ∗𝐶5 ∗𝐶1 ∗𝐶3 +𝑆4 ∗𝐶5 ∗𝐶2 ∗𝑆1 ∗𝑆3
+𝐶4 ∗𝑆5 ∗𝐶1 ∗𝐶3 +𝐶4 ∗𝑆5 ∗𝐶2 ∗𝑆1 ∗𝑆3)−𝐿4 ∗𝐶4 ∗𝐶1 ∗𝑆3 +𝐿4 ∗𝐶4 ∗𝐶2 ∗𝐶3 ∗𝑆1

−𝐿4 ∗𝑆4 ∗𝐶1 ∗𝐶3 −𝐿4 ∗𝑆4 ∗𝐶2 ∗𝑆1 ∗𝑆3 −𝐿5 ∗𝑆1 ∗𝑆2 ∗𝑆6
𝑛𝑧 = 𝐶6 ∗𝑆2 ∗ (𝑆3 ∗𝑆4 ∗𝐶5 +𝐶3 ∗𝑆4 ∗𝑆5 +𝑆3 ∗𝐶4 ∗𝑆5 −𝐶3 ∗𝐶4 ∗𝐶5)−𝐶2 ∗𝑆6
𝑠𝑧 = −𝐶2 ∗𝐶6 −𝑆6 ∗𝑆2 ∗ (𝑆3 ∗𝑆4 ∗𝐶5 +𝐶3 ∗𝑆4 ∗𝑆5 +𝑆3 ∗𝐶4 ∗𝑆5 −𝐶3 ∗𝐶4 ∗𝐶5)
𝑎𝑧 = 𝑆2 ∗ ((𝑆3 −𝐶3) ∗𝑆5 ∗𝐶4 −(𝑆3 +𝐶3) ∗𝐶5 ∗𝑆4)
𝑃𝑧 = 𝑆2 ∗ 𝐿5 ∗ 𝐶6 ∗ (𝑆4 ∗ (𝑆3 + 𝐶3) ∗ 𝑆5 + 𝐶4 ∗ (𝑆3 − 𝐶3) ∗ 𝐶5) − 𝑆2 ∗ 𝐿3 ∗ 𝐶3 − 𝑆2 ∗ 𝐿4 ∗ 𝐶3 ∗ 𝐶4 + 𝑆2 ∗ 𝐿4 ∗ 𝑆3 ∗

𝑆4 −𝐿5 ∗𝐶2 ∗𝑆6

2.1.2 Inverse Kinematics
The inverse kinematic analysis has been done in reverse order calculation of the transformation matrix. In this paper, the
closed-form solutions of the kinematic equations are used which was proposed by Pieper. The proposed method suggests that
the manipulator’s joint solution exists only if the three adjacent joint axes are intersecting at a single point, or they are parallel
to one another. The transformation matrix for inverse kinematics for 12 DOF robot is developed in the reverse order such that
foot as base and the hip as end effector. It is decoupled into two subsystems i.e. positioning (first three joint angles: 𝜃4, 𝜃5 and
𝜃6) and orientation (last three joint angles: 𝜃1, 𝜃2 and 𝜃3).

The inverse transformation matrix of Equation (1) can be given by,

[0
6𝐴] = [5

6𝐴]∗ [4
5𝐴]∗ [3

4𝐴]∗ [2
3𝐴]∗ [1

2𝐴]∗ [0
1𝐴] (2)

𝑝𝑥 = 𝐿5 − 𝐿3 ∗ (𝐶6 ∗𝑆4 ∗𝑆5 − 𝐶4 ∗𝐶5 ∗𝐶6)+ 𝐿4 ∗𝐶5 ∗𝐶6 (3)

𝑝𝑦 = 𝐿4 ∗𝐶5 ∗𝑆6 − 𝐿3 ∗ (𝑆4 ∗𝑆5 ∗𝑆6 −𝐶4 ∗𝐶5 ∗𝑆6) (4)

𝑝𝑧 = 𝐿3 ∗ (𝐶4 ∗𝑆5 +𝐶5 ∗𝑆4)+ 𝐿4 ∗𝑆5 (5)

The Equations (3), (4) and (5) can be obtained by Equation (2) and represent inverse transformation matrix. These equations
are used to get the joint angles for each leg i.e. 𝜃4, 𝜃5 𝑎𝑛𝑑 𝜃6 as given below.

𝐶4 = (𝑝(1)+𝐿5)2 + 𝑝(2)2 + 𝑝(3)2 − 𝐿3
2 − 𝐿4

2

2∗𝐿3 ∗𝐿4

𝑡𝑒𝑚𝑝 = (𝑝(1)+𝐿5)2 +𝑝(2)2

𝜃4 = 𝑎𝑡𝑎𝑛2(√𝑡𝑒𝑚𝑝,𝐶4) (6)

𝜃5 = 𝑎𝑡𝑎𝑛2(−𝑝(3),√𝑡𝑒𝑚𝑝)−𝑎𝑡𝑎𝑛2(𝑆4 ∗𝐿3,𝐶4 ∗𝐿3 +𝐿4) (7)
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𝜃6 = 𝑎𝑡𝑎𝑛2(𝑝(2),−𝑝(1)−𝐿5) (8)

𝑡𝑒𝑚𝑝 = 1−(𝑆6 ∗𝑎(1)+𝐶6 ∗𝑎(2))2

TheEquations (6), (7) and (8) give the values of the knee, ankle roll and pitch joint angles respectively, obtained from closed form
kinematic solution. The other three joint angles 𝜃1, 𝜃2 𝑎𝑛𝑑 𝜃3, can be obtained by following method. The inverse transform
matrix [6

5𝐴] is to be moved to the left-hand side of Equation (2).

𝑇 ′ = [𝑛 𝑠 𝑎 𝑝
0 0 0 1]

−1
= [𝑛′ 𝑠′ 𝑎′ 𝑝′

0 0 0 1 ]

= [6
5𝐴]∗ [5

4𝐴]∗ [4
3𝐴]∗ [3

2𝐴]∗ [2
1𝐴]∗ [1

0𝐴] = [6
0𝐴] (9)

𝐿𝐻𝑆 = [5
6𝐴]∗[𝑛′ 𝑠′ 𝑎′ 𝑝′

0 0 0 1 ] (10)

𝑅𝐻𝑆 = [5
4𝐴]∗ [4

3𝐴]∗ [3
2𝐴]∗ [2

1𝐴]∗ [1
0𝐴] (11)

The Equations (10) and (11) represent Left-Hand Side and Right-Hand Side of the Equation (9). Thus, by solving these two
sides of the equation, the unknown joint angles can be obtained as below.

𝜃2 = 𝑎𝑡𝑎𝑛2(−√𝑡𝑒𝑚𝑝,𝑆6 ∗𝑎(1)+𝐶6 ∗𝑎(2)) (12)

𝜃1 = 𝑎𝑡𝑎𝑛2(−𝑆6 ∗𝑠(1)−𝐶6 ∗𝑠(2),−𝑆6 ∗𝑛(1)−𝐶6 ∗𝑛(2)) (13)

𝜃345 = 𝑎𝑡𝑎𝑛2(𝑎(3),𝐶6 ∗𝑎(1)−𝑆6 ∗𝑎(2))

𝜃3 = 𝜃345 − 𝜃4 − 𝜃5 (14)

The Equations (12), (13) and (14) represent the joint angles of hip roll, yaw and pitch respectively. These equations are further
used to evaluate the trajectory of a biped mechanism.

2.2 Stability criterion

Thestability criteria are of two types, i.e. static and dynamic, which influence the trajectory of a bipedmechanism. Static stability
requires the vertical projection of the biped’s COM stays within the boundaries of the support polygon (11).The support polygon
is the area defined by the points of contact the biped has with the ground. For example, if a biped is standing on one foot, the
support polygon is just the area under that single foot. If it’s standing on two feet, the support polygon is the area between
the two feet (11). Thus, static stability provides slow gait with large feet of bipedal manipulator. Dynamic stability offers greater
flexibility compared to static, as it allows the projected COM tomove outside the support polygon.This enables faster andmore
dynamic gaits (12).

In this work, the ZMP approach is used to generate a stable walking pattern and control a robot. Moreover, it is desired for
bipedal to walk without tipping over against single and double support phases, the manipulator needs to generate a reaction
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moment to counteract the overturning moment created by COM (13). This reaction arises from the contact force between the
foot and the ground. The point on the foot where this reaction force acts is known as the ZMP (14). It is important to find the
position of ZMP during the walk because the position of the point keeps changing according to the SSP and DSP.The following
equations are used to obtain the position of ZMP in X and Y axis, Z axis is in the upward direction.

𝑥𝑧𝑚𝑝 = 𝑥𝑐𝑜𝑚 − 𝑧𝑐𝑜𝑚
𝑔 ∗ ̈𝑥𝑐𝑜𝑚 (15)

𝑦𝑧𝑚𝑝 = 𝑦𝑐𝑜𝑚 − 𝑧𝑐𝑜𝑚
𝑔 ∗ ̈𝑦𝑐𝑜𝑚 (16)

Figure 2 illustrates the oscillation of COM, reference trajectory of ZMP, and steps taken by the robot during walking. The
location of ZMP is constrained by the distance between the robot’s two legs. If this constraint is exceeded due to the position
of COM, robot may become unstable and potentially topple over (15). To avoid exceeding this limit, it is essential to control the
joint movements of a bipedal, as these movements affect the position of COM.

To ensure stability according to ZMP, the walking pattern design should maintain continuous contact between stance foot
and the ground throughout the walking motion. In addition, the design of manipulators includes six revolute joints per leg
which are all actuated by individual electric motors and controlled to track predetermined trajectories. The trajectory of the
bipedal is developed by considering the walking pattern based on the linear inverted pendulummodel (LIPM) that can simplify
the control task during the SSP.

Fig 2. COM and ZMP reference trajectories of bipedal robot walking in top view and front view

2.2.1 Controlling strategies
One of the key challenges in bipedal locomotion is generating desired paths thatmaintain stability while also avoiding collisions
with obstacles (16). Because biped robots and human locomotion share similarities, certain important aspectsmust be considered
to achieve natural and effective bipedalmovement.The real-timedeep learning-basedmodel predictive control (MPC) approach
have been initially developed and tested for a 3-DOF biped leg by some researchers (17). In this work, the model-based gait
method is used to generate reference trajectories of joints for bipedal. This method adopts ZMP and periodicity as stability
criteria and provides information about the behavior of human walking. Moreover, the model-based gait system guarantees
dynamic stability. Then a robust control system is performed to track the desired trajectories (18).
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2.3 Walking pattern generators

2.3.1 Human Locomotion
In human walking, the gait cycle is divided into two primary phases: stance and swing. During the stance phase, the foot is in
contact with the ground, supporting body progression andmaintaining an upright posture. In contrast, the swing phase occurs
when the foot is airborne, allowing the leg to advance and preparing for the next step. Typically, stance phase constitutes about
60% of the gait cycle, while the swing phase makes up approximately 40% (19).

2.3.2 Gait Pattern
The stance phase can be further divided into two sub-phases: SSP and DSP. DSP occurs when both feet are in contact with
the ground, creating a closed-chain mechanism. SSP begins when the rear foot lifts off the ground and the front foot remains
in contact. Typically, DSP constitutes about 20% of the time during one stride of gait, while SSP accounts for approximately
80% (20).

Thus, the complete gait cycle in human walking comprises two main successive phases. During SSP, the bipedal experiences
instability due to under-actuation caused by the passive nature of the foot-ground contact. Essentially, controlling the feet relies
on managing the mechanism above them.The researchers have identified various patterns used for generating periodic bipedal
walking.The complex gait pattern consists of four phases of one complete cycle which includes two sub-phases of SSP and DSP
each (21). This pattern arises the need for additional DOF at the foot. Some researchers have followed the three-stage pattern.
It includes two sub-phases of DSP and one phase of SSP (22). This paper uses two-step gait patterns, successive DSP and SSP
without sub-phases to enhance stability and simplify walking pattern generation. The swing feet stay parallel to the ground
during lift-off and landing, maximizing ground support and keeping the ZMP within the stance foot’s contact area, ensuring
static stability with the COM’s vertical projection within the support polygon.

2.4 Simulation

Biped robots with human-like joint dynamics can be effectively simulated in MATLAB/Simulink, using Newtonian dynamics
for force and torque. Simscape multibody library simplifies modeling these robots. To mimic human movement, it’s essential
to match human body proportions (23). Figure 3 displays a simulation model of the biped robot, including the torso, upper leg,
lower leg, and foot, with a swing height of 0.1 m. The robot walks with a constant step length of 0.2 m after an initial half step,
completing seven steps in ten seconds. The model’s total height is 1.004 m, with the center of mass at 0.904 m.

Fig 3. Simulation of the Biped mechanism including front view, side view, swing height of the leg and one step walking (from right to
left)

Figure 4 shows a Simulink model for simulating walking dynamics. The ”World Plane” block sets the reference frame for
the robot’s ground plane. This model captures interactions between the robot’s legs and torso during locomotion. The torso is
the upper body, while the left and right leg blocks receive control signals from inverse kinematics to dictate foot trajectories
and leg movements. The control system block includes algorithms to manage the robot’s gait for stable walking. Sensors and
measurement blocks provide feedback for real-time adjustments. Overall, this model integrates physical and control elements
to simulate bipedal walking effectively.

Figure 5 shows a Simulink model of a bipedal robot, focusing on the Hip, Knee, and Ankle Joints. The core is the contact
system, representing foot-ground interaction and its effect on movement. The ankle connects the foot to the lower leg, which
links to the upper leg via the knee joint, and to the torso through the hip joint. These joints are essential for simulating human-
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like walking. Each joint block has sensors that measure key parameters for real-time feedback and control, enabling dynamic
adjustments and precise simulation of the robot’s gait. Overall, the model provides a detailed framework for simulating the
walking behaviour of robot. It integrates trajectory planning, inverse kinematics, joint control, and real-time feedback to achieve
stable and coordinated walking.

Fig 4. Development of a Robot structure using Simulink

Fig 5. Joint created between the two links i.e. Hip Joint, Knee Joint and Ankle Joint of Bipedal robot
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3 Result and Discussion

Fig 6. (a) Ankle angles, (b) Right Hip angles, (c) Left Hip angles, (d) Knee angles and (e) Robot body movement

Figure 6 (a) displays variations in left and right ankle roll and pitch angles over 10 seconds.The right ankle roll angle oscillates
with a peak amplitude of 0.15 radians,while the left ankle roll angle oscillateswith smaller peaks. Both ankle pitch angles oscillate
with a peak amplitude of 1.0 radians and a minimum of 0.6 radians. The oscillation period for all angles is around 2.6 seconds.
This plot shows synchronized ankle movements during walking or running, with symmetrical angles indicating natural gait
patterns. Larger pitch angle oscillations compared to roll angles highlight the importance of forward-backward movement for
stability.

Figure 6 (b) shows right leg hip angles for pitch, roll, and yaw. The hip pitch angle oscillates between 0.6 and 1.0 radians,
the roll angle peaks at -0.15 radians, and the yaw angle remains near zero with minimal movement. Overall, the hip angle
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exhibits periodic behavior with a 2.6-second period. The pitch angle has the largest oscillations, reflecting significant forward-
backwardmovement, while the roll angle shows smaller amplitude, indicating less side-to-side movement.The stable yaw angle
suggestsminimal rotationalmovement, consistent with expected locomotion patterns.The analysis of hip and ankle pitch angles
shows a coordinated, efficient gait with consistent motion and synchronization between joints, indicating effective balance and
propulsion during walking. Figure 6 (c) illustrates the left hip angles-pitch, roll, and yaw-over 10 seconds. The pitch angle
oscillates with a 1.0-radian amplitude, the roll angle peaks around 0.15 radians, and the yaw angle remains near zero with
minimal fluctuations. These patterns suggest repetitive movements typical of walking or running. The pitch angle exhibits the
most significant movement, reflecting forward propulsion, while the roll angle adjusts for side-to-side balance, and the stable
yaw angle indicates minimal rotational movement.

Knee angles show initial transients before settling into regular oscillations represented in Figure 6(d), with both knees
exhibiting decreasing amplitude over time, suggesting improved stability and control. This behavior aligns with theoretical
models of bipedal locomotion, emphasizing alternating leg movements. Differences in frequency and damping between knees
may be due to design symmetries. Understanding the knee angles over time can enhance the robot’s overall gait stability
and performance. The displacement (Figure 6 (e)) of robot in X-axis shows increasing oscillations, Y-axis trends upwards
steadily, and Z-axis stabilizes quickly around 0.83 meters. The X-axis wave-like pattern indicates lateral movements during
the robot’s walk, with increasing amplitude suggesting potential instability or periodic balance adjustments. Initial small
oscillations followed by larger swings reflect stabilization efforts. The Y-axis displacement shows forward movement with
minor fluctuations from stepping. Initial large Z-axis displacement stabilizes to nearly zero, indicating vertical adjustment and
successful stabilization. Consistent small Z-axis oscillations suggest the robot maintains a steady height of 0.83 m with minor
vertical adjustments. The observed trends match bipedal locomotion behaviors: X-axis lateral oscillations reflect shifting mass,
Y-axis steady forward movement with minor stepping fluctuations, and Z-axis stabilization indicates effective height control.
The results indicate good gait stability and control, with lateral oscillations suggesting a need for improved control algorithms,
successful vertical stabilization, and consistent forward locomotion. Differences in leg performance or external disturbances
might contribute to the observed patterns.

The results obtained are more realistic while compared to Singh et al (24) due to the anthropometric data is used in the simple
design of the full scaled model. The dynamic stability and more efficient motion profile is simulated in the present work unlike
the static design simulations in (24). The motion dynamics of the present study indicates 0 to 10 sec period with an improved
locomotion and force distribution compared to the same analyzed by Bravo et al with only 2 sec period. The simulation model
developed by (25), is for only seven DOF robot as compared to 12 DOF in the present work.

4 Conclusion
Kinematic analysis of bipedal robot with 12 DOF has yielded valuable insights into its motion capabilities and trajectory
planning. By examining the various joint angles and constraints that influence the robot’s movement, one can optimize its
performance and stability while walking or running.

The comprehensive study of the joint movement indicates that maximum fluctuation of 0.65 radians is observed at the
knee joints and minimum fluctuation at hip yaw joint. The robot walks on a flat surface by keeping 0.904 m of constant
height of the COM.This analysis is essential for designing advanced control algorithms and development of robust locomotion
strategies, enabling bipedal robots to excel in diverse applications, such as search and rescue missions, exploration in hazardous
environments, and assistance in healthcare or industrial settings. The key findings of this analysis, such as optimal joint
configurations and the effects of specific constraints on mobility, pave the way for more efficient and agile robotic systems.
Furthermore, this foundational work opens avenues for future research, including the integration of machine learning
techniques for adaptive locomotion and the exploration of bio-inspired designs. Overall, kinematic analysis not only enhances
our understanding of bipedal motion but also serves as a critical stepping stone toward the advancement of robotics in real-
world scenarios.
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