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ABSTRACT

The Spring-Loaded Inverted Pendulum (SLIP) model limits the controllability and mobility of biped robots
in walking due, to its.omission of the ankle joint. This paper proposes a new walking pattern, titled ""Optimized
Step Design for ‘Biped ‘Robots ‘Based on an Improved Inverted Pendulum Model,” known as the Variable
Spring-Loaded Inverted Pendulum,with Finite-sized Foot (VSLIP-FF) model. Inspired by human walking
characteristics, an adaptive strategy for leg extension and contraction is proposed for step planning, effectively
emulating the role of the ankle joint. Finally, we examine the position and velocity of the robot’s center of mass
with the VSLIP-FF model during walkingson:surfaces with varying friction. This stability and adaptability are
crucial for the practical use of biped«robots on diverse terrains. Simulation results for the model in the stated
conditions show that it maintained stability on both flat and inclined surfaces with an 8% slope, exhibiting
human-like behavior and achieving longer strides insshorter time compared to the SLIP model. Friction
conditions for the model on flat surfaces were also‘evaluated; based on this model’s parameters, if the friction
coefficient is greater than or equal to 0.047, the friction between the robot's foot contact surface and the ground

is static. Otherwise, it is classified as kinetic (sliding)friction.
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1. Introduction

the Linear Inverted Pendulum Model (LIPM) and the
Spring-Loaded Inverted Pendulum (SLIP). While LIPM
offers simplicity and has been useful for control
strategies,like ZMP and Capture Point, it falls short in
handling realistic ground interactions and dynamic
events. SLIP models provide more natural interaction
with the.terrainybut traditionally lack foot and ankle
dynamics. To address these limitations, an advanced
SLIP model is introduced that includes a finite-sized
foot and an actuated ankle joint, enabling improved
stability, adaptability, and control. Inspired by human
walking, the:model uses adaptive stiffness, ankle torque
control, and a, finite<State machine to manage gait
phases. A Particle "Swarm Optimization (PSO)
algorithm optimizes trajectories for the center of mass
and feet. This enhanced modelsbetter, handles impact
forces and terrain variability, offering. human-like,
stable, and flexible bipedal locomotion.

2. Mathematical modeling

During walking, the stance leg and the swing leg of
the model are denoted by i€[A,B]. Here; K represents
the equivalent stiffness of the legs, and I denotes their

actual length. The contact angle 8 refers to the angle
between the swing leg and the ground, “which
determines both the touchdown position of the swing

foot 7o and the step length fstz,
221 Single Support Control Mode (SS1 and SS2)

In the single support phase, the horizontal and
vertical coordinates of the stance foot are denoted by
5. %, While the position of the center of mass (CoM) is
represented as x..v.. The initial single support control
in state SS1 is defined by the following equations[1]:

mp. =mg + ka(l — 11aDE + /L] @
Taz = _{k;:u.':l“.{ I - {d] - kd].!..-l:] @

Here, k,, and kg, are the proportional and derivative
gains of the PD controller, respectively. The parameter
[4 denotes the minimum reachable leg length, which
adapts according to the desired step length. I, is the rate
of change in leg length, and 7., is the torque applied at
the ankle joint of leg A during the single support phase.
The positive direction for ankle torque is defined
clockwise.
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Figure 2: Single Support Mode (SS1 and SS2)

The secondary single support control for state SS2 is
described as follows:

mp, =mg + kg (o — 151005 + 755/ 151 )
Tg: = ':'[fp:':'-rd - |“B"] + kd:IB] 4)

In this case, 5, IS the ankle torque applied to leg B
during the single support state. The PD control gains
kp, and kg, are set equal to ky, and &g, respectively,
for simplification purposes[1]. All other parameters are
defined analogously. the net ground reaction force
applied to the center of mass by the spring component
of the leg is given by:

E =k (lo— ;1) ()
222 Double Support (DS) Control Mode

In the double support phase, as illustrated in Figure
3, both feet are in contact with the ground and act as
support _bases. The spring force must be distributed in
such a avay that its effects are accounted for in both
legs. In this phase, the horizontal and vertical positions
of the primary and secondary feet are denoted as x. vy
and x .47, respectively[1]. The horizontal and vertical
position of the center of mass is represented by x . y;.

Figure 3: The double support

The double support control is applied .in the DS
phase and is divided into two stages based_on the
following condition:

If the condition



ka(lo— 151} < @ mg ©)

holds, where the parameter a\alphaa is used to scale
the gravitational force mgmgmyg, it defines a threshold
condition for determining when force application
transitions. In essence, a\alphaa plays a key role in the
timing of weight transfer between the robot’s legs. In
this study, a=0.3 is selected to ensure smooth and stable
walking. .«sDuring this stage, bipedal locomotion
transitions naturally after ground contact and gradually
transfers the center of mass to foot B, as governed by
the following dynamic equation:

mp, = mg +# (To— ILIDG + +ks (o — ;105 ()

If the condition

kglly— gl = aag (8)

is satisfied, then the dynamics follow:
mp =mg + K (I, — ",A"]El + kgl - '“3"]’; + 752/l
9)

Tad = kp!{{ﬂ_ 2 llY + kaqly (10)

Here, tz4 represents the ankle torque of leg B.in the
double support phase. All other related-parameters are
defined analogously[1]. In this stage,leg B assumes the
support role, and the torque begins to act on ankle B,
providing the mechanical force necessary to extend leg
A back to its rest length

3. Research Findings

In the variable-stiffness loaded inverted pendulum
model with a finite-sized foot, important findings were
obtained concerning the center of mass (CoM)
dynamics including its position, velocity, and trajectory
as well as the forces transmitted from the feet to the
CoM during a complete gait cycle on both flat and
inclined surfaces. These results offer crucial insights
into the stability and behavior of bipedal locomotion
throughout the single- and double-support phases[2]. A
key focus of the study was identifying the boundary
between static and sliding friction regions, as this
distinction significantly influences the robot's stability
and control. The transition between these friction
regimes was determined using the friction coefficient
and relevant governing equations. If the coefficient of
friction satisfies the following condition:

0.047 = p (11)
Then:
fe=uf, 12

As a result, slipping will not occur, and only static
friction will be present at the contact interface between
the foot and the ground.

However, if the coefficient of friction is as follows:

0.047 > pu (13)
Then:
fe > ufe a4

Consequently, slipping will occur, and only sliding
(kinetic) friction will exist at the foot-ground interface.
also in Figure 1 The study compares the effects of static
and sliding friction on the trajectory of the center of
mass (CoM) in a variable-stiffness inverted pendulum
model with a finite-sized foot over ten walking steps.
When the friction coefficient is high (u = 0.9), static
friction prevails, preventing slippage and allowing
stable, efficient walking characterized by longer strides
and higher velocity (red curve). In contrast, when the
friction coefficient is low (n = 0.047), the robot
experiences sliding friction, leading to slippage, shorter
steps, and reduced control (blue curve). Green regions
in the trajectory graph highlight moments of slipping,
where friction is insufficient, causing deviations from
normal gait and instability. Despite this, the model
demonstrates  strong adaptability, with  control
mechanisms that respond to slippage by restoring
balance and maintaining forward progression,
showecasing its robustness across varying surface
conditions.

CoM position

{m)

Figure 6: Bipedal Roboet Locomotion under Static and
Sliding Friction Conditions
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3 Center of Mass (CoM)

4 Double Support Phase
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7 Variable Spring Loaded Inverted Pendulum-Finite-sized Foot (VSLIP-FF)
8 Finite State Machine (FSM)

° Foot-Rotation Indicator (FRI)
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Fifth-Order Bézier Curve for Foot Trajectory
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Fifth-Order Bézier Curve for Foot Trajectory
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Table 4: Required Parameters for Simulating Gait Trajectories on Inclined Surfaces
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Fifth-Order Bézier Curve for Foot Trajectory
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Fig. 21. Swing Foot Trajectory During the Initial Single-Support Phase (SS1)
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