Simulating Rigid-Bodies, Strings and Nets for Engineering Applications Using
Gaming Industry Physics Simulators
J.H. de Jong*, K. Wormnes**, P. Tiso***
*Delft University of Technology, The Netherlands
e-mail: janhein.dejong@gmail.com
**Automation and Robotics Section, ESA
e-mail: kjetil.wormnes@esa.int
***Delft University of Technology, The Netherlands
e-mail: p.tiso@tudelft.nl

Abstract
The video game industry has been using and developing advanced rigid-body simulation tools, or gaming engines, over the past decades. Early research by ESA on
simulating throw-nets has indicated that tools specifically
developed for computer games can have significant benefits over traditional engineering tools in terms of speed,
ease of use and flexibility. However, tools developed for
computer games have less stringent constraints on accuracy and realism. The purpose of this research is to investigate the advantages and pitfalls of using gaming engines
to perform engineering simulations.
It is found that gaming engines typically use a method
called constraint-based simulation for simulating contact,
together with a semi-implicit Euler integration scheme
and a fixed time-step size. Care should be taken to select the right combination of mathematical methods when
creating a simulator based on these models to prevent unphysical behavior. However, through computational and
real-world experiments it is shown that constraint-based
simulation can provide valuable simulations.
Finally it is shown that in terms of computational efficiency constraint-based simulators are moderately effective in simulating stiff systems, but very effective in simulating contact dynamics.
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aration dynamics for launch vehicles. Rigid-body simulations also have an increasingly important role to play in
simulating orbital robotics.
The entertainment industry has also been using rigidbody simulation techniques to create interactive environments for video games. The software packages developed
for these applications, usually referred to as gaming engines or physics engines are able to simulate a large number of bodies on a normal desktop computer in near realtime. The big difference between the software specifically
developed for engineering purposes and gaming engines
is that the latter only need to provide plausible simulation, and thus have been developed with less stringent constraints on accuracy in mind. Nevertheless, early research
by the European Space Agency on throw nets for capturing in-orbit debris (Fig. 1) has shown that these packages could prove to be useful for engineering purposes in
some specific cases, due to their ease of use, high computational efficiency and open-source nature. For more
information on orbital debris and using throw-nets to capture in orbit debris, the reader is referred to earlier work
by K. Wormnes[23].

Introduction

Rigid-body simulation, a sub-class of multi-body
simulation, studies the movement of systems of interconnected un-deformable bodies under the action of external
forces. Established software packages such as SIMPACK
and MSC/Adams allow engineers to visualize and study
the motion of mechanical systems using rigid-body simulations. Examples in the aerospace industry where rigidbody simulations have been used are numerous and range
from visualizing planetary rover behavior to studying sep-

Figure 1. : A simulation of a throw-net capturing a
burned-up rocket stage[23].
The main objective of this research is identifying
the usability of gaming engines for engineering purposes.
This can be split into two sub-objectives. First, we want
to identify and present the mathematical models that are
common in gaming engines and what their limitations are
in terms of accuracy and stability. Second, we want to

identify and show the advantages of using gaming engines
over traditional software.

2

Gaming engines

Engineering multi-body simulators typically have a
lot of functionality (e.g. frequency-domain analyses, finite element modeling of compliant structures, optimization of cost functions). In the video games the problems
that need to be solved are of a different nature. One can
think of real-time simulations of rag dolls crashing into
each other, a brick wall falling (Fig. 2), or cars crashing
into each other. Gaming engines therefore have a strong
focus on simulating contact dynamics of large numbers of
rigid-bodies in real-time.

Figure 2. : A typical simulation performed with Blender
& Bullet[18].

2.1

Popular gaming engines

Figure 3 shows the result of a survey performed by
electronics company Nvidia on the adaptation of several
well known gaming engines by the video game industry.
Although possibly not very unbiased it shows what are
considered to be the main players in the field. All the mentioned gaming engines are based on the so-called StewartTrinkle method[16, 6, 21, 10, 11].
Three out of five of these engines are backed by large
budgets from electronics companies. PhysX is developed
at Nvidia, Havok at Intel, and Bullet has recently been
annexed by Advanced Micro Deviced (AMD).

Bullet is a strong candidate to use as a basis for exploring the possibilities of gaming engines. Its opensource nature the allows us to more easily define and analyze what steps the software takes during a simulation.
Also, Bullet has a strong ongoing development, ensuring
that it uses the most modern techniques developed in the
rapidly evolving world of rigid-body simulation.

2.2

Gaming engines have been used in engineering before, mainly in robotics. There exist several tools for
rapid-prototyping of robotic systems, which typically
house one of the gaming engines mentioned above[13, 7].
These tools allows the user to experiment with robot designs and algorithms in a virtual environment, eliminating issues involved with real-world experiments such as
short battery life, hardware failures and unexpected and
dangerous behavior. In some cases the simulator can run
faster than real-life, further speeding up the process and
enabling Monte-Carlo analyses to be performed. ESA
also funded the development of a constraint-based testbed
for simulating planetary rovers exploring the surface of
Mars, called 3DRov[12].

3

Mathematical models

On a high level a rigid-body simulator can be divided
in two main components[9]. The collision detection component uses the position and geometric data of bodies to
detect contact and penetration and simplifies this to a number of contact points. The simulator component uses this
information to compute contact forces and integrates the
motion of the bodies.
The simulation component can consist of four modules. The time control module calls other modules and
defines the integration time-step size. The motion solver
uses all forces acting on the bodies to update the velocities and positions. The constraint solver computes all reaction forces acting on the bodies due to contact behavior
or other constraints (e.g. joints, motors). In some cases
a fourth module, the collision solver, is required to handle new contacts where the relative velocity is non-zero,
or collisions. In other cases handling of collisions is included in the constraint solver.

3.1

Figure 3. : Comparison of most used gaming engines by
number of released commercial video games from 2006
to 2009[17].

Current usage of gaming engines for
engineering

Time-stepping

The time control module can have several methods for
choosing the size of the time-step. The simplest method
is to use a fixed time-step, where the size of the time-step
is set at the beginning of a simulation and does not vary.
Adaptive time-stepping algorithms vary the size of the
time-step during the simulation, depending on the stiffness of the system, or some tolerance on the relative error

of the state of the system. The advantage of these methods lies in the fact that the error can be controlled, and
that the time-step size is only decreased when it needs to.
The disadvantage of this method is that the computational
time to simulate a certain period varies significantly and
unpredictably.
Finally, another way to vary the time-step size is to
ensure that all collisions occur exactly at a step, as opposed to in between two steps. This prevents penetrations
between bodies, but increases computational expense.

3.2

Penalty based versus constraint based

Contact forces between rigid-bodies can be determined using to two different paradigms. The first method
is to use a penalty function based on the level of penetration between the two bodies. Here the contact force
f c acting between two bodies is a function of the level
of penetration δs and the respective relative velocity δṡ.
Physically, this can be interpreted as adding a non-linear,
unidirectional spring between the two bodies.
f c (δs, δṡ) ∈ R+

(1)

Although this method is simple to implement, it results in a model that suddenly increases in stiffness when
a contact is present. In order to ensure stability the size of
the time-step needs to be reduced significantly, increasing
computational expense.
Another fundamentally different way of approaching
the problem is constraint-based. In this approach, the reaction forces are defined such that they enforce a constraint on either the position or the velocity of the objects,
preventing (further) penetration.
f c ∈ R+

such that δs ≥ 0 ∨ δṡ ≥ 0

(2)

The disadvantage of this method is that a complex
system of equations needs to be solved, and that either
the position or velocity of the objects at the next timestep needs to be known explicitly in terms of the reaction
forces. The advantage of this method is that the time-step
size does not need to be reduced when there is an active
contact.
In constraint-based simulation, elastic collisions are
resolved through impulse-momentum laws[3], or more
specifically through Newton’s hypothesis, that relates relative velocity before (δṡ− ) and after the collision (δṡ+ )
through a coefficient of restitution , such that
δṡ+ = −δṡ− .

(3)

3.3

Stewart-Trinkle method

The Stewart-Trinkle method is the most popular
constraint-based method to solve contact problems involving friction[22]. It was coined in the nineties and several adaptations have been developed over the past twenty
years. It prevents penetration through inequality constraints such as Eq. 2, and describes friction through a
linearized version of Coulomb’s friction model.
Since the velocity at the next time-step needs to be
explicit in terms of the reaction force, this method is
often combined with the semi-implicit Euler integration
method:

(4)
un+1 = un + hM−1 f c + f n ,
sn+1 = sn + hS(s)un+1 ,

(5)

where u represents the velocity of the bodies, h the timestep size, M the generalized mass matrix and f n all noncontact forces acting on the bodies. S represents a generalized kinematic map, mapping velocities to the change in
positions.
Numerical errors arising from the integration of the
constraints in the form of penetrations or joint drift are
often stabilized through either Baumgarte stabilization or
post-stabilization[4].
The resulting system is referred to as a complementarity problem[5]. The simplest form of a complementarity
problem is a Linear Complementarity Problem (LCP), in
which vectors x and y need to be defined such that
y = Ax + b,
x≥0

y≥0

x y = 0.
T

(6)
(7)

Several types of solvers exist for these complementarity problems.
• Direct methods. Direct methods can provide very
accurate solutions, but at a very high computational
expense. Usually convergence time is in the order
of O(K 3 ), where K is the total number of contact
points[14, 5, 2].
• Iterative fixed point schemes. These methods approximate a solution iteratively, until certain convergence criteria are met. Convergence time increases
according to O(K). These methods are fast in computing an initial approximation, but convergence decreases rapidly. Also, these solvers have more stringent convergence criteria. A well known iterative
solver is the Project Gauss-Seidel (PGS) method[20].
• Newton methods. Newton methods also solve the
system iteratively, achieving higher accuracy than
PGS, but at a higher convergence time O(K 2 ). A
widely used solver is the PATH solver[15].

4

Unphysical behavior in Bullet & Blender

Based on the knowledge of the available mathematical models, the models used in Bullet were identified
through documentation or comparison of outputs from
Bullet & Blender with simple Matlab implementations of
these models. Based on these identification we can identify the main sources of unphysical behavior. Please note
that these analysis have been performed on the version of
Bullet that is implemented in Blender v2.67. It should be
noted that according to its development team newer versions might be addressing the presented issues.

4.1

Time-integration
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Bullet uses the semi-implicit Euler integration
scheme, as described in Eq. 4, combined with a fixed
time-step size. This is a symplectic integrator, meaning
that, unlike explicit or implicit Euler schemes, it more or
less conserves energy over time[8].

10−1
10−3
10−1 100 101
Timestep size [s]

δṡn+1 ≥ −δṡn −

Examining the behavior of a one-dimensional√ harmonic oscillator with a natural frequency ω =
k/m
shows three important regions with respect to the integration time-step size h. When ω . h1 the integration method
conserves energy, and shows a O(h2 ) convergence in the
amplitude error and the period error.
When h1 < ω < 2h the system is stable, but shows
oscillatory behavior in the amplitude and energy of the
system. Although the magnitude of this behavior remains
the same over time, it increases exponentially when the
time-step is approaching ω = h2 .
Finally, when ω ≥ 2h the system becomes fully unstable, and the energy keeps increasing over time.

Elastic collisions

Bullet uses a combination of post-stabilization and
Baumgarte stabilization. Combining the latter with an implementation of Newton’s hypothesis for elastic collisions
(Eq. 3) results in energy being created during collisions.

kerp
δs,
h

(8)

where kerp is a stabilization parameter, indicating the level
of stabilization that is applied. In Bullet kerp = 0.2.
Because stabilizing term scales with O(h−1 ), energy
creation does not decay when h → 0.

4.3

Friction

To comply with convergence criteria for the PGS algorithm, Bullet employs an even further simplification of
Coulomb’s friction than the linearized model present in
the original Stewart-Trinkle method. In this decoupled
problem the friction is split in two separate orthogonal
problems in the contact plane[19]. Depending on the direction of the friction with respect to the orthogonal base
of the model, the
√ friction can be overestimated by as much
as a factor of 2.
In Bullet the orthogonal base is aligned with the direction of relative motion at every time-step. This reduces
this problem for sliding friction, but not for static friction.

4.4

(b) Period error.

Figure 4. : Amplitude and period error of the timeintegration of a harmonic oscillator relative to analytic
amplitude and period. Note that ω = 1 [rad/s].

4.2

This behavior is pseudo random, meaning that some collisions create more energy than others, depending on the
amount of penetration at the time-step where the collision
is detected.
The inequality constraint including the restitution and
stabilization terms is

Complementarity problem solution
convergence & uniqueness

Bullet uses the PGS algorithm to solve the complementarity problem. Since PGS has a high initial efficiency,
but slows down quickly, it is chosen to set a fixed number
of iterations as a convergence criterion, rather than some
tolerance on the error[9].
Furthermore, note should be taken that although the
Stewart-Trinkle method is shown to always have a solution, uniqueness is not guaranteed[1]. This is inherent in
the rigid-body assumption, since it can result in statically
undetermined systems. An example of a system with multiple solutions is a table with four legs standing on a plane.
A solution to the problem would be to have each leg carry
one-fourth of the load. However, another solution would
be to have two diagonally opposing legs to each carry half
of the load. The solution space is spanned by infinitely
many superpositions of these two solutions.

5

Experimental verification

It is the belief of the authors that the best way to
show usability of simulation tools is to step out of the
digital world and compare simulations to actual physical
systems. Therefore a large part of this research has been
allocated to experimental verification.
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Elastic collisions

To verify Bullet & Blenders usability for simulating
elastic collisions, a simple bouncing tennis ball was used.
The tennis ball was dropped ten times from the same
height, and recorded using a high-speed camera. The resulting video was analyzed using Matlab to extract positions of the ball. The boundaries of all resulting trajectories are plotted in Fig. 5 together with simulation results from Bullet & Blender. In the three simulations all
physical properties are kept the same, with except for the
time-step size.
Where we should see convergence, we actually see
divergence due to the pseudo random energy creation in
collisions. The spread of the simulations is much higher
than that of the experiment.

5.2

The lumped-mass model of the string consisted of
circa thirty point-masses, connected with linear springdampers. The latter are limited to providing only tensile
forces. Furthermore aerodynamic drag was added to the
system in the horizontal direction.
The resulting comparison between the experiment
and simulation is shown in Fig. 7. It can be seen that
a lumped-mass model is quite successful in capturing all
the observed oscillatory modes of the string.
0.1
5 · 10−2

−5 · 10

−0.1

String dynamics

A rigid-body simulator can simulate highly flexible
bodies such as strings and nets through a lumped-mass
approach, where the flexible body is modeled as a set of
smaller rigid-bodies connected through spring-dampers.
To verify the validity of this method in combination with
the semi-implicit Euler integration scheme, the behavior
of an elastic string was examined and compared to simulations.
As depicted in Fig. 6, the string was suspended vertically, excited manually at several points along the string
and recorded with a high-speed camera. The resulting
video was processed using Matlab to extract the transient and frequency behavior of the string. The material
properties of the string (i.e. weight, dimensions, natural
length, stretched length) were measured, and the Young’s
modulus was determined experimentally by suspending a
known probe mass on a known piece of string and mea-
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Figure 6. : Experiment setup for verification of string dynamics.
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Figure 5. : Maximum and minimum boundaries of experimental data compared to simulated position of the tennis
ball using Bullet & Blender for various time-step sizes.
The thick grey lines depict the boundaries on the experiment, the thin lines the simulations.
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Figure 7. : Transient and frequency response of the middle point of the string.
When simulating an un-damped model of the string
and trying to find the largest time-step for which the total
energy in the system does not increase beyond some small
tolerance, we find that it relates to the natural frequency of

one element ωe , such that
(9)

For damped systems the maximum time-step is slightly
lower, depending on the level of damping present in the
system.
The error of the simulation relates to the number of
masses used to represent the string N according to O(N −2 ).
However, the computational time required to finish a stable simulation increases with O(N 2 ).
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(a) Trajectory in xy-plane.

Net dynamics

Simulation of contact dynamics and elastic systems
are brought together in a net wrapping itself around an
object. A simple net was constructed out of rubber bands
and tennis balls, and a target out of a dustbin. This net was
outfitted with markers for a 3D motion capture system to
extract position information. Physical properties such as
mass, lengths and the Young’s modulus were measured in
the same way as for the string experiment.
The model used for the simulations is a lumped-mass
model based on earlier models created at ESA[23]. No
aerodynamic drag was included in this model, merely contact dynamics, gravity and springs-dampers are acting on
the objects.
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Figure 9. : Position of corner masses of net for experiment and simulation. Blue represents the experiment, red
the simulation. xy represents the horizontal plane, z is the
vertical direction.

simulated time to finish, depending on the stiffness and
level of damping applied to the model.
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(a) Experiment setup.

(b) Model in Blender.

Figure 8. : Net setup used for experiments and model in
Blender.
Comparison between simulation and experimental
data (Fig. 9) show promising results. The initial wrapping
of the net is modeled quite accurately, especially considering the crude setup and simple model. After the corner
masses have reached the center of the target, the system
becomes chaotic and the simulation looses accuracy.
However, overlaying the trajectories of several simulations and experiments indicated that the movement of
the corner masses describes the same area, indicating that
Monte-Carlo analyses could be valid.
The simulations of the net and target were run on a
simple desktop computer and took roughly four times the

Computational efficiency

To confirm the suspected speed advantage a
constraint-based simulator has over a penalty based implementation, two types of models were simulated with
Bullet & Blender and MSC/Adams and timed. The first
model is the lumped-mass string model, the second a stack
of several blocks collapsing on itself.

6.1

Stiff systems

For varying stiffness and damping one second of
string motion was simulated and timed. The required
computational times are plotted in Fig. 10.
It was found that un-damped systems in Bullet &
Blender and MSC/Adams run with comparable computational speeds. However, for damped systems Bullet
& Blender need more time to finish a stable simulation,
whereas in MSC/Adams computational time is reduced.
The reason for this could be that since MSC/Adams uses
an adaptive time-stepping method, it reduces the time-step
size once the higher modes in the tether have damped out,
and hence increases its computational efficiency.
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More interesting however is a comparison of a model
that contains complex contact dynamics. For this purpose
a simple model was created where a number of blocks was
positioned above each other and dropped. Although numerous parameters affect the computational time required
to simulate this model (e.g. type of mesh used for collision detection, friction model, visualization step-size), it
was chosen to set these to a fixed value and increase the
number of blocks that were stacked, and simulate 3.0 seconds.
The results, shown in Fig. 11a, indicate that run-time
in Adams increases with the number of blocks, but in Bullet & Blender stays constant. This is due to the fact that
Blender is set to run in real-time, meaning that if the simulation is faster than real-time, the output is merely slowed
down. We can conclude that with this number of objects,
the physics computation is not the bottleneck in the simulation.
In Fig. 11b we see that not before a hundred bodies
simulated does the physics computation become the bottleneck in Bullet & Blender. We can conclude that Bullet
is several orders of magnitude faster than Adams when it
comes to computing contact dynamics.
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Conclusions

The main distinction between a gaming industry
rigid-body simulator and commercial engineering software is that it uses a constraint-based contact model instead of a penalty based model. Time integration is performed through a simple but effective semi-implicit Euler
scheme combined with a fixed time-step size.
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Figure 10. : Computational time required to perform stable simulation of string model for various stiffness values
with Bullet & Blender and MSC/Adams.
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(b) Large number of blocks.

Figure 11. : Computational time required to perform stable simulation of stacking blocks, for various number of
blocks. No entry means that Adams was unable to finish
the simulation.

Depending on the right combination of mathematical
algorithms, these methods can lead to unphysical behavior. Nonetheless, if setup properly, constraint-based simulation can provide accurate solutions to the simple physical models it represents.
Also it should be noted that gaming engines are constantly being developed in an open-source way, and are
therefore developing and improving rapidly. According
to the development team of Bullet, many of the problems
with these simulations are being addressed in more recent
versions of Bullet.
We have seen that Bullet & Blender are not as good
in handling stiff, damped systems as Adams, but are much
more effective in simulating contact behavior involving
several bodies. A possible way to combine the best of
both worlds could be to use constraint-based simulation

with adaptive time-stepping.
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