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Bipedal Robots, The self-driven movement of biped robots along an inclined surface is a topic that, despite its
Inclined Surfaces, inherent complexities, has attracted the attention of many researchers. However, what
Viscoelastic Links, distinguishes this research from similar works is the consideration of flexibility in the links that
Stability of Motion, constitute such robotic systems. This assumption is not far-fetched, as in the transition phase
Impact Force. (impact), the impulse force applied to the system significantly increases the likelihood of exciting

vibrational modes. On the other hand, the bones involved in walking are enveloped by muscles,
which have viscoelastic properties. Therefore, to achieve more accurate results, modeling the links
with viscoelastic properties becomes inevitable. In the discussion of the autonomous movement
of bipedal robots, the most important issue is determining the initial configuration of the robot so
that the system can perform a periodic and stable motion solely under the influence of gravitational
attraction. The highly unstable nature of the system under study, along with the vibrations created
by the impact force resulting from the foot striking the inclined surface, constitutes one of the very
serious challenges in the progress of this research. Nevertheless, this paper overcomes these
challenges by presenting a completely systematic method with very strong mathematical
frameworks. Finally, the effect of the intrinsic parameters of elastic links, including the modulus
of elasticity and the Kelvin-Voigt coefficient, on the stability of the movement of such robotic
systems is examined.

Extended Abstract
1. Introduction

obots with elastic links are faster and lighter compared to rigid robots. Moreover, flexible links result in
R smoother movement as they absorb part of the shocks and vibrations generated. This leads to less stress

on the robot's structure, resulting in more stable system movement. The construction of robots that mimic
human movement has led many researchers to use biomechanical data and incorporate flexible components in their
models. Robots made with flexible links have attracted the attention of many robotic engineers and researchers
due to reasons such as the reduced energy required for movement and the low weight-to-load capacity ratio [8].
One of the earliest studies on the dynamic modeling of flexible robotic arms was conducted by Hastings and Book
[9]. Khairudin et al. [11] conducted a study in this field. They focused on the dynamic analysis and construction
of a robotic arm with two flexible links. Korayem and Shafei have also conducted comprehensive research in this
field. They derived the dynamic equations of a mobile base robot with flexible links [17]. Bipedal robots made of
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flexible links have received very little research, despite extensive work on flexible robotic arms. Shen and Kuang
examined the transient contact-impact behavior for the autonomous walking of compass-like biped robots [20].
Despite some of their valuable research, almost all of them extract dynamic equations in a non-systematic process
for the simplest model of a biped robot with only two flexible links. Among the most commonly used methods for
deriving dynamic equations of flexible robots, one can mention Lagrangian formulation, Hamilton's principle,
Newton-Euler equations, and the Gibbs-Appell method. To find the dynamic equations for flexible mechanical
arms with both fixed and moving bases, Korayem et al. created a recursive algorithm based on the Gibbs-Appell
formulation [30-34]. However, despite its significant advantages, no one has used this method to extract motion
equations for biped robots to date. This study presents a systematic method to determine appropriate initial
conditions for the autonomous movement of flexible biped robots, using the dynamic equations governing elastic
manipulators in both oscillation and transition phases.

2. Modeling and formulation
2.1 Dynamic equations of motion

The dynamic equations of the elastic biped robot are derived using the Gibbs-Appell formulation. The total
acceleration energy of the system, comprising the sum of the acceleration energy of the robot's links, is first
introduced. This section calculates the inertia matrix and the right-hand side vector of the motion equations for the
robot during the swing phase.

2.2 Determining initial conditions for autonomous walking

This section addresses finding suitable initial conditions for periodic locomotion of a serial robot comprising
elastic links under its weight. The system's differential equations of motion are expressed in state-space form and
linearized around the equilibrium point. The relationship between state variables at the beginning and end of the
robot's steps is presented, leading to an eigenvalue problem for autonomous walking. Using these relations and
initial conditions, state variables' values are precisely determined just before contact with the inclined plane.

3. Linearization and eigenvalue problem

In this section, we further explore the initial conditions for self-walking by linearizing the system's equations
around its equilibrium state. By considering the state variables immediately after contact with the inclined plane
and the state variables at the beginning of a new step, we combine these relations to establish an eigenvalue
problem. This problem helps determine the stability of the robot's locomotion. We depict the relationship between
the generalized coordinates at the end of the old step and the beginning of the new step.

4. Simulation results and parameter effects

This section presents the results from simulations and examines the impact of the intrinsic parameters of the
links on the robot's stability. Specifically, the effect of the Kelvin-Voigt damping coefficient on the system's
response is analyzed. As the Kelvin-Voigt coefficient increases, energy dissipation intensifies, leading to a faster
reduction in the amplitude of the elastic links' vibrations. This is crucial for achieving stable locomotion, as
excessive oscillations can destabilize the robot. For different Kelvin-Voigt coefficient values, the simulation
results show the angular position and velocity of the first joint. Higher values of the damping coefficient result in
quicker stabilization of the joint's angular position and velocity, indicating that the robot can maintain balance
more effectively. These findings are illustrated in Figure 1, which depicts the variations in the robot's joint
dynamics with changes in the damping parameter. Additionally, the simulations explore how other parameters,
such as the stiffness of the elastic links and the mass distribution of the robot, influence its stability and motion
efficiency. By adjusting these parameters, the optimal configuration for the biped robot's self-walking capabilities

can be identified, ensuring robust and energy-efficient locomotion.
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Figure 1. Angular position of the first joint for two different values of the Kelvin-Voigt coefficient (Continued)
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Figure 1. Angular velocity of the first joint for two different values of the Kelvin-Voigt coefficient
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Figure 2. Modal coordinates and modal velocity of the generalized first mode shape of the first link
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Figure 3. Modal coordinates and generalized modal velocity of the first mode shape from the second link
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Figure 4. Configuration of the elastic robot while traversing an inclined surface with an inclination angle « = 0.5deg

5. Analysis of control strategies

In this section, various control strategies for the elastic biped robot are analyzed to enhance its stability and
efficiency. The effectiveness of different control methods, such as feedback control and feedforward control, is
compared through simulations. Feedback control mechanisms are employed to correct deviations in the robot's
trajectory in real-time, improving its ability to adapt to changes in the environment. Conversely, feedforward
control strategies anticipate the robot's motion and make proactive adjustments to ensure stability. The analysis
indicates that a hybrid control approach, combining both feedback and feedforward strategies, yields the best
results in terms of stability and energy efficiency. The hybrid control system leverages the strengths of both
methods, offering real-time correction capabilities while anticipating future movements. This approach
significantly enhances the robot's ability to perform autonomous walking on varying terrains.

6. Conclusion

The final conclusions of the research provide a comprehensive analysis of the elastic biped robot's dynamics
and control strategies, highlighting several key insights:

1. The Gibbs-Appell formulation's derivation of dynamic equations is fundamental for understanding the
motion and stability of the biped robot. These equations account for both the swing and transition phases,
allowing for precise modeling of the robot's behavior.

2. For autonomous walking, identification of initial conditions and stability is critical. By linearizing the
system's equations and solving the resulting eigenvalue problem, the study identifies conditions that ensure

periodic and stable locomotion.

3. Simulation and Parameter Analysis: Simulations demonstrate how various parameters, such as the Kelvin-
Voigt damping coefficient, affect the robot's stability. Higher damping coefficients lead to faster
stabilization, indicating better control of oscillations and enhanced stability.

4. Real-world scenarios can apply the research's framework for designing and controlling elastic biped robots.
The findings are essential for developing robots capable of stable, energy-efficient, and autonomous

locomotion.

Future research could explore the implementation of advanced machine learning algorithms to further enhance
the adaptability and efficiency of the control strategies, allowing the biped robot to navigate more complex
environments and react to unforeseen obstacles.

Overall, the study contributes significantly to the field of robotic locomotion by presenting detailed equations,
simulation results, and effective control strategies for elastic biped robots
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