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Abstract
This contribution discusses how a Differential Variational Inequality (DVI) formulation can be used to
model frictional contact between flexible bodies formulated with the Absolute Nodal Coordinate
Formulation (ANCF), to simulate large flexible multibody systems. The numerically robust velocityimpulse complementarity-based solution method is used to solve the DVI problem. This allows the use
of large integration step-sizes for the nonsmooth dynamics problem of frictional contacts, and thus
overcomes a major drawback of the penalty based contact formulations. The results of frictional
contact between the ANCF beam and plate/shell elements using DVI are compared with those
obtained using the penalty based contact formulations. Furthermore, since the computational effort
associated with these problems is significant, the analytical framework is implemented to leverage the
computational power available on commodity Graphical Processing Unit (GPU) cards.
1. Theoretical Background
The ANCF approach, based on the nonlinear theory of continuum mechanics, has been used in
many multibody systems applications [1]. Although ANCF has been an active area of research for
more than a decade, little contribution has been made in the area of modeling frictional contacts with
ANCF. The penalty based approach, especially the Hertzian contact model, has been used to model
frictional contact between ANCF beams in [2]. The penalty based approach, though easy to
implement, requires a very small integration step-size to maintain the stability and accuracy of the
numerical solution. Moreover, it is always challenging to find the values of penalty parameters which
minimize contact constraint violation. To overcome these drawbacks, a DVI based approach for the
analysis of frictional contact problem between flexible bodies is introduced. The DVI formulation has
been used in modeling frictional contact between rigid bodies in the context of simulation of granular
particles in [3, 4]. In this work, this approach is extended to model the frictional contact between the
ANCF beam and plate/shell elements.
The velocity-impulse based time stepping scheme used in the DVI approach is combined with a
Coulomb friction model to formulate a Cone Complementarity Problem (CCP) [3]. At each time step,
the solution of the CCP gives the reaction impulses for all the active contacts and generalized nodal
velocities. For the case of frictionless contact the DVI formulation can be posed as a Linear
Complementarity Problem (LCP) which can be easily solved using standard iterative solvers.
The conventional contact discretization schemes (e.g. node-segment, segment-segment, etc.) often
used by commercial finite element codes limit the number of colliding flexible bodies which can be
handled at a single time. In this work we use a spherical decomposition approach (for details see [2]),
which allows for self contact and multiple contacts between the flexible bodies.
Being computationally very intensive, the DVI and ANCF methodologies stand to benefit from the
use of parallel computation. In the simulation of complex mechanical systems with many flexible
beams (e.g. hair or polymer simulation), the equations of motion of each beam can be solved in
parallel. The computation of the nonlinear internal forces as well as the external forces can also be
done in parallel at the element level. Using the spherical decomposition approach, contacts between
flexible bodies can be easily detected in parallel, and the complementarity problem can also be solved
in a parallel for each active contact. All these aspects are anticipated to lead to significant reductions in
simulation times for large flexible body systems.

2. Preliminary Results
In this study the simulation results of frictional contact between a long flexible beam and a rigid
cylinder (for details see [2]) using the DVI and penalty based approach are compared. The comparison
of beam-tip coordinates is shown in Figure 1. The DVI results, obtained using larger time steps, are in
good agreement with the penalty based approach. It should be noted that the penalty based approach is
already validated against ABAQUS and FEAP results in [2]. The preliminary GPU scaling results are
reported in Figure 2. These simulations t contain up to 270,000 flexible beams where each beam is
pinned at one end and made up of 8 ANCF elements. The parallel implementation on GPU leads on
average to a 250 fold speed up in simulation of this large system.

Figure 1: Global X and Y coordinate of a beam-tip (penalty-based and DVI comparison)

Figure 2: Processing time for the CPU and GPU implementations for ANCF beams (no contact).

The final version of the paper will report scaling results for applications which include hair
simulation, where tens of thousands of ANCF beams interacting through friction and contact, and a
tire-terrain interaction model, where tire belt is modeled using ANCF beam elements. Since both the
collision detection and the dynamics solution will be implemented in parallel, the GPU approach
proposed has the potential to increase the relevance of flexible multibody dynamics in addressing
challenging real-life design problems across a spectrum of engineering disciplines.
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