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Abstract 

At Sandia National Laboratories, we are developing the ability to accurately predict motions for arbitrary 
numbers of bodies of arbitrary shapes experiencing multiple applied forces and intermittent contacts. In particular, 
we are concerned with the simulation of systems such as part feeders or mobile robots operating in realistic 
environments. Preliminary investigation of commercial dynamics software packages led us to the conclude that we 
could use a commercial code to provide everything we needed except for the contact model. We found that ADAMS 
best fit oui needs for a simulation package. To simulate intermittent contacts, we need collision detection software 
that can efficiently compute the distances between non-convex objects and return the associated witness features. We 
also require a computationally efficient contact model for rapid simulation of impact, sustained contact under load, 
and transition to and from contact conditions. This paper provides a technical review of a custom hierarchical 
distance computation engine developed at Sandia, called the C-Space Toolkit (CSTk). In addition, we will describe 
an efficient contact model using a non-linear damping term developed at Ohio State. Both the CSTk and the non- 
linear damper have been incorporated in a simplified two-body testbed code, which is used to investigate how to 
correctly model the contact using these two utilities. We have incorporated this model into ADAMS SOLVER using 
the callable function interface. An example that illustrate the capabilities of the 9.02 release of ADAMS with our 
extensions is provided. 

Figure 1: Multiple Contacts Between a Non-Convex Part and a Table Top 

Introduction 

Simulations of certain dynamic systems, such as part feeders and robots, almost always require modeling contact 
between two or more objects. For modeling part feeders, even having only one part interacting with a table top can 
require intricate contact modeling involving multiple contact points. Figure 1 shows a typical result from our testbed 
code, which uses just two-bodies (part and table) to investigate contacts. It illustrates the closest distance vectors 
(i.e., the vector between points on both bodies that are less than some standoff distance) computed between a non- 
convex part and the table top. Likewise, the simulation between a robot and its environment can get quite 
complicated. Sometimes the environment is well known, such as in a workcell, and sometimes the environment is 
very arbitrary, like that which a hopping robot might encounter while traversing a mountainous terrain. For a robot in 

* 
This work was supported by the United States Department of Energy under Contract DE-AC04-94AL85000. Sandia is a multiprogram 

laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy. 

DlSTR!BmtON OF Tk'lfiS DOCUMENT BS UNLIfXBTEQ 



-. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or senice by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, m m -  
menduion, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



a workcell, even having only one other object in the workspace can tax the capabilities on existing commercial 
simulation software to model the contact between the object and the robot (e.g., ADAMS 9.02 only models contacts 
between convex bodies while ADAMS 9.04 does not have contact modeling at all). For a hopping robot, the ability 
to characterize how the robot will react to different types of terrain (mud, high grass, steep hills, big rocks) does not 
exist. Both of these examples require the ability to model multiple contacts between arbitrarily shaped bodies and a 
highly robust contact model. Our goal is to develop contact modeling capability that is reasonably efficient yet 
captures a wide range of physical phenomenon from simple impact to elastic wedging and viscous effects. 

Toward this goal, two key technical issues must be resolved. First, collision detection software that can 
efficiently return the distances and the witness features between bodies of arbitrary shapes must exist. Recent 
advances in computational geometry by Xavier [12] and others allow for efficient collision detection and distance 
computation between non-convex polyhedron. At Sandia, Xavier is implementing, in configuration space (C-space), 
a hierarchical geometric representation combined with an algorithm for fast distance computation, collision 
detection, and c-space point-classification. This implementation is called the C-Space Toolkit (CSTk) and is 
available as a C++ library. 

The second technical issue is developing a computationally efficient contact model with friction for rapid 
simulation of impact, sustained contact under load, and transition to and from contact conditions and allowing for 
multiple contacts to be simulated concurrently. There are two approaches for estimating contact forces. One is the 
hard contact approach, investigated by Trinkle [9], Mirtich [8], and others, in which the bodies are assumed to be 
rigid. Although appealing from an efficiency standpoint, modeling bodies as strictly rigid and persistent contacts as 
algebraic constraints sometimes fails to yield sufficient physical fidelity. It is known that under the assumption of 
Coulomb friction, the rigid body model can result in non-existent, or multiple governing equations [3]. Furthermore, 
this approach does not capture the combined elastic and frictional interaction necessary to model a wedged body 
such as in a press fit or a Moms taper. 

We have decided to use a soft contact approach, investigated by Goyal [6], Marhefka [7], and others, in contacts 
are modeled by a spring-damper. The major drawback of this approach is that it introduces stiffness into the 
governing equations. We have implemented the non-linear version of [7] because it offers several advantages. First, 
the model produces a continuous force at the initial penetration point (it computes a zero contact force with zero 
penetration). The numerical integrator is not restarted when a contact is encountered. Therefore, we do not lose 
numerical efficiency. Second, the model includes the proper variation of the coefficient of restitution with impact 
velocity over a wide range of impact velocities. Another advantage is that once friction is implemented, it will allow 
us to investigate certain viscous effects, e.g., modeling interaction with mud. 

C-Space Toolkit 

A robot’s configuration space (c-space) is the space of its kinematic degrees of freedom, e.g., the joint-space of 
an arm. Sets in c-space can be defined so as to characterize a variety of spatial relationships, such as contact between 
the robot and its environment. C-space techniques have been fundamental to recent basic progress in robotics areas 
such as motion planning and physically-based reasoning. However, practical progress has been slowed by the 
difficulty of implementing the c-space abstraction inside each of these applications. The Configuration Space Toolkit 
(CSTk) is a set of high-performance algorithms and data structures developed to meet these needs. Of primary 
interest to this paper is the robust collision detection provided by the CSTk. 

Collision detection [2] is a basic problem in robotics and related areas, arising in motion planning [l], control, 
graphical programming, motion-preview, virtual reality, and dynamic simulation. The collision detection problem 
asks whether a rigid body moving along a given path intersects with any of a set of obstacles at any point on that 
path. In a fuller version of the problem, all contacts must also be determined. In both cases, accuracy is of extreme 
importance when the results of collision detection between modeled objects affect the behavior of physical robots or 
influence the outcomes of physical simulations, such as those used in process and product design and evaluation. 

Most current methods for collision detection rely on interjierence detection antt/or distance computation [5]. 
Simple use of interference detection can obviously miss collisions as in Figure 2. Between queries, the triangle 



moves linearly from A to A'. Because there is no interference with the obstacle at the query times, simple 
interference checking fails to detect the collision with the obstacle. Basic distance queries at the query points would 
indicate that it might be possible that there is a collision, but further computations would be needed to decide. The 
swept hull of the moving triangle intersects the obstacle, so a swept-body interference check would detect the 
collision. CSTk provides a combination of basic and swept-body distancehnterference calculation suitable for fast, 
accurate collision detection. 

A A' 
............................... r-7- r7 

V ........... ...... V 

Figure 2: Linear Motion of Triangle from A to A' 

For the basic distancehnterference calculation, CSTk uses a hierarchical distance computation that uses Gilbert's 
Distance Algorithm [4]. The boundary of a body is represented in the CSTk with a bounding-volume hierarchy 
generated with the algorithm described in [IO]. The hierarchy is a binary tree whose nodes each contain a convex 
polygon or convex polyhedron. The subtree rooted at a node represents the union of the primitives at its leaves. 
Thus, each node of our hierarchical geometric representation contains a conservative approximation, or wrapper, of 
the object represented by its subtree. In particular, our trees contain a convex hull (polyhedron) at each interior node, 
and a convex polygon or convex polyhedron at each leaf. The use of convex polygons and polyhedron at the nodes 
and leaves is required by Gilbert's algorithm. 

Methods that extend the basic hierarchical distance computation to swept body distance computation, both in 
linear translational and combined translational and rotational sweeps have been implemented in CSTk. The methods 
are exact for the translational case, and include an improved conservative approximation in the rotational case. The 
methods are fully described in [ 1 I] which presents simple experiments for the linear-translational case comparing the 
swept-body and basic techniques in distance computation, interference detection, and collision detection. These 
experiments indicate that computing linear-translational swept-body distance is no more than 50 percent more 
expensive than the basic technique in practice, and that the methods hold the potential to speed up robust collision 
detection. 

Contact Model 

The rigid body approximation is often used to model the interaction of mechanisms; however this approximation 
when combined with a Coulomb friction model can fail mathematically. In particular, the state derivatives can 
become indeterminate. For instance, consider any two surfaces in contact. Three distinct types of interaction can take 
place. First, they may stick together, in which case the relative velocity is zero, the frictional force is less than or 
equal to the coefficient of friction times the normal force and the normal acceleration is zero. Second, they may be 
breaking contact in which case there is no normal nor tangential force and the acceleration must be greater than zero. 
Finally, the surfaces may be sliding in which case the tangential force is exactly equal to the normal force times the 
coefficient of friction and the normal acceleration is zero. To compute the state derivatives one must first determine 
which of the three possible modes of motion is taking place in order to determine the algebraic constraint equations. 
Unfortunately, sometimes more than one mode of contact yields a consistent set of state derivatives. Worse, 
sometimes none of the modes yield a consistent set. Still worse, Dupont [3], has shown that even when only one 
mode yields a consistent set of state derivatives, the forces that maintain the constraints can be unstable. Instability 
indicates that the rigid body assumption with Coulomb friction is invalid. If the circumstances that lead to 



indeterminate contact conditions were rare one could probably ignore this kind of mathematical irregularity. 
Unfortunately, this is not the case. Even the case of a single slender rod in frictional contact with a floor can produce 
indeterminate state derivatives. 

Compliant contact models avoid the indeterminacy problem at the expense of numerical stiffness, and 
sometimes the expense of addition state variables. Our approach is similar to that of [6,7] and others that use lumped 
spring-damper systems to mo!el the surface compliance. In our model, the normal force (FN) due to a local 
deformation and contact damping is given by 

F, = - k 6 ”  - A.6“ 6 

where k is the spring constant, 6 is the local deformation, and h is the damping coefficient. The constant n is 
dependent on the geometry of the impacting bodies. Hertzian theory for contacting spheres suggest n = 1.5, for 
impacting planes n = 1. For simplicity, and since our objects are modeled as polyhedron we will use n = 1. The main 
effect of the non-linearity in the model is that the damping is dependent on the depth of penetration. The contact 
force is continuous at initial contact. Another advantage of non-linear damping over a linear damping model is that 
unrealistic surface sticking forces are reduced. They only occur when external forces separate the objects. 

A somewhat more involved yet equally important feature of this contact model is that it accurately reflects the 
variation of the coefficient of restitution (e) due to impact velocity (y). It has been shown that at low impact 
velocities and for most materials with a linear elastic range, the coefficient of restitution can be approximated by the 
equation: 

e = I - a v ,  

For sufficiently small a and vi the coefficient of restitution can be related to the damping coefficient by: 

More details of the implications using the above equations can be found in [7]. Currently, we have only 
implemented normal force without friction, but we are close to implementing a friction model. 

Implementation 

Before ADAMS was picked to be the “front end” of the our simulation effort, a small testbed code was written 
in C++ as a means to implement the interaction between the CSTk and the lumped spring-damper. A MovingBody 
class was created that contains all the information to completely model each part. The information includes the mass 
properties, the geometry (faceted data), the spring-damper constants (a and k), the body’s standoff distance (d,), and 
the equations of motion. The testbed executes like a standard simulation code except that a distance function is called 
during each derivative evaluation. The distance function uses the CSTk to determine if there are any witness pairs 
(pairs of points, one from the part and one from the table) whose distance between them (d,) is less than d,. A 
contact (Ci) is placed on the body part of each witness pair. Figure 3 shows (in 2-D) how the CSTk would find two 
witness pairs whose distance is less than d,. Two contact CO and C1 would be created. Because the table top is fixed 
in inertial space, the normal force is always in the inertial Z direction. The spring deformation at each contact (Si) is 
defined to be 

The velocity of the contact point is the z-component of the relative velocity of the contact point to the body’s cg 
(r x a) added to the z-component velocity of the body’s cg . The normal force equation is used to generate a body 
external force for each contact. An external moment is also generated. We feel that allowing for multiple contacts 
adds smoothing to both the applied force and the applied torque since the contact force is not coming from only one 



direction. The testbed provides reasonable simulation until the round-off error becomes dominate, which is usually 
after a couple of bounces. 

.......... 

Figure 3: Testbed Standoff and Witness Pairs Distances 

The testbed allowed us to quickly implement a C++ program that uses the CSTk library and the ADAMS 
callable routines. To use the program, one can generate a model using ADAMS VIEW. Contact constraints are used 
to identify which objects are to be considered for collisions. Then, the model is exported as an ADAMS SOLVER 
model. In addition to the SOLVER model, several other files are automatically written that describe the geometry of 
the objects. The callable program first parses the solver data set and creates a new data set having no collision 
command. Each part in the original collision command now has a GFORCE statement and an associated floating 
marker. 

When the simulation is run using the callable ADAMS subroutines, the GFOSUB function is called for each 
object that may collide. A custom GFOSUB function first obtains the states of the bodies, then updates its own 
internal geometric representation of the objects. If the bodies are in close proximity to one another, a non-zero force 
is returned based on the contact model. Although the contact model is stiff, it is continuous, and therefore, the 
integrator can handle it. 

Example 

An example illustrating the ability of our contact detection and modeling technique is inspired by the Fisher 
Price Rock-N-Stack toy. This toy has a number of plastic doughnuts that fit on a cone. This example is a more 
visually appealing example of the classical peg-in-hole problem. Furthermore, we hope to demonstrate wedging 
effects when we implement the frictional contact models. Both the doughnut and the cone are simple primitives from 
AVIEW. When contact constraints are added under AVIEW 9.02, the polygonal models of the parts are exported 
along with the ADAMS model file. These geometric models are highly faceted polygonal models of the primitives as 
seen in Figure 4. In Figure 4, the standoff distance was made larger than ordinarily be the case so the distance 
vectors could be highlighted (second and third frame). 

For our simulation, the cone is fixed to ground and the doughnut is dropped from above. This simple simulation 
was executed for sufficient time to allow the doughnut to settle onto the cylinder. In the simulation, the doughnut 
bounces around several times as it settles. Rotations about the axis of the cone are clearly present as the doughnut 
nestles down on the cone. Rotational torques are due to opposing facets on the inside of the doughnut lining up with 
those of the cone. In Figure 4, the proximity edges are displayed as the trajectory evolves. In the first frame, the 
doughnut is beyond the distance threshold, and no edges are displayed. In the second frame, several lines are added 
that denote the closest points between two polygons that are within the threshold distance. These lines are displayed 
for illustrative purposes, and no forces are present until a much smaller contact distance threshold is reached. In the 
third frame, the number of polygons within the threshold has increased, and the lines now form a web that will later 
support contact forces. The final frame, shows the doughnut after it has settled onto the cone. At this point the 
doughnut is being supported on the cone by a web of contact forces. At this point, the web consist of over 1000 
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distinct non-linear spring damper forces. These forces arise from 1500 facets that lie within the contact distance 
threshold. Approximately 500 of the proximity pairs are duplicates. This duplication is due to the closest point 
between two adjacent facets being a vertex. The corner of a cube contacting a plane has a single vertex for three 
faces. 

Figure 4: Rock-N-Stack Contact Analysis Example 

The vertical motion of the doughnut and it's g-force are shown in Figure 5 .  Several bounces are clearly present 
until the motion is damped out and contact is persistently maintained. The g-force will eventually settle to the 
doughnut weight. From Figure 5 ,  it is clear that each impact has a finite time duration. This duration depends on the 
spring stiffness. 
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Figure 5 :  Force and Position Results of Rack-N-Stack Simulation 

A simple home trial with the Fisher Price toy would probably result in the falling doughnut wedging on the cone. 
This wedging is due to the development of relatively large normal forces caused by internal stresses that in turn 
cause large frictional forces. These internal stresses are necessary to the proper function of a number of common 
devices. A Moms taper is used on machinery usually to hold a collet in place. This simple device consists of a cone 
with a specific taper, and a tapered hole. Unfortunately, neither constraint-based nor impulse-based simulation are 
currently capable of capturing this type of physical phenomenon. It is believed however that multiple contact point 
soft contact models will work well once friction is implemented. 
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