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Abstract—Physics engines are essential components in simulat-
ing complex robotic systems. The accuracy and computational
speed of these engines are crucial for reliable real-time simula-
tion. This letter comprehensively evaluates the performance of five
common physics engines, i.e., ODE, Bullet, DART, MuJoCo, and
PhysX, and provides guidance on their suitability for different
scenarios. Specifically, we conduct three experiments using com-
plex multi-joint robot models to test the stability, accuracy, and
friction effectiveness. Instead of using simple implicit shapes, we use
complete robot models that better reflect real-world scenarios. In
addition, we conduct experiments under the default most suitable
simulation environment configuration for each physics engine. Our
results show that MujoCo performs best in linear stability, PhysX
in angular stability, MuJoCo in accuracy, and DART in friction
simulations.

Index Terms—Simulation and animation, computer archit-
ecture for robotic and automation.

I. INTRODUCTION

S IMULATIONS are of paramount importance in the val-
idation of theoretical concepts and algorithms related to

robotics. With the increasing popularity of learning based
algorithms for robotics, the performance of simulators as exper-
imental platforms has become a critical factor in evaluating the
feasibility of related algorithms. Algorithms that have demon-
strated good performance in simulators may fall short of expec-
tations when being transferred to the real world, a phenomenon
known as the reality gap [1]. The performance of simulators, and
more specifically, the quality of the physics engine employed by
the simulator, can directly impact the size of the reality gap.
There have been some efforts to reduce the reality gap. Domain
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randomization [2] is a typical method used to train policies
that can adapt to various dynamic environments. This method
involves randomizing the dynamics of the simulator during the
training process to enable the trained policies to generalize to a
wide range of dynamic environments. Xie et al. [3] successfully
trained a control policy that can be deployed in the real world
by leveraging techniques such as the incorporation of stochastic
noise, precise system identification, and appropriate action space
selection. The goal is to achieve better control performance in
both virtual and physical environments and reduce the reality
gap. The two aforementioned methods are both concerned with
the optimization of controllers, without attempting to optimize
the dynamics of simulated robots.

Another way to reduce the reality gap is to select the most
appropriate physics engine for the target scenarios during the
simulation process [4]. Some well-known comprehensive virtual
platforms, including Gazebo [5], UE5 [6] and V-REP [7], are
widely used in robotics simulation. These virtual platforms
have a complete toolchain, including a rendering module for
displaying simulation effects, a communication module for re-
alizing virtual-real communication, and a physics engine for
physics calculation. Different physics engines have their own
characteristics, and their performance may differ when being
applied in various simulation scenarios. The purpose of this
letter is to identify the simulation scenarios that different physics
engines excel, enabling robotics researchers to select the ap-
propriate physics engine according to their simulation needs.
Many assessments of the performance of various physics engines
are available in the literature, but few of them take the needs
of robotic simulations into account. Also, most of the works
on the evaluation of different physics engines mainly test the
performance using some basic physical models in simplified
scenarios [8]. In the work of Boeing [9], eight physics engines
are tested using simple implicit shapes such as spheres and
cubes made with several different materials. Roennau et al. [10]
conduct experiments using seven performance metrics of interest
in robotics, but all the shapes simulated in the experiments
are still simple implicit shapes. Using these shapes alone for
testing cannot fully reflect the capacity of a physics engine to
simulate robots. In general, the shapes of robots and colliders in
the environment are often complex and cannot be represented
implicitly using mathematical formulas. We need to use mesh
models to explicitly represent these shapes. Mesh models are
three-dimensional shapes approximated by a series of triangular
faces, and the angles between these faces are almost never
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smooth. This poses significant challenges for collision handling
in physics engines.

Furthermore, few works have evaluated physics engines for
the simulation of complex multi-joint robots such as wheeled
robots and legged robots. Erez et al. [11] aim to develop general
evaluation systems that can be used for the evaluation of physics
engines such as ODE [12], Bullet [13], Havok [14], PhysX [15]
and MuJoCo [16] with four different basic models including
a robotic arm, a humanoid model, a planar kinematic chain
and randomly-oriented capsules falling onto the floor, to test
stability and accuracy, respectively. The robots used in [11] are
still composed of simple implicit shapes, and their components
are not physically connected. The displacement deviation per
simulation step, the max grasp time, the energy and momentum
conservation are used as the evaluation metrics. Meier et al. [4]
assess different simulation physics engines in V-REP, including
Bullet, ODE and Newton [17], to find the most suitable physics
engine as the backend to reduce the reality gap of Kilobot
simulation [18]. The only metric they employ is the distance
between the simulation results and the target position. This
distance metric hides a lot of information, making it difficult
to analyze which part of the physics engine is causing the
problem. Additionally, the introduction of control signals also
makes it more difficult to analyze the cause of the deviation. The
above works are more focused on establishing benchmarks while
ignoring the various features and advantages of different physics
engines. For instance, when a simulated robot has multiple
joints, stability is often the most critical factor to consider since
collisions between components connected to each active joint of
the robot could lead to unexpected disturbing forces.

Due to the unique characteristics and optimal environment
configurations of different physics engines, evaluating them
based on traditional benchmark methods that use control vari-
ables may introduce biases and fail to fully capture their respec-
tive advantages. Therefore, a more comprehensive and nuanced
evaluation approach is needed to provide a fair and accurate
assessment of the performance of different physics engines in
the context of multi-joint robots.

In this letter, our focus is on evaluating the performance
of physics engines in the context of multi-joint robots while
considering robot kinematics. To provide guidance on choosing
physics engines that fit the needs of multi-joint robot simula-
tion, we inspect three types of complex robot models on five
commonly used open-source physics engines, i.e., ODE, Bullet,
DART [19], MuJoCo, and PhysX in their respective most suit-
able configurations. As shown in Fig. 1, the three robot models
adopted in this letter are a multi-joint mobile chassis robot with
69 parts and 68 joints (called Bigcar), a robotic arm with mobile
chassis (called Bigarm), and a group of mobile chassis robots
(called Bigcars). All robot models are equipped with universal
wheels embedded with sixteen passive rollers and are much
more complex than those used in the works mentioned earlier.
Stability, accuracy, and friction effectiveness tests are conducted
to evaluate the performance of different physics engines in
simulating complex robot models. The contributions of this letter
are summarized as follows:

Fig. 1. Complex multi-joint robot models.

� To our knowledge, this is the first work on analyzing the
advantages and disadvantages of each mainstream physics
engine in the context of multi-joint robot simulations. We
consider robot dynamics in the test scenarios and provide
detailed guidance on choosing the suitable physics engine
for robotics researchers.

� We propose new evaluation metrics for stability, accuracy,
and friction effectiveness to fully explore the characteris-
tics of different physics engines.

This article is organized as follows. We introduce the common
virtual simulation platforms in Section II. Section III gives the
evaluation methodology of three test experiments on five simu-
lation platforms. In Section IV, we provide the results for each
simulation test and analyze each virtual simulation platform.
Finally, Section V summarizes the results of the experiments
and concludes the paper.

II. SIMULATION PLATFORMS

Gazebo is one of the most popular integrated physics engine
platforms. Gazebo integrates four physics engines: ODE, Bullet,
DART, and Simbody [20]. ODE is the default physics engine of
Gazebo and is also commonly used in robot simulations. Gazebo
provides the convenience of switching between the four physics
engines, high-quality rendering, and a convenient graphical pro-
gramming interface, and we use it as one of the simulation plat-
forms in this letter to test the performance of ODE and DART.
We do not test Simbody because the multi-joint mobile chassis
robot used for testing does not fit Simbody well in Gazebo.
PyBullet [21] is chosen as the simulation platform for Bullet,
which is a fast and easy-to-use Python module for robotics
simulation and machine learning. As for PhysX, we select UE5
as a carrier. UE5 is a game engine with rich functions and an
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active development community, and it brings stable simulation
and good visual effects to researchers. MuJoCo is a physics
engine designed to facilitate research and development in the
fields of robotics, biomechanics, graphics, and animation [22].
It is the first simulator designed for model optimization, and it
is specifically optimized for the contact between objects. Unlike
the game engine UE5, MuJoCo prioritizes accuracy over stabil-
ity. MuJoCo uses the convex Gauss Principle [23] to account
for contact forces and has a uniquely-defined inverse dynamics
facilitating data analysis and control applications. In addition,
the engine is quite flexible and provides multiple parameters that
can be tuned to approximate a wide range of contact phenomena.

These simulation platforms are widely used in games, digital
twins, and various simulations, with active community support
and detailed usage documentation.

III. EVALUATION METHODOLOGY

The validity of the evaluation method is the key to ensuring
the reliability of the test results. Therefore, it is very important
to determine a set of scientifically valid and feasible evaluation
methods. We design three typical experiments to test the stabil-
ity, accuracy, and friction effectiveness of physics engines for
simulating complex multi-joint robots.

A. Stability

There are two aspects to the stability of robot systems in
simulations: the static stability of the robot reflects its stability
in its natural state, while the dynamic stability reflects whether
the robot can generate stable motion when control signals are
applied. In this letter, we mainly focus on the static stability,
which is affected by the collision handling module of the physics
engine. As multi-joint robots often consist of a large number of
components, collisions between components may cause spon-
taneous impulsive forces within the robot. Furthermore, the
robot mesh is always in contact with the ground, and if there
is penetration between the robot and the ground, it can also
cause abnormal impulses. Both of these can make the robots
experience unstable shaking in its natural state. In this letter, we
study the static stability of the robot, including linear stability
and angular stability. For linear stability, we load the complex
multi-joint robots on the ground in the five physics engines,
without applying any external force other than gravity, and then
measure the position drift dlinear of the robots defined in (1) in
the simulation environment,

dlinear =
√

d2x + d2y + d2z , (1)

where dx, dy, and dz are the offsets in three coordinate directions,
respectively. The mean and variance of position drift data are
used as metrics to evaluate the linear stability of different physics
engines. As for angular stability, we record the swaying angular
velocity of the robots, and define dangular in (2) as the metric for
the angular stability of different physics engines,

dangular =
√

ω2
pitch + ω2

roll, (2)

where ωpitch and ωroll are the pitch and roll angular velocities
of the robot, respectively. Since these angular velocities would
tip the robot over, the pitch and roll angular velocities should
always be zero ideally.

B. Accuracy

Accuracy is the difference between the desired behavior and
what the robot actually does. The multi-joint robots are more
complex in motion calculation than simple implicit shapes, and
they are well suited for testing the accuracy of different physics
engines. We choose to apply constant speed control to the four
wheels of the multi-joint robots so that they can drive along
the straight line of y = −x in theory, and record their real-time
positions. The standard deviation of their deviation from y = −x
are used as the performance measures of the accuracy of each
physics engine. The position drifts daccuracy is defined as follows

daccuracy = |x+ y|, (3)

where x, y are the coordinates of the robot. In order to evaluate
the accuracy more comprehensively, we also evaluate the ac-
curacy of the physics engine under the conditions of different
simulation step sizes. Adjusting the size of the simulation step
can affect the solver’s calculation speed and solution accuracy.

C. Friction Effectiveness

Friction is one of the indispensable environmental factors in
robot simulations. In order to evaluate the friction simulation
effect of the five physics engines, we place a 3-meter high smooth
slope on the ground of each physics engine and release the
multi-joint robots at the top of the slope from a stationary initial
state. After the robots leave the slope, they will continue to slide
forward on the ground and finally stop due to the friction between
the wheels and the ground. We record the sliding distance Ldes

of the robots after leaving the slope and the initial speeds of the
robots when they leave the slope, and then compare the sliding
distance of the robots in the simulation with the theoretical
sliding distances L calculated by (4) according to the law of
conservation of energy,

L =
v2

2gμ
, (4)

where v is the initial speed of the robots when they leave the
slope, g is the gravitational acceleration and μ is the friction
factor between the wheels and the ground. Then, the distance
deviation dfriction is defined as

dfriction =
|Ldes − L|

L
. (5)

The three experiments described above examine the perfor-
mance of different physics engines from different aspects, which
can serve as basic guidelines for choosing appropriate robot
physics engines. The testing results are presented in the next
section.
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Fig. 2. Drifting displacement dlinear curves of three models.

TABLE I
MEANS AND STANDARD DEVIATIONS OF THE DRIFTING

DISPLACEMENT CURVES

IV. SIMULATION RESULTS

All experiments in this article are performed on a standard
PC with a 2.30 GHz Intel i7-10875H CPU, a 16 GB RAM
and an NVIDIA GeForce RTX 2060. It is worth noting that
the experiments are performed with the default most suitable
configuration for each physics engine, and the semi-implicit
Euler integration method is used in all physics engines, except
for experiments that require modifications of the simulation step
size or the friction coefficient configuration.

A. Stability

In the experiment of linear stability, we place the robot models
at the coordinate origin of each physics engine and record the
position drifts of the robots for 1000 frames of the simulation
under the default applicable configuration of each physics en-
gine. The drifting displacement curves of the robots are shown
in Fig. 2. The means and standard deviations of the five curves
are shown in Table I. The drift results of DART and ODE are
very similar, so their curves almost overlap in Fig. 2. In terms of
the linear stability, MuJoCo is the best among the five physics

TABLE II
MEANS OF THE dANGULAR WITH BIGCAR AT THREE DIFFERENT SIMULATION

STEP SIZES

engines, followed by DART and ODE, then Bullet, and finally
PhysX.

In the second simulation experiment, we apply constant speed
control to drive the robot along the straight line of y = −x.
The pitch and roll angular velocities can be obtained by simply
measuring the angular velocity of Bigcar with respect to the x
and y axes. Then one can calculate the angular stability using (2).
When the simulation step size is increased by a factor of ten, the
robot models shake violently when they move in ODE, DART,
and Bullet. When the simulation step size is reduced by ten
times, the robot models shake in Bullet. The abnormal shaking
caused the robot to displace about two meters before stopping,
resulting in a huge deviation between the actual trajectory and
the ideal trajectory. As for MuJoCo, it can only perform various
simulation tests on the robots when the simulation step size is
less than 0.0002. Otherwise, the robots will be unstable. While
ODE, Bullet, and DART are all run in the default configuration
with a simulation step size close to 0.001, the simulation step
size of PhysX is larger, close to 0.05.

The angular stabilitydangular experienced by the Bigcar at three
different simulation step sizes, 0.1 times the default simulation
step size, the default simulation step size and 10 times the
default simulation step size, are shown in Fig. 3. The means
of dangular is shown in Table II. According to Fig. 3, all four
other physics engines show more outliers except for PhysX. In
PhysX, the mean and the maximum of dangular are relatively low
and the angular stability is the best, while in Bullet, the mean
and the maximum of dangular are highest and the angular stability
is the worst. In summary, the angular stability of PhysX is the
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Fig. 3. dangular with Bigcar at three different simulation step sizes.

Fig. 4. Trajectories of Bigcar and Bigarm at different simulation step sizes.

best, followed by MuJoCo, then ODE and DART, and finally
Bullet.

B. Accuracy

The experiments on accuracy with Bigcar and Bigarm are
conducted at three different simulation step sizes, 0.1 times the
default guideline step size, the default simulation step size and 10
times the default simulation step size. With other configurations
fixed, the larger the simulation step size, the faster the simulation
speed of the physics engines. We apply a constant torque to each
wheel of the robots so that the robots travel along the straight line
in the−π

4 direction from the coordinate origin ideally. We record
the trajectories of the Bigcar and Bigarm until the coordinates of
the robot in the x or y direction become 10 meters as shown in
Fig. 4. Table III shows the means and standard deviations of the
difference between the trajectories of the robots and the y = −x
line in different physics engines using different simulation step
sizes. For Bigcars, we perform the experiment at the default
simulation step sizes and record the trajectories of three robots,
which are represented by lines with different opacity in Fig. 5.
From Table III, we can observe that MuJoCo has the highest
accuracy, followed by DART, then ODE, then Bullet and PhysX.

Fig. 5. Trajectories of Bigcars at the default simulation step size.

To compare the accuracy of the physics engines under the
same setting, we also conduct experiments with a fixed simula-
tion step size on Bigcar. Due to the upper limit on the simulation
step size imposed by MuJoCo, we choose a step size of 1/64
milliseconds, consistent with the initial step size used in the work
of [11]. From the last column of Table III, it can be seen that
when all physics engines are simulated with a fixed time step
of 1/64 milliseconds, MuJoCo exhibits the highest accuracy,
followed by Bullet, DART, and ODE, with PhysX showing the
poorest performance.

In general, the accuracy of a physics engine increases as
the simulation step size decreases. However, PhysX presents
an exception to this trend. When the step size decreases to
1/64 milliseconds (less than 0.1 times the default step), the
error increases significantly instead of decreasing. Moreover,
the accuracy of MuJoCo varies little with the change of the
simulation step size. The accuracy of DART is good overall but
fluctuates from model to model. The performance of ODE is also
average. Robots in DART and ODE jitter when the simulation
step size increases. As for Bullet, its stability is so poor that the
robots jitter violently at both small and large simulation step
sizes. When the simulation step size is reduced, the accuracy
tests cannot even be completed. In the simulation test with
Bigcars, only two robots are stable, and the third one suffers
from a numerical explosion and is not shown in the figure.
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TABLE III
MEANS AND STANDARD DEVIATIONS OF THE DIFFERENCE BETWEEN THE TRAJECTORIES OF THE ROBOTS AND y = −X IN DIFFERENT PHYSICS ENGINES AT

DIFFERENT SIMULATION STEP SIZES

Fig. 6. In the experimental environment of the friction effectiveness tests, the
robot’s wheel drive shaft will be fixed, and it will fall vertically from the slope.

TABLE IV
SLIDING DISTANCE DEVIATION RATE OF THE ROBOT UNDER EACH DIFFERENT

FRICTION FACTOR SETTING

C. Friction Effectiveness

The last experiment is about the effectiveness of friction
configuration in various physics engines. We place a smooth
slope at the origin of the ground coordinates of each physics
engine as in Fig. 6. The slope is 3 meters high and 10 meters
long in the horizontal direction. The Bigcar slides down from the
slope from a fixed position and orientation. After reaching the
bottom edge of the slope, the robot gains a speed and continues

to slide on the ground until the friction between Bigcar and the
ground makes Bigcar stop completely. Different from the earlier
two experiments, here we fix the wheels of the mobile chassis
robot so that the only friction force between the wheels and the
ground is the sliding friction, which makes it convenient for us
to calculate the sliding distance theoretically through the initial
speed of the Bigcar at the bottom of the slope. By comparing
the theoretical sliding distance with the actual sliding distance
recorded in the experiment, we obtain the sliding distance
deviation rate dfriction of the robot under each different friction
factor setting. The performance of each physics engine under
different friction factor configurations are reported in Table IV,
and we conclude that DART is the best, followed by ODE, then
Bullet, then PhysX, and finally MuJoCo.

V. CONCLUSION AND DISCUSSIONS

In this letter, we test the stability, accuracy and friction ef-
fectiveness of five physics engines in their default configura-
tion using three complex multi-joint robot models. We design
three experiments to evaluate the three extremely important
requirements for robot simulations and obtain the ranking of
each physics engine under different requirements. Although the
three metrics proposed in this letter cannot cover all aspects that
need to be considered in the simulation of complex multi-joint
robots, our evaluations can be used as guidelines for selecting
the most suitable physics engines based on specific simulation
requirements.
� When the robot in the experimental scenario needs to

frequently interact with objects in the environment, such
as contact between omnidirectional wheels and the ground,
stability should be the primary consideration.

� When the simulation experiments involve dynamics that
are heavily affected by friction forces, the friction effec-
tiveness will be more important.
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TABLE V
SUMMARY OF THE TEST RESULTS

� When an algorithm needs to be transferred from the simu-
lation environment to the real world, using a physics engine
with high accuracy for training will be more effective.

The score rankings for the three metrics are summarized
in Table V. DART and MuJoCo are very good choices when
dealing with scenarios that require high simulation accuracy,
while MuJoCo outperforms DART in terms of stability. If the
smoothness of the simulation or the stability of the simulation
is more important in the robot simulation, then PhysX is the
best choice (but it also has lower accuracy than other physics
engines). When the effectiveness of the friction force becomes
important, DART, ODE and Bullet are recommended because
the overall friction bias exhibited in these three physics engines
are comparatively smaller.

Roennau et al. [10] examined three physics engines (Bullet,
PhysX, and ODE) using robotic models composed of simple
implicit shapes, and their results are not entirely consistent with
ours. In their experiments, Bullet demonstrates strong capa-
bilities in handling friction and sliding, while it has mediocre
performance in our tests. PhysX exhibits superior performance
in collision detection in both studies, which indicates that PhysX
provides enhanced stability in collision handling for both mesh
and simple implicit shape based robotic models. For ODE,
it displays average performance across all tests conducted by
Roennau et al. However, in our experiments, ODE exhibits better
performance over Bullet and PhysX in most aspects, which
may suggest that ODE is better suitable for simulating mesh
models.
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