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Abstract. Simulation is essential for diﬀerent robotic research ﬁelds
such as mobile robotics, motion planning and grasp planning. For grasping in particular, there are no software simulation packages, which
provide a holistic environment that can deal with the variety of aspects
associated with this problem. These aspects include development and
testing of new algorithms, modeling of the environments and robots, including the modeling of actuators, sensors and contacts. In this paper,
we present a new simulation toolkit for grasping and dexterous manipulation called OpenGRASP addressing those aspects in addition to extensibility, interoperability and public availability. OpenGRASP is based on
a modular architecture, that supports the creation and addition of new
functionality and the integration of existing and widely-used technologies and standards. In addition, a designated editor has been created for
the generation and migration of such models. We demonstrate the current state of OpenGRASP’s development and its application in a grasp
evaluation environment.
Keywords: software toolkit, grasping simulation, robot modeling.

1

Introduction and Related Work

Robot simulators have accompanied robotics for a long time and have been an
essential tool for the design and programming of industrial robots. Almost all
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industrial manipulator manufacturers oﬀer simulation packages accompanying
their robotic products. These tools allow the users to program and test their
applications without using the real hardware or even building it since such tools
allow the analysis of behaviours and performance beforehand. In robotics research, simulators have an important role in the development and demonstration
of algorithms and techniques in areas such as path planning, grasp planning, mobile robot navigation, and others. There are several reasons for the use of robot
simulations. First, they allow exhaustive testing and tuning of mechanisms and
algorithms under varying environmental conditions. Second, they avoid the use,
or misuse, and wearing of complex and expensive robot systems. Finally, simulation software is cheaper than real hardware.
Often, simulation tools used to support research are speciﬁcally developed for
particular experiments. However, there have been some successful attempts to
develop general robot simulators speciﬁcally for mobile robotics.
Stage and Gazebo are respectively 2D and 3D simulator back-ends for Player
[1,4], which is a widely used free software robot interface. Gazebo [2] in particular, implements a 3D multi-robot simulator which includes dynamics for outdoor
environments. It implements several robot models, actuators and sensors. USARSim [5] has a similar functionality. It is a free mobile robot simulator based
on a gaming engine. Microsoft provides its Robotics Studio [3], a framework for
robot programming that includes a visual simulation environment. OpenHRP [7]
is an open software platform with various modules for humanoid robot systems
such as a dynamics simulator, a view simulator, motion controllers and motion
planners. OpenHRP is integrated with CORBA, with each module, including
the dynamics simulator implemented as a CORBA server. Commercial options
include Webots [6], a product which has been widely successful in educational
settings.
The variety of simulation tools for robotic grasping is rather limited. The most
renowned and prominent one is GraspIt!, a grasping simulation environment [9].
GraspIt! includes models of several popular robot hands, implements the dynamics of contacting bodies, includes a grasp planner for a Barrett hand and
has recently included a simple model of the human hand. However, GraspIt! has
several limitations. Its rather monolithic and less modular architecture makes it
diﬃcult to improve, add functionality and integrate with other tools and frameworks. In addition, it does not provide a convenient Application Programming
Interface (API), which allows script programming. Furthermore, it does not include sensor simulation.
Another existing and publicly available software framework is OpenRAVE, the
Open Robotics and Animation Virtual Environment [10]. It has been designed as
an open architecture targeting a simple integration of simulation, visualization,
planning, scripting and control of robot systems. It has a modular design, which
allows its extension and further development by other users. Regarding robot
grasping simulation, it provides similar functionality to GraspIt! and various
path planning components. It provides the models of several robot arms and
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hands and allows the integration of new ones. It also enables the development
of virtual controllers for such models.
In this paper we introduce a simulation toolkit speciﬁcally focused on robot
grasping and manipulation. The principal design issues have been extensibility,
interoperability and public availability (see Sec. 2). The core of the toolkit is an
improved version of OpenRAVE, which has been enhanced with a Robot Editor
and the adoption of the COLLADA ﬁle format [12] and Physics Abstraction
Layer (PAL) [11] to enable standardization and ﬂexibility (see Sec. 3). Finally,
several applications which demonstrate the utility of the toolkit are presented
(see Sec. 4).
This work is the result of a team funded by the European Commission within
the project GRASP [21]. Within the project the toolkit is used as the main tool
for reasoning and prediction of object properties as well as task constraints of
manipulation and grasping activities executed by robots. Thus, it is a key tool
for constructing a world model and understanding the robot environment.

2

Requirements for a Grasp Simulator

From a scientiﬁc point of view, a novel simulator for robot grasping should
provide primarily a realistic simulation of dynamic properties of, at least, rigid
objects and advanced contact models including soft contacts and deformable
surfaces. From a practical and user point of view, it should include the models
of the most popular robot hands, and provide the possibility of easily creating
and adding new ones. Furthermore, it should provide realistic simulations of
real actuators and sensors, which would enable the use of the same API as in
their real counterparts. Regarding sensors, a grasping simulator has to provide
simulations of speciﬁc grasping sensors, such as force/torque, contact and tactile.
Finally, it should provide a rich and detailed visualization of simulations.
With respect to software engineering, a novel robot grasping simulator must
be implemented in a modular way that enables on the one hand, an easy extension by both developers and users and on the other hand, the integration
with commonly-used robotics software frameworks. In order to increase its opportunities of being adopted and used in the scientiﬁc community, the simulator
should be open source and make use of open standards for ﬁle formats and
other representations. In addition, the simulator should have appropriate tools
to import/export robot and object models to/from standard representations.
To our best knowledge, none of the existing simulation tools and software
packages fulﬁll all of these requirements. Therefore, we present a software toolkit
for grasping simulation OpenGRASP [8], which is built on top of OpenRAVE to
meet the requirements discussed above.

3

Toolkit Description

In order to develop a tool that meets the requirements listed in the previous
section, we adopted a basic practical principle: Do not reinvent the wheel. This
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means, ﬁrst to review the existing software paying special attention to those that
already meet part of the requirements and second to make use of existing open
and widely-available software packages and standards.
After a wide review of existing simulators, physics engines, 3D render engines, and CAD 3D modelers, we concluded that OpenRAVE is the tool that
most closely meets our requirements. So our eﬀorts have focus on improving and
extending OpenRAVE capabilities and features towards the realization of an advanced grasping simulator. In addition, we developed a robot editor allowing to
create and modify new robot models. In the following sections we describe these
extensions in more detail.
3.1

OpenRAVE Architecture

OpenRAVE is a planning architecture developed at the Carnegie Mellon University Robotics Institute. It is designed for autonomous robot applications and
consists of three layers: a core, a plugins layer for interfacing to other libraries,
and scripting interfaces for easier access to functions (see Fig.1).

Fig. 1. OpenRAVE Architecture (Picture reproduced from [22])

The Scripting Layer enables network scripting environments like Octave, Matlab and Python to communicate with the core layer in order to control the robot
and the environment. It is possible to send commands to change any aspect
of the environment, read any of its information, move real robots, or change
physics/collision libraries. The scripts also enable the control of multiple OpenRAVE instances across the network, thus allowing diﬀerent users to independently see and interact with the environment.
OpenRAVE is designed as a plugin-based architecture, which allows the creation of new components to continuously improve its original speciﬁcations. Each
plugin is an implementation of a standard interface that can be loaded dynamically without the need to recompile the core. Following this design, diﬀerent
plugins can be created for components such as sensors, planners, controllers or
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physics engines. The core layer communicates with the hardware through the
plugins using more appropriate robotics packages such as Player and the Robot
Operating System (ROS) [30].
A GUI can be optionally attached to provide a 3D visualization of the environment. It periodically queries the core to update the world’s view and allows the
user to change the position of the objects in the scene. As viewers are provided
through plugins, a single OpenRAVE instance can allow multiple viewers to communicate with multiple copies of the environment. A more detailed description
of the OpenRAVE architecture can be found in [10,22].
Although many plugins are already implemented to provide basic functionality, the current grasp simulation functionality has several shortcomings. In order
to make OpenRAVE suitable for our purposes, we require:
– Implementation of plugins for speciﬁc sensors used to improve the grasping
capabilities of the robot.
– Implementation of more physics engines and collision checkers that help to
compare and improve simulation performance.
– Implementation of a standard plugin interface for a basic actuator and implementations of diﬀerent motors. This would allow us to accurately simulate
the robot’s arm and hand articulations.
We have taken these considerations into account in our toolkit design. We have
developed two new sensor plugins to be used mainly for anthropomorphic robot
hands. One is a tactile sensor, commonly used in ﬁnger tips such as in the Barrett
hand, which detects and calculates the forces on the predeﬁned sensory area and
returns them as an array. The other is a force sensor, placed for example in the
wrist, to measure the forces applied while grasping.
Additionally, as models for actuators were not included in OpenRAVE, we
have developed a new plugin interface called ActuatorBase. Using this interface,
we implemented a new plugin to simulate the motor of the arm and hands joints
which can be controlled using angles, velocities or voltages.
We have created a model of the Schunk PG70 parallel jaw gripper using the
tactile sensor plugin to simulate the Weiss Robotics sensor (DSA 9205) attached
to each ﬁnger. We have also provided the Gripper Sensor plugin which returns
the distance between ﬁngers, their current and velocity. Finally, a model of the
gripper actuator was also included which can control the velocity of the ﬁngers
and the maximum current applied.
In order to use diﬀerent physics engines, we have implemented a plugin which
makes use of the physics abstraction layer (PAL), which is addressed in more
detail in the following section.
Visualisation is an important part of the simulation. At the moment OpenRAVE uses Coin3D/Qt to render the environment, but we are extending it to
communicate with Blender given that our RobotEditor (see Section 3.4) is developed on top of it. Because both Blender and OpenRAVE provide a Python
API, it is possible to use Blender as a front-end for not just visualization, but
also for calling planners, controlling robots, and editing robot geometry.
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Physics Simulation

Nowadays, there exist many available physics engines, both commercial and
open-source. Some of them are high-precision engines that require higher computational power while others sacriﬁce this accuracy to work in real time. The
methods they use to simulate physics are also diﬀerent. Some of them use penalty
methods, some rely on physical laws using constraint equations, and others use
methods based on impulses.
None of these engines are perfect, they all have advantages and disadvantages
which makes it very diﬃcult to decide which one to use for a simulator. It basically depends on what we want to simulate in addition to what the application
of the simulator will be.
The Physics Abstraction Layer (PAL) [11] is a software package created by
Adrian Boing that saves us from having to decide at the start what physics
engine to use. This layer provides an interface to a number of diﬀerent physics
engines allowing us to dynamically switch between them. This functionality adds
incredible ﬂexibility to our simulator oﬀering us the possibility to, depending on
our speciﬁc environment and use, decide which engine would provide us the best
performance [14]. Using their interface, it is also possible test and compare our
own engines with existing ones.
The OpenRAVE Physics Engine interface allows the simulator to run using
diﬀerent engines. It also has an interface to implement diﬀerent collision checkers.
Each one of them has to be created as a plugin, extending either the PhysicsEngineBase or the CollisionCheckerBase class. The basic version of OpenRAVE
only oﬀers the ODE (Open Dynamics Engine) implementation within the oderave plugin. We have created a new plugin to use PAL, called palrave. This plugin
is able to initialize PAL with the speciﬁc engine we want to use, without the need
of creating diﬀerent plugins for each one of them.
3.3

COLLADA File Format for Robot Models

For the storage of models of robot manipulators and hands, we were looking
for an open, extensible and already widely accepted ﬁle format that supports
the deﬁnition of at least kinematics and dynamics. This is necessary in order to
enable the exchange of robot models between supporting applications, leading to
greater ﬂexibility in the selection of appropriate tools. Another important aspect
was the ability to convert to and from other formats. Among the large variety
of ﬁle formats for 3D models, there are only a few that are both public domain
and not limited to storing only geometric information. Typically, a simulator
environment does not only rely on geometric structures but also, for instance,
on information about dynamics, kinematics, sensors and actuators of the robot.
Its acceptance as an industry standard and its wide distribution (3D Studio,
Blender, OSG, OGRE, Sony, etc.), in addition to a clear and extensible design,
led to the choice of COLLADA [12] as the preferred ﬁle format for the simulator.
In addition, there are open source frameworks available that facilitate integration
into new applications.
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Since version 1.5, the standard contains many useful constructs dedicated
to describing kinematic chains and dynamics that can be used directly for the
description of robot models. COLLADA is an XML-based ﬁle format that enables
and encourages developers to extend the speciﬁcation to their needs without
having to violate the underlying schema deﬁnition.
In order to support speciﬁc robot features like sensors and actuators, we have
used this mechanism to extend COLLADA partially using the original OpenRAVE ﬁle deﬁnition. These additions are speciﬁc to the simulator and are hidden
to all other applications so that compatibility remains guaranteed. So far, basic
support for COLLADA import and export has been included in the simulator.
3.4

Robot Editor

With the creation of a simulator for grasping the need also arises for a large
data base of geometrical, kinematic and dynamic models of robot arms and
manipulators. To ﬁll this gap, the development of a modeling tool, the Robot
Editor, has been started. Its main goal is to facilitate modeling and integration
of many popular robots. The development is driven by the following key aspects:
– Geometric modeling: The creation of new robots models requires a tool
that excels in modeling of the geometric components (i.e., meshes).
– Semantic modeling: Even more important is the ability to allow the description of semantic properties, such as deﬁnitions of kinematic chains, sensors and actuators, or even specify algorithms.
– Dynamics modeling: Another necessary aspect is the ability to deﬁne
physical attributes of the robot’s elements. At the moment, the focus lies on
the dynamics of rigid bodies.
– Conversion: Robot models usually come in a variety of diﬀerent ﬁle formats. The modeling tool needs to be capable of processing these formats and
converting them into the COLLADA standard. GraspIt! ﬁles in particular,
being an already widely-used standard with many conform models available,
should be readily usable by the simulator.
To our knowledge, there is no existing solution openly available that could meet
all these requirements. Therefore, we decided to develop a new modeling tool
based on available open source software. The conceptual design of the Robot
Editor hence relies on two techniques: on the one hand the open data format
COLLADA and on the other hand on the open source project Blender [15].
Blender is a very versatile, powerful and extensible 3D editor that has been
chosen because of its convenient 3D modeling capabilities and the built-in support for many CAD ﬁle formats and rigid body kinematics. Furthermore, it can
be easily extended via a Python scripting interface and oﬀers high-quality ray
tracing.
Blender itself, however, lacks the functionality and the appropriate interface
for the convenient deﬁnition of robot components. In addition, conversions between certain ﬁle formats need to be improved or implemented, namely the
import of the COLLADA format and GraspIt! robot models.
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(a)

(b)

Fig. 2. Modeling the Karlsruhe anthropomorphic robot hand. a) The user interface of
the Robot Editor and b) Screenshot of the complete model in the simulator.

The scripting interface mechanism mentioned above allowed us to build the
modeling tool on top of Blender. On the scripting level, one gains access to all
relevant data structures. The robot model can be augmented by the required
data structures and conserved within the native ﬁle format. The scripting mechanism also allows the creation of user-interface that is highly specialized for use
in robotics (see Fig. 2(a)). For instance, you can deﬁne kinematics via DenavitHartenberg parameters. In the long run, the Robot Editor will provide interfaces
for essential robotics algorithms, such as the computation of dynamics characteristics from the geometric meshes and conversions between kinematics representations. Adjacency information of joints and the impact of joint movements
to the robot are additional computational information which, in the future, will
be useful for developers’ planning algorithms.

(a)

(b)

(e)

(c)

(d)

(f)

Fig. 3. Diﬀerent robot models generated with the Robot Editor (ray-traced images).
(a) A myoelectric upper extremity prostheses of Otto Bock, the Schunk (b)SAH and
(c)SDH hands, (d) the Shadow hand, (e) the Barrett hand and the Kuka KR5 sixx
R850 arm, and (f) the humanoid robot ARMAR-III.
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In the current Blender version (2.49), COLLADA support [17] is limited to
documents in the older speciﬁcation 1.4 which excludes the newly introduced
kinematics and dynamics. The additional data required by the simulator also
needs to be included in the resulting document. This led to the further development of COLLADA compatibility which now enables the Robot Editor to create
valid documents suitable for simulation. Fig.2(a) shows a functional model of
the Karlsruhe anthropomorphic hand [16] modiﬁed using the Robot Editor and
Fig.2(b) the resulting COLLADA ﬁle loaded into the simulator.
Robot Models. As stated in Section 2, it is of great importance to have models
of the most popular robot hands included in the toolkit. The modeling capabilities of the Robot Editor already enable quick and easy creation of new models.
So far, a selection of robot hands has been transformed into COLLADA 1.5 for
use within the simulator (see Fig. 3). In addition to these new models, there are
various models available in the older XML ﬁle format which is still supported.

4
4.1

Applications
Planning and Grasping

Using the functions provided by OpenRAVE, we can easily build a set of stable
grasps and quickly get our robots to manipulate various objects in their environment. Figure 4 shows the grasp simulation process by analyzing the contact
points between the robot and the target object. Recently Przybylski et al. [26]
used OpenGRASP to develop a new grasp planning method based on the Medial
Axis of objects to reduce the search space of candidate grasps. The algorithm
exploits structural and symmetry information contained in the Medial Axis in
order to reduce the search space for promising candidate grasps.
In order to get the robot to autonomously manipulate objects in the environment, we would need an inverse kinematics solver that can quickly map grasp
locations into robot conﬁguration joints. Recently, OpenRAVE started providing
an analytical inverse kinematics equation solver called ikfast. With it we can generate C++ code that can return all possible IK solutions while simultaneously
handling degenerate cases. By combining the automatically generated grasp sets,
inverse kinematics solvers and planners, robots developed in our RobotEditor can
manipulate everyday objects.
Grasping Known Objects. Using the planning and grasping capabilities of
the simulator, we have successfully grasped known objects in the real world with
the robotic platform consisting of the Karlsruhe Humanoid Head (see [27,28])
and a Kuka KR5 sixx R850 arm equipped with a Schunk Dextrous hand 2.0.
A complete description of known objects is provided by the KIT object model
database [29]. The object description consists of geometry described by a mesh
and physical properties like mass. Using the grasp simulation process, diﬀerent
grasp hypotheses are tried out oﬀ-line. Only those that result on force closure
are then saved to a data base. Using an active vision system [23] in combination
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Fig. 4. Grasping simulated for several robot hands

with rigid point set registration [24], the robot can explore the current scene and
recognize where and in which pose these known objects are (see an example in
Fig. 5). This information is sent to OpenGRASP which reproduces the state of
the environment. Using the planning plugins, the selected force closure grasps are
executed. The ones that collide with the environment or that are not reachable
given the current conﬁguration of the robot are discarded.
Grasping Unknown Objects. We have also used OpenGRASP to manipulate unknown objects with the above mentioned robotic platform. This task
is more complex since no information about the objects is available. Thus, the
grasp simulation process cannot be executed oﬀ-line. The robot uses the above
mentioned active vision system [23] to explore the scene and segment unknown
objects. From the reconstructed stereo point cloud, a mesh is created as an approximation of the object’s geometry. This mesh and its location are sent to
the simulator which uses an available library for decomposing it into a reduced
number of convex hulls to simplify its collision detection. Given this mesh, there
is an unlimited number of grasp conﬁgurations that can be applied to the object
and tested for force closure. For reducing the search space and thereby online
processing time, we apply a grasp point detection method [25] to the segmented
object. The simulator then tries only grasp conﬁgurations with the ﬁngers of the
robotic hand being aligned with the grasp points. Those that are in force closure are saved in a database before being executed with the planner to check for
collisions and reachability. An example of the successful grasping of an unknown
object is shown in Fig. 6.

a.

b.

c.

Fig. 5. Grasping a known object: a) real object, b) mesh geometry and c) example of
a scene visualization after its recognition
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Fig. 6. A successful grasp of an unknown object with the Kuka KR5 R850 arm and a
Barret hand

5

Conclusion and Future Work

In this paper we have presented a fully operational simulation toolkit for robot
grasping and manipulation. Its main design principles are extensibility, interoperability and public availability. In its development we have used existing and
widely-available components to ensure its standardization and easy adoption.
We have also emphasised providing additional tools and features that provide
users with a fast start to enhance utility through features such as the robot
editor based on Blender, COLLADA ﬁle format, a Physics Abstraction Library,
and models of existing robot hands. The utility of OpenGRASP is demonstrated
through a series of applications cases.
In future, we are looking to improve the toolkit in three directions. First a
novel contact modelling for soft contacts and body deformation is being implemented and validated. It will be included as a library to allow the modelling of
complex contact interactions. Second, OpenGRASP is being extended to oﬀer
full support for ROS thus oﬀering a common control interface for simulated and
real robots. Finally, several interfaces are being created in order to oﬀer the user
several options to visualize and record the simulated systems.
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