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Introduction

1. The 2R Robot
This technical report describes the development a model of a Revolute-Revolute (2R) type robot 
for use in classroom and laboratory exercises at Ecole Centrale Nantes (ECN) shown in  Figure 
1: 2R robot in the laboratory on 1 meter square table..   The robot will be used for experimental 
validation of:

1. Control strategies including joint control and computed torque control
2. Trajectory planning and generation
3. Forward and inverse kinematic computation algorithms
4. System identification

The robot is suitable to this purpose because of the high torque capacity of the motors relevant to
its link Inertia. This allows the links to move at sufficient velocity to permit experimental 
observation of coupled dynamic effects often unobservable in more deliberately moving industrial 
robots.  It has the additional benefit of moderate size and strength permitting direct student 
interaction.   

1.1. Physical Parameters
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Figure 1: 2R robot in the laboratory on 1 meter square table.



Dimensions were obtained through direct measurement and cross-referenced with existing Catia1

models.  As much of the robot structure was recycled from prior robotics projects, the Catia 
models were largely accurate with a few omissions and inaccuracies.  Dimensioned drawings of 
some components are included in Appendix 3.  The table below and  Figure 2: Key dimensions of
arms in millimeters. contains key parameters significant to the study of the robot kinematic and 
dynamics. 

Axis-to-axis distance 280mm
Tip-to-tip length 360mm
Width 80mm
Depth 50mm

2. Modeling in SolidWorks
SolidWorks2, a 3D solid modeling and simulation application available on the cloud computing 
platform at Roger Williams University was used to create a model. SolidWorks has the following 
abilities relevant to the modeling effort:

• Full 3D solid modeling
• Assignment of materials and computation of mass properties
• Simulation of motion under various physical conditions
• Tools available for generating universal robot description format (URDF) files

2.1. Procedure
1. Assemble the model from geometric shapes matching as closely as possible directly 

measurable dimensions and preexisting Catia models.
2. Insert SolidWorks library components or manufacturer supplied models3, where available,

in the installed locations.
3. Assign the material properties of aluminum to the apparently aluminum parts and the 

properties of steel to fasteners and apparently steel parts.
4. Assign manufacturer supplied component masses when available.  See Appendix 2 for 

manufacturer supplied specifications on the motor and gear reducer.

1https://www.3ds.com/products-services/catia/products/
2https://www.3ds.com/products-services/solidworks/
3https://download.beckhoff.com/download/technical_drawings/drive_technology/step/ag3400/
ag3400-npt015s-ma2-i-0a1-f2.zip

Figure 2: Key dimensions of arms in millimeters.



5. The resulting model shown in   Figure 3: SolidWorks model duplicating robot. duplicates 
to the dynamic properties of the actual robot arm to the largest degree practicable.

2.2. Caveats and limitations
The robot was in working order and assembled from parts recycled from prior projects.  It was 
neither practical nor worth potential risks to disassemble it. Without direct observation, model 
internals are the result of educated guesswork and approximation. The following are known 
limitations to model accuracy.

• All apparently aluminum parts are presumed to be Aluminum Alloy 1060.  There is no 
information that this alloy was used, rather this is a commonly used alloy and that the 
density of aluminum is largely constant across alloys.4 

• All fasteners were presumed to be AISI1020 steel.  As above, there is no information that
precisely this steel was used, rather this is a commonly used material for fasteners.

• It is presumed two bearings of type SKF 6002-2RSH/C3 support the joints.  Although not 
visible, the Catia file referred to two parts by that part number.  The models were not 
included in the Catia files but were available from the manufacturer’s website.

• The affixed stickers accurately reflect the motor and gear reducer used.
• Internals of the primary or “elbow” joint was constructed from Catia models, but these 

models did not perfectly align and/or fit together.  This results in some material gaps in 
the model that are unlikely to be present in the actual robot.  The central axle is 
presumed to be solid aluminum shaft.  

• The belt is added as a passive rigid body in link 1 but would actually move with link 2.

2.3. Extracting Inertial Parameters
Individual solid components with material properties assigned have inertial properties computable
by SolidWorks.  This section presents the inertial properties of the main structural components 
both to demonstrate the procedure and for potential analytical use elsewhere.  Note that the 
principal axes are shown in pink at the joint center of mass and that parameters are reported in 
the reference coordinate system shown on the top right of the link, as in  Figure 4: SolidWorks 
model of arm component with principal axes displayed..

4The density of aluminium is about 2,710kg/m3. The density of the alloys of aluminium does not 
vary widely from this figure ranging between 2,640kg/m3 and 2,810kg/m3.  
https://www.thyssenkrupp-materials.co.uk/density-of-aluminium.html
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Figure 3: SolidWorks model 
duplicating robot.



Parameter Value

Mass 2.09468kg

Volume 0.00078m3

Center of Mass 

X=0.10818m Y=0.0m Z=-0.025m

Moment of inertia taken at output coordinate system (kg * m2)

Ixx=0.00326 Ixy=0.0 Ixz=-0.00567

Iyx=0.0 Iyy=0.04760 Iyz=0.0

Izx=0.0 Izy=0.0 Izz=0.04736

Figure 5: Supporting Jaw dynamic parameters., shows a representative solid, a supporting jaw 
used to rigidly attach drive components to the arms. Reference coordinate system and principal 
inertia are display.  All visible mechanical components were created as solids and assigned the 
apparent material properties.  The supporting jaw shown is assigned the material properties of 
aluminum resulting in the mass and inertial properties shown.

Figure 4: SolidWorks model of arm component with principal axes displayed.



Parameter Value

Mass 0.11533kg

Volume 0.000043m3

Center of Mass 

X=0.018037m Y=0.0m Z=-.004m

Moment of inertia taken at output coordinate system (kg * m2)

Ixx=0.000072 Ixy=0.0 Ixz=-0.00567

Iyx=0.0 Iyy=0.00013
7

Iyz=0.0

Izx=-0.00567 Izy=0.0 Izz=0.000204
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Figure 5: Supporting Jaw dynamic parameters.



2.4. Combining Inertial Parameters
Individual components were combined into three composite bodies representing links 0,1 and 2 in
the 2R assembly.  For visual convenience link 0 is the table, primary rotation spindle and joint 
limit posts.  Dynamic properties of link 0 are presented in Appendix A for completeness but these 
are stationary so have no affect on the simulation.  As shown in  Figure 6: Aggregate link bodies 
all bodies rotating about joint 1 are combined into link 1 shown in blue, all bodies rotating about 
joint 2 are combined into link 2 shown in orange.

The resulting composite bodies are shown in  Figure 7: Link 1 inertial parameters. and  Figure 8: 
Link 2 inertial parameters. and the associated parameter tables.  These are considered the rigid 
structures of the links for the purposes of simulation, system identification and control. 

Figure 6: Aggregate link bodies



Figure 7: Link 1 inertial parameters.

Parameter Value Link 1 Parameters

Mass 7.084761kg

Center of Mass 

X=0.066529m Y=0.0m Z=0.179392m

Moment of inertia taken at output coordinate system (kg * m2)

Ixx=0.147885 Ixy=0.0 Ixz=-0.033179

Iyx=0.0 Iyy=0.196455 Iyz=0.0

Izx=-0.033179 Izy=0.0 Izz=0.055095
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Figure 8: Link 2 inertial parameters.

Parameter Value

Mass 3.181291kg

Center of Mass 

X=0.082451m Y=0.0m Z=0.045927m

Moment of inertia taken at output coordinate system (kg * m2)

Ixx=0.013725 Ixy=0.0 Ixz=0.006881

Iyx=0.0 Iyy=0.067471 Iyz=0.0

Izx=0.006881 Izy=0.0 Izz=0.057501

3. Preparing the model for Gazebo  Simulation
The completed SolidWorks model was converted to URDF for simulation in Gazebo5 or other 
robot simulation package.   This process is greatly facilitated by a SolidWorks add-in 
sw_urdf_exporter6.  This section details the (fairly complex)  series of steps required for 
conversion.

1. Combine assemblies into a single part using SaveAs->SolidWorks Part.  This process 
results in a single part as shown in  Figure 6: Aggregate link bodies.  The completed 
model consists of three links as shown in  Figure 10: Three link model with assigned 
coordinate frames.

2. Create a new assembly with the three links and set Link 0 to fixed.  Use one concentric 
mate and one coincident mate to define the joints.  The completed model contains two 
joints, each defined as a concentric and coincident mate, for a total of four mates.  Add 
mates to fix the arm in its zero angle position.

5https://gazebosim.org/home
6http://wiki.ros.org/sw_urdf_exporter   contributed by Stephen Brawner

http://wiki.ros.org/sw_urdf_exporter


3. Use the Reference Geometry menu, shown here, to define origin points and axes for 
the joints.  As these will be selected later in the process, it is recommended to create 
these before activating the exporter tool.

4. Install and execute the downloadable installer.  On the RWU server it was necessary to 
re-install every day and re-start SolidWorks for the tool to be visible in the Tool menu as
shown here.

5. Define the three links by selecting the link and providing the link name and joint name in 
the dialog window.  Figure 9: Conversion to URDF using sw_urdf_exporter. shows this 
in-process.  The dialog on the left allows selecting of links, the defining of link and joint 
names and the specification of child links.  For this model link 0 is defined as base_link, 
link 1 is defined as a child of link 0 and link 2 is defined as a child of link 1.  Select the 
“Preview and export...” button to go to the next panel.
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Figure 9: Conversion to URDF using sw_urdf_exporter.



6. In the joint creation dialog show in Error: Reference source not found, joint 1 is defined 
as revolute while the origin coordinate systems and axis are selected from pull-down 
menus of preexisting reference geometries.  In defining the coordinates of Origin_joint_1
we employed the standard ROS practice of defining the Z-axis as the axis of the joint, 
positive towards the distal end of the robot and defining the X-axis as down the primary 
length of the link towards the distal end of the robot, resulting if the coordinate frames 
shown in  Figure 10: Three link model with assigned coordinate frames.  The origin 
shown in the panel will sucessfully populate the <origin> tag in the URDF file. Note that it
is possible but not necessary to populate the joint limits and friction fields.  As some 
manual manipulation of the resulting URDF file is necessary, these tags were manually 
added later. Select the Next button to access the next panel.

Figure 10: Three link model with assigned coordinate frames



7. The link definition panel shown in Figure 12: Configure link Properties dialog displays the
populated inertial parameters.  However, these parameters are not successfully 
transcribed to the URDF in our experience.  It was therefore necessary to manually 
extract the inertia parameters by a process described in a subsequent step.  It is only 
necessary to select the Export URDF and Meshes button, provide a save name and 
then exit the dialog.

8. The exporter creates a folder of the specified name and creates sub-folders config, 
launch, meshes, textures and urdf, plus file at the root level to comprise a package 
suitable for transfer to a ROS workspace.  In this implementation we created a zip file, 
downloaded and then extracted the zip file into the src directory of a catkin workspace.  
Executing catkin_make in the workspace added the package to the path with no errors.  
Note that the root filename is hard-coded into the URDF and package files, so we found 
it best to use the simple name “scara_sw” and did not attempt to rename the file. 
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Figure 11: Configure Joint Properties dialog.



4. The Gazebo Simulation
The exported package works immediately in a ROS workspace.  The launch folder contains two 
launch scripts gazebo.launch and display.launch each works as installed with the former 
launching a gazebo simulation and  the latter an Rviz window.  Although the gazebo window 
opens and displays an accurate image of a robot (initially gray) as in  Figure 16: Gazebo 
simulation based on SolidWorks model, the simulation does not work.  This section details 
manual alterations required to  complete the conversion.

1. The base is not fixed to the world, and thus any external forces will cause whole body 
motion of the entire assembly in the direction of the applied force.  This snippet is added 
near the top of the URDF file to attach base_link to the world.  Note that these tags also  
permit rotating the robot into the vertical plane and moving the robot above the world 
floor.  We observed instability in the simulation when the robot contacts the floor due to 
built-in collision detection.  

2. Colors selected in SolidWorks are successfully shown in Rviz but are not correctly 
transferred to gazebo.  To return color to the robot, the following special tags are added 
near the top of the URDF file.  See the tutorial7 for available colors.

7http://wiki.ros.org/simulator_gazebo/Tutorials/ListOfMaterials

Figure 12: Configure link Properties dialog



3. The following tags are manually added for ros control of gazebo.  Note that joint tag 
permits the specification of a gear reduction and this has been filled in consistent with 
gear reducer present, but there is no implementation of this tag at the time of this writing. 
In other words simulation behavior is unchanged by the contents of the 
mechanicalReduction tag.  The corresponding tag for joint 2 was also added.

4. Joint limits and friction parameters generate the following tags in the joint sections of the 
URDF file.  Effort and velocity limits are reasonable guesses. The values shown were 
chosen to implement the hardware limits on the joints.  Joint 1 is limited by the (black 
tipped) mechanical stoppers  shown in  Figure 3: SolidWorks model duplicating robot. 
while joint 2 is limited by self-collision with the motor support bracket. Nominal friction 
values will dampen arm free-fall so the robot to come to rest in the neighborhood of 15 
seconds rather than swinging indefinitely.

5. The inertial parameters are essential for simulation fidelity. If correctly implemented, the 
Gazebo model and the SolidWorks model will exhibit identical behavior when the robot is 
released from rest in the presence of gravity and freely swings.  Initially this was not the 
case, although both models exhibited reasonable looking free-fall behavior, they did not 
swing at exactly the same amplitude and frequency.  Close investigation revealed that 
the exporter did not select the correct parameters for exportation to the inertia tag, and 
therefore it is necessary to populate these tags using this procedure.
1. Use the reference coordinate system previously created to define the link coordinate 

frames. In the dialog shown in Figure 15: Inertia parameters reported in the output 
frame, link 1 is selected and Output Coordinate System1 is selected in the “Report 
coordinate values relative to” box.  Transcribe the Center of Mass: (meters) values 
to the <origin> tag, in this example the values shown for center of mass created the 
origin tag shown.

2. Transcribe the values in Taken at the center of mass and aligned with the output 
coordinate system (using positive tensor notation): to the inertia parameters in 
the <inertia tag.  The values in Figure 15: Inertia parameters reported in the output 
frame produced the inertia tag shown below.

3. Verify that the inertias in Gazebo accurately reproduce the SolidWorks inertias by 
displaying center of mass and inertia in the Gazebo window.  The pink coordinate 
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axes in  Figure 13: Link 2 center of gravity and principal inertia must be duplicated by 
the pink outline boxes in  Figure 16: Gazebo simulation based on SolidWorks model.

4. Test simulation fidelity by comparing motion study results to Gazebo results.  Motion 
study results for joint angles vs. time were exported as CSV.  Likewise model 
parameters-joint_position_axis 1&2 are plotted in Gazebo and exported as CSV. 
Graphs are then superimposed and show negligible deviation over time within 
numeric precision, representative figure shown in  Figure 17: Free fall trajectories of 
SolidWorks motion study and Gazebo simulation.



Figure 13: Link 2 center of gravity and principal inertia

5. Closed loop control of the Gazebo simulation

18

Figure 14: Link inertia and center of gravity verified in Gazebo



Tags inserted into the URDF permit two forms of closed loop control of the Gazebo simulation.  
The first, joint position control via a built-in PID control scheme, is useful for validating that the 
simulation is working and for comparison to other control methods.  Only a few steps are required
to implement this control scheme.

1. Add tags to the launch file to activate the control scheme.  These spawn a node for the 
built-in joint position control with the parameters contained in arm_control.yaml file shown
below.  Note that the names joint_1 and joint_2 must agree with the joint name tag in the 
URDF file.

2. The controller will be active as soon as the simulation starts.  To modify the setpoint 
publish to the command topic, in the figure below rqt was convenient for publishing 
sinusoidal commands.

3. Computed torque or other control schemes are not discussed in this report, but some 
modifications to the above are necessary for their implementation.  In the launch file 
change the argument “control” from “position” to “effort” as described by the comment. 
Any node may then publish to the topics below to apply torque to the joints.

4. It will typically also be necessary to access the joint states.  Joint state  messages are 
available on the /joint_states topic shown, where the name will be “joint_1” or “joint_2”.  
Caution that joint state message contain joint information in alphabetical order, so array 
indexing works only because “joint_1” proceeds “joint_2” alphabetically. 



Figure 16: Gazebo simulation based on SolidWorks model
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Figure 15: Inertia parameters reported in the output frame



Figure 17: Free fall trajectories of SolidWorks motion study and Gazebo 
simulation
Summary 
The 2R robot described in this report is a laboratory resource permitting advanced study in 
robotics for upper level and masters students at Ecole Centrale Nantes.  While laboratory 
experiences always have some benefit, in-depth study is promoted by comparison of 
experimental results with theoretical expectations.   It is anticipated that students developing 
novel control algorithms will test these in simulation in advance of implementation on the real 
robot.  The model developed in this report permits theoretical examination of advanced robotic 
concepts such as system identification, computed torque control, visual tracking.



Appendices

1. Inertial Parameters of Link 0 

Parameter Value

Mass 15.136597kg

Center of Mass 

X=-0.000170m Y=-0.1379088m Z=0.000419m

Moment of inertia taken at output coordinate system (kg * m2)

Ixx=1.156125 Ixy=0.0 Ixz=0.0

Iyx=0.0 Iyy=1.128704 Iyz=0.0

Izx=0.0 Izy=0.0 Izz=2.291404

2. Motor Parameters
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Attachments:  Motor Datasheet, Gear Reducer Datasheet
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3. Dimensioned Drawings of main components

3.1. Motor Mount Riser

3.2. Motor Mount Base

3.3. Motor Mount Top



3.4. Clamping Jaw
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3.5. Pulley
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