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Abstract
In addition to the dynamic simulation of multibody systems, different techniques have been developed
to quantify the effects of the system parameters on the dynamic response. This can be accomplished
through the development of novel sensitivity analysis methodologies. The co-authors of this paper
have developed the adjoint variable method in the context of the penalty formulation [1], which
performs sensitivity analysis and optimization for large and complex multibody systems. The present
study focuses on multibody dynamics simulation, sensitivity analysis, and design optimization, for
bipedal robots applications.
Dynamic walking simulation of a passive biped has been widely studied since 1990 [2-8]. Research
from the literature conducted dynamic simulation of a passive bipedal robot using relative coordinates
and Lagrange formulation. Although being generally used, this formulation presents some drawbacks.
Formulations based on relative coordinates simulate the collision dynamics of the free foot with the
ground using pre- and post-collision state-space. The collision is modeled as an inelastic impact with
the assumption of angular momentum conservation.. Contact of the supported leg is simulated by a
revolute joint, which prevents the foot from sliding [7].
Passive and active bipedal robots are used as case studies. A passive bipedal robot performs a walking
motion without any actuator and controller, as opposite to an active bipedal robot, which uses
feedback control and multiple actuators (typically redundant) at its joints. In order to enable any
walking motion, the passive bipedal robot walks on a slope, with an initial velocity and legs angles.

Figure 1. Snapshot of dynamic simulation of bipedal robot walking with multi-point foot contact
The approach presented in this paper employs reference point coordinates. This approach allows a
surface/multi-point contact model, as seen in Figure 1, in which the foot point contact is modeled as a
spring-damper system combined with a friction model. From the snapshot, it is clear that the system is
able to perform a stable walking, which converges to a stable limit cycle after several steps, as seen in
the phase portrait from Figure 2. (The phase portrait technique is also employed in [8] to study the
stability of a passive walker.)

In beginning, the stance leg (red) is placed on the slope and the swing leg (blue) is released with an
initial angular velocity. At a certain
moment, the knee-strike occurs when the
swing leg straightens out, which leads to an
instantaneous angular velocity change for
both legs. Then, the swing leg swings as a
single link before heel-strike to the slope.
After the heel-strike, the knee is locked by
a spring-damper system that connects the
center of gravity of the thigh and shack and
the swing leg switches to the stance leg.
Then, the knee-strike from the swing leg
leads to a small instantaneous angular
velocity change for both legs again.
Finally, after the heel-strike of the swing
leg, the stance leg switches to the swing leg
and start a new cycle again.
Figure 2. Phase portrait for the bipedal robot with multi-point contact foot
There are three main contributions of this study: First, it simplifies the dynamic simulation by
avoiding changes of state-space variables in the equation of motion. Second, this approach makes the
simulation more realistic since ground contact can now be simulated to account for the friction
properties of the ground surface. Third, this approach allows the dynamic performance study and the
optimization of a bipedal robot model, with implications in the selection of actuators and control
design of active legged robots.
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